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Summary 
 

Many pathogens are capable of causing plant diseases that can decimate yields of important food crops. 

The increasing demand for food production, driven by an ever growing human population, has made 

the prevention of plant diseases an extremely important and pressing issue. Current methods for 

promoting plant growth and preventing plant diseases include various petrochemical derived fertilisers 

and pesticides. In addition to the harmful effects many of these chemicals can have on the environment 

and human health, pathogens are increasingly developing resistances to these methods. As such there 

is an urgent requirement to find effective alternatives to current disease control methods. One such 

promising alternative is the practice of biological control, the process by which microorganisms are 

used to prevent plant diseases. The formation of biofilms on plant roots is often vital for biocontrol. 

Biofilms are complex multicellular communities of bacteria interacting with each other, and encased in 

a self-produced extracellular matrix. The matrix is composed of exopolysaccharides, proteins and 

nucleic acids, and provides protection to the cells from various stresses. One microorganism that relies 

on biofilm formation for biocontrol, is the Gram-positive soil-dwelling bacterium Bacillus subtilis. B. 

subtilis biofilm formation is regulated by signalling networks that result in the production of two 

essential matrix components; an exopolysaccharide (EPS) and a fibrous protein (TasA), in addition to 

a bacterial hydrophobin (BslA). TasA and EPS have previously been shown to be required for biofilm 

formation and biocontrol by B. subtilis on many different plant species. However, no previous work has 

investigated a possible role for BslA in plant-associated biofilm formation. The work presented in this 

thesis aimed to assess the role of BslA in the plant-associated life style of B. subtilis. The first part of 

this study looked to investigate the potential involvement of BslA in plant-associated biofilm formation. 

Results from this section indicated that BslA is not required for initial plant root colonisation or the 

early stages of biofilm formation on plant roots, but that it may be required for persistence of the biofilm 

on the root over longer time periods. The second part of this study aimed to examine the potential role 

of BslA in biocontrol by a commercially available B. subtilis biocontrol strain.  Before any role for 

BslA could be elucidated in this system, a bslA mutation must first be introduced into the chosen B. 

subtilis strain. Attempts to introduce a bslA mutation into commercial biocontrol isolates led to the 

surprising identification of reportedly B. subtilis commercial biocontrol strains as B. amyloliquefaciens 

strains, raising speculation as to whether there are any truly B. subtilis commercial biocontrol strains. 

Together these results hint at some role for BslA in the plant-associated system but more work is 

required to clearly elucidate the involvement of BslA in this environment. 
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1. Introduction 
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1.1 Microbe Plant Interactions 
The soil provides a rich diversity of microenvironments for a vast number of microbes with 

estimates of as many as 108-109 microbes being present per gram of soil (Glick 2012). It is not 

surprising therefore that plants interact with microbes in a number of ways. Microbes are 

capable of interacting with plants in three distinct spheres: the above ground structures of the 

plant, known as the phyllosphere, the internal regions of the plant, known as the endosphere, 

and the roots and surrounding soil influenced by the roots, known as the rhizosphere. The 

microbes that interact with plants in each of these locations are very diverse, differing greatly 

from location to location and plant to plant (Rosier et al. 2016). The term “rhizosphere” was 

first coined in 1902 by Lorenz Hiltner as the region of soil influenced by the roots (Hartmann 

et al. 2008). Since the early definition of the term rhizosphere many efforts have been made to 

further understand the microbes present in the rhizosphere and their interactions with plants. 

The advent of genomic technologies has been a vital tool for investigations into the complex 

community structures of these interesting regions leading to the discovery of a great many 

microbes previously uncharacterised due to the difficulty of culturing them in the laboratory 

(Guttman et al. 2014). However, recent advances in the field including new technologies such 

as the Ichip device also promise to greatly increase the number of microbes we are able to 

culture in the laboratory (Nichols et al., 2010). These analyses contribute to the efforts to 

describe the species composition and metabolic activities of the plant microbe associated 

communities, otherwise known as the plant microbiome.  

1.1.1 Rhizosphere 
The rhizosphere is an incredibly complicated environment inhabited by a large diversity of 

microbes with an estimated 109 microbes present per gram of rhizosphere material including 

more than 30,000 prokaryotic species, in addition to many fungi, viruses and protozoa. 

Particularly common rhizosphere genera include Pseudomonas, Bacillus, Agrobacterium and 

Flavobacter (Rosier et al. 2016). It is believed that the community composition of the 

rhizosphere microbiome is shaped by a great number of factors including: host genome and 

developmental stage, in addition to abiotic factors such as pH, temperature, and moisture 

(Rosier et al. 2016). Microbes from the surrounding soil are attracted to the root by the release 

of root exudates from the plant. It has been estimated that as much as 10-40% of all newly fixed 

photosynthetic compounds in a plant are released from the roots as root exudates reflecting the 

importance of the rhizosphere microbiota for plant health and growth (Rudrappa et al. 2008). 

It has been speculated that through controlling the exudates they release, plants may be able to 
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selectively recruit beneficial microbes and manipulate the root associated microbiota. However 

microbe derived signals that can alter plant responses, such as bacterially derived 

phytohormones, have also been detected; suggesting it is unlikely to be purely one way 

communication. Furthermore microbe-microbe interactions such as quorum sensing also 

appear to play important roles in shaping microbiome communities (Rosier et al. 2016).  

1.1.2 Endosphere 
Endophytic bacteria are those that colonise the internal regions of the plant without causing 

any signs of infection or otherwise negatively impacting the plant (Ryan et al. 2008). It is 

believed that every plant hosts at least one endophyte and that microbes that inhabit the 

endosphere largely come from the phyllosphere or rhizosphere (Ryan et al. 2008). The five 

main taxa identified in the endosphere of a number of different plant species were 

Cellulomonas, Clavibacter, Curtobacterium, Pseudomonas, and Microbacterium. Numbers of 

bacteria in the endosphere are believed to be lower than those in the phyllosphere and the 

rhizosphere, with numbers of 102 to 104 CFU g-1 being observed in Poplar trees, for example 

(Ryan et al. 2008). 

1.1.3 Phyllosphere 
The phyllosphere includes all the above ground regions of the plant, such as leaves and stems, 

and as a result is a comparatively harsher and more exposed environment than the endosphere, 

with microbial inhabitants of the phyllosphere being exposed to varying water availability and 

UV exposure in addition to other physical challenges (Rosier et al. 2016). The phyllosphere is 

believed to be less abundantly colonised than the rhizosphere with an estimated 106 microbes 

present per square cm of leaf with the main phyla present in the phyllosphere being 

Acinetobacter, Firmicutes, and Proteobacteria (Rosier et al. 2016). It is also through the 

phyllosphere that plants are exposed to a great number of airborne microbes, many of which 

are pathogenic, such as fungal pathogens of the Botrytis genus.  
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1.1.4 Negative plant microbe interactions 
Negative plant microbe interactions, such as those between plant pathogenic microorganisms 

and their host plants, are responsible for 25% of global crop yields being lost every year 

(Lugtenberg 2015). Some examples of important plant pathogens include species from the 

Fusarium, Phytophthora, Pythium, Botrytis, Rhizoctonia, Xanthomonas, Erwinia, and 

Pseudomonas genera. These pathogens are responsible for a diverse range of major plant 

diseases from wilts, root rots, leaf spots and blights, grey mould, powdery mildews, damping-

off and take-all diseases of a variety of important plant species (Bais et al. 2004; Pérez-García 

et al. 2011; Chen et al. 2013). As implicit from the information above, plant pathogens come 

in many varieties with different strategies for infecting plants. Many are airborne, such as 

Botrytis, and infect the above ground parts of the plant but many are also soil bourne such as 

Pseudomonas and Xanthomonas species responsible for root rot diseases. These negative plant 

microbe interactions are incredibly important not only as a result of the economic burden of 

these diseases but also with an ever growing human population placing a greater demand on 

efficient food production, these diseases prove a significant challenge that must pressingly be 

overcome. Furthermore, many pathogens are developing resistance to many of the current 

treatment methods.  

1.1.5 Positive plant microbe interactions 
However not all plant microbe interactions are negative and there are many microorganisms 

that interact with plants in a positive way. A prime example of positive plant microbe 

interactions are those between Rhizobia species and the roots of leguminous plants. The plant 

provides an ideal environment for the bacteria and in return the bacteria fix atmospheric 

nitrogen into a form that can be utilised by the plant (Oldroyd et al. 2011). Another widespread 

example of positive plant microbe interactions is the interaction between mycorrhizal fungi 

and plant roots, where the fungi aid the roots in uptake of various nutrients from the soil 

(Bonfante and Anca 2009). In addition to these striking examples of mutualism, there are also 

a number of reports of plant growth promoting rhizobacteria, bacteria living in the rhizosphere 

that interact with the plant and promote plant growth and health (Ahemad and Kibret 2014). 

Additionally, some of these bacteria are capable of protecting plants from infection by plant 

pathogens and insect pests. Some of these relationships have been exploited commercially to 

help protect plants from diseases.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
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1.2 Biological control 
Biological control is the purposeful utilisation of living microorganisms for the suppression of 

activities and/or populations of one or more plant pathogens. These beneficial microorganisms 

are known as biocontrol agents (BCAs) and they can be applied to plants in a number of ways 

from seed soaks to foliar sprays (Pal and Gardener 2006). While there are many organisms 

exploited for their biocontrol activities, common organisms include those of the Bacillus or 

Pseudomonas genera (Emmert and Handelsman 1999; Weller 2007; Santoyo 2012).  

1.2.1 Mechanisms  
Biocontrol agents employ a vast number of different mechanisms to protect plants from 

infection with pathogens. These include antibiosis, competition, hyperparasitism and induced 

systemic resistance. These mechanisms are summarised in Figure 1.1. 

Antibiosis is one of the most well studied mechanisms of biocontrol whereby a microorganism 

produces one or more compound(s) that are directly inhibitory to the pathogen. These 

compounds include low molecular weight compounds and antibiotics. There are three main 

classes of antimicrobials: nonpolar/volatile, polar/non-volatile and water soluble of which 

volatile antibiotics are the most potent as they can travel easily from the site of production 

(Junaid 2013). Many compounds have been shown to be inhibitory during in vitro studies but 

increasingly studies are being carried out to validate their production in planta (Whipps 2001). 

Some of the most well studied compounds produced by biocontrol agents include 2,4-

diacetylphloroglucinol (DAPG), phenazines, pyoluteorin and pyrrolnitrin produced by 

Pseudomonas species, and bacillomycin D, fengycin and iturin A produced by Bacillus species. 

These compounds are inhibitory against a wide variety of plant pathogens including species 

from the Pythium, Aspergillus, Fusarium, Botrytis and Erwinia, genera (Lo 1998; Pal and 

Gardener 2006; Junaid 2013).  

Another common mechanism of biocontrol is competition between the biocontrol agent and 

the plant pathogen. Competition is an indirect interaction between pathogen and biocontrol 

agent which may arise when both biocontrol agent and pathogen require the same food source 

(Junaid 2013). Often the biocontrol agent has more efficient nutrient uptake or utilisation 

systems than the pathogen which allow it to deplete the limiting shared resource and 

subsequently inhibit growth of the pathogen (Junaid 2013). A good example of this is 

competition for iron in the rhizosphere. Iron is present in low concentrations in the soil (~10-18 

M), but a concentration of 10-6 M is needed for microbial growth (Pal and Gardener 2006). 
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Biocontrol agents often produce low molecular weight compounds known as siderophores that 

are incredibly efficient at scavenging ferric iron from the environment. Siderophores allow the 

biocontrol agent to more efficiently access the available iron, limiting what is left for pathogen 

consumption and thus reducing growth of the pathogen (Pal and Gardener 2006). Another 

commodity that often induces competition between biocontrol agent and pathogen is space on 

the plant. Biocontrol agents tend to be very rhizosphere competent, able to rapidly and 

efficiently colonise plant roots thus excluding pathogens from the plant surface and preventing 

establishment of an infection (Junaid 2013). Further competition exists for specific germination 

factors produced by the plant. Often pathogens can only infect plants after breaking dormancy 

in the presence of germination factors produced by the plant. Biocontrol agents can compete 

for these germination factors, including fatty acids, and volatile compounds such as ethanol 

and acetaldehyde, efficiently utilising these signals and preventing pathogens from using them 

thus preventing infection of the plant (Lo 1998). 

Hyperparasitism is the process of the direct use of one organism as food by another and is the 

most direct mechanism of antagonism utilised by biocontrol agents. There are four major 

classes of hyperparasitism: obligate bacterial pathogens, hypoviruses, facultative parasites and 

predators (Lo 1998; Pal and Gardener 2006). Parasitism usually involves fungal species and is 

a four step process. Initially the biocontrol agent grows chemotropically towards the pathogen, 

there is then a specific interaction step with the lectins on the pathogen being recognised by 

receptors on the biocontrol agent, the interaction step is followed by an attachment step where 

the biocontrol agent attaches to the pathogen and begins to degrade the pathogen cell wall by 

production of cell wall degrading enzymes. Typically this occurs as the biocontrol agent grows 

alongside or curls around the pathogen. Finally the biocontrol agent penetrates the target 

pathogen cell wall resulting in death of the pathogen and protection of the plant from infection 

(Lo 1998). 

Induced systemic resistance (ISR) is the most indirect form of antagonism and another 

mechanism of biocontrol that helps protect plants from infection by plant pathogens (Junaid 

2013). ISR involves the priming of the plant immune response by the biocontrol agent, or 

compounds produced by the biocontrol agent, that allows the plant to react more quickly and 

strongly when exposed to a pathogen (Glick 2012). ISR is a very general mechanism of defence 

that provides protection against a diverse array of pathogens. Plants that have activated ISR 

undergo a number of physical changes such as strengthening of the epidermal and cortical cell 

walls, and deposition of barriers such as callose, lignin and phenolyics. Additionally, plants 
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undergoing ISR also exhibit an upregulation of stress-related genes, and enzymes such as 

chitinase, peroxidase and phenylalanine ammonia lyase (Whipps 2001). The ISR response 

involves jasmonate and ethylene signalling and is different to systemic acquired resistance 

(SAR) which is activated when the plant is exposed to a pathogen and relies on salicylic acid 

signalling (Glick 2012). Many bacterial components and products have been found to induce 

ISR including; the O-antigenic sidechain of LPS, flagellar proteins, pyoverdine, chitin, beta 

glucan, surfactin, and salicylic acid (Fravel 2005; Glick 2012) 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Mechanisms of biocontrol. Beige cells represent biocontrol strains and blue hexagons represent plant 

pathogens. The red stars represent compounds produced by a biocontrol agent that induce systemic resistance 

in the plant thus protecting the plant from infection with general pathogens. The yellow stars represent an 

antimicrobial compound produced by a biocontrol agent that directly kills plant pathogens. The light blue 

hexagons represent dead pathogens. The light blue hexagon inside a beige cell represents hyperparasitism where 

the biocontrol agent directly feeds on the pathogen. The beige cells surrounded in blue represent a biofilm 

formed by the biocontrol agent on the roots of the plant. This biofilm prevents infection from pathogens by 

outcompeting the pathogen for space on the plant root.  
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1.2.2 Characteristics of a good biocontrol agent 
Good biocontrol agents must able to effectively reduce the disease severity of one or more 

plant diseases under agricultural conditions. One of the significant challenges facing the 

widespread use of biocontrol agents, as an alternative to pesticides and fertilisers, is the lack of 

effectiveness of potential biocontrol agents under the variable environmental conditions 

present in the field (Compant et al. 2005; Junaid 2013). Often BCAs are effective at protecting 

against disease under laboratory and even greenhouse conditions, but they lack effectiveness 

when used in the field. One possible explanation for this is a lack of rhizosphere competence 

by BCAs resulting in the BCA being outcompeted by the resident rhizosphere microbiota 

(Compant et al. 2005). Therefore effective biocontrol agents must be extremely rhizosphere 

competent, being able to form lasting and stable relationships with plant roots. Interestingly, 

resistances to biocontrol agents have already been observed and the most successful biocontrol 

treatment is likely to be a combination of biocontrol strains, with different underlying 

mechanisms for biocontrol, that are less likely to result in pathogen resistances (Bardin et al. 

2015). Biofilm formation by BCAs has been shown to be important for biocontrol, likely as a 

result of the improved rhizosphere competence of BCA strains upon biofilm formation on plant 

roots (Chen et al. 2013). Furthermore effective BCAs must be easy to use, and store, with a 

long shelf life. Bacillus species have a natural advantage over many other BCAs in this regard 

as they are able to sporulate, forming naturally resistant spores with a long shelf-life capable 

of resisting adverse environmental conditions. In addition, spore formulations are incredibly 

easy to apply in the field (Junaid 2013). Multicellular behaviours such as biofilm formation 

and sporulation appear to be incredibly important for effective biocontrol. Dissecting the 

molecular mechanisms underpinning these multicellular behaviours in plant related 

environments, in addition to the underlying mechanisms of biocontrol are likely to result in 

improvements in the use of BCAs for the control of plant diseases.  
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1.3 Bacterial multicellularity 
Traditionally bacteria have been thought of as simple free-living single celled organisms, 

despite observations of multicellular aggregates of bacteria being recorded as early as the 19th 

century. These observations were believed to be the exception, rather than the rule, and it was 

not until 1988, with the publication of James Shapiro’s paper ‘Bacteria as multicellular 

organisms’, that this dogma began to be challenged (Shapiro 1988; Aguilar et al. 2007). 

Nevertheless, the concept of bacteria as single celled organisms persisted for many more years 

and it was not until 1990-2000 that perceptions really began to change and the concept of 

bacterial multicellularity as a widespread trait was widely accepted. This largely coincided with 

the discovery of bacterial cell-cell communication mechanisms, or quorum sensing (Aguilar et 

al. 2007). Quorum sensing occurs extensively in the rhizosphere with levels of quorum sensing 

molecules such as AHL found to be greatly enhanced in this region (Rudrappa et al. 2008). 

Multicellular behaviours are defined as behaviours that cannot be carried out by a single cell 

alone but instead require the cooperation and concerted efforts of a group of cells working 

together to achieve a task that is beneficial to the whole population of cells. It has been found 

that many bacteria are in fact capable of carrying out a diverse range of multicellular 

behaviours. These behaviours include genetic competence, swarming motility, biofilm 

formation, sporulation, extracellular enzyme production and even virulence (Murray et al. 

2009; Rutherford and Bassler 2012) 

1.3.1 Biofilm formation 
A biofilm is a complex multicellular community of bacteria encased in a self-produced 

extracellular matrix (ECM) that aids in the adhesion of cells to each other and to a surface. The 

ECM is primarily composed of exopolysaccharides, proteins and, in some cases, nucleic acids 

(Flemming and Wingender 2010). The ECM provides protection to the cells within the biofilm 

from various chemical mechanical and immunological stresses as well as conferring structural 

integrity to the biofilm. These stresses include exposure to UV light, antibiotics and the host 

immune response (Flemming and Wingender 2010). As a result, biofilms are an extremely 

robust and beneficial lifestyle for bacteria and it is believed that biofilms are the most 

predominant mode of growth for bacteria in nature. These communities can exist as either 

single or multispecies biofilms; with multispecies biofilms believed to be the most common 

and widespread (Branda et al. 2005). Biofilms have many important implications in industrial, 

agricultural and clinical settings where, depending on the context of their growth, they can be 

thought of as being either beneficial or detrimental to humans. Many biofilms are involved in 
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chronic human infections and perhaps the most well-known examples are the biofilm 

communities of Pseudomonas aeruginosa and Staphylococcus aureus that have been identified 

in the lungs of patients with the genetic disease cystic fibrosis (Ferreira et al. 2010; Goss and 

Muhlebach 2011). Biofilm formation on indwelling medical devices, such as prosthesis and 

catheters, also poses a significant challenge in clinical settings. Additionally, as many as 60% 

of hospital acquired infections are believed to be biofilm related (O'Toole et al. 2000; Mah and 

O'Toole 2001). Given the inherent resistance of many biofilms to antibiotics, the treatment of 

these diseases, and the eradication of biofilms on surfaces, can be incredibly challenging. 

Biofilms can also form in pipelines and cooling towers in industrial settings where they can 

prove difficult to remove (Liu et al. 2009). However, there are also many examples of biofilms 

deemed beneficial to humans, perhaps the most widely recognised examples being the 

beneficial biofilms that colonise the human gut and aid host digestion (Tam et al. 2006). 

Humans have also exploited biofilms for sewage and wastewater treatments and other 

bioremediation and biocontrol purposes (Pal and Gardener 2006; Singh et al. 2006; Halan et 

al. 2012). As a result of these properties there have been great efforts to understand the 

molecular mechanisms underpinning biofilm formation in order to help promote the growth of 

beneficial biofilms and to prevent the growth of detrimental ones. 

1.4 Bacillus subtilis 
One such microorganism that relies on biofilm formation for its biocontrol capabilities, for 

which it has been (reportedly) exploited commercially, is Bacillus subtilis. B. subtilis is a 

Gram-positive rod shaped bacterium found ubiquitously in the soil and in association with 

many plant roots. It is closely related to the human pathogenic species Bacillus anthracis and 

Bacillus cereus, the causative agents of Anthrax and food poisoning respectively. B. subtilis is 

genetically tractable, being the first Gram-positive bacterium to have its entire genome 

sequenced in 1997, and much is known about its physiology (Kunst et al. 1997). Additionally, 

B. subtilis is a workhorse of industry, being used extensively for the production of a vast array 

of enzymes (Schallmey et al. 2004). Interestingly, B. subtilis can also accomplish a great 

number of multicellular behaviours including swarming motility, genetic competence, 

sporulation and biofilm formation for which it has been intensively studied in the laboratory 

(Aguilar et al. 2007). As a result of the ease of its genetic manipulation, coupled with extensive 

knowledge of its physiology and the ability to carry out multiple multicellular behaviours, B. 

subtilis is extensively studied in the laboratory as a model organism for Gram-positive biofilm 

formation, with the ancestral undomesticated strain NCIB 3610 perhaps being the most widely 
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studied. NCIB3610 has a 4.2 Mbp genome, an 80 Kb plasmid and is able to form biofilms in a 

number of different experimental systems (McLoon et al. 2011; Konkol et al. 2013). 

1.4.1 B. subtilis biofilm formation 

1.4.1.1 General characteristics of a B. subtilis biofilm 
The ability of B. subtilis to carry out multicellular behaviours such as sporulation and biofilm 

formation was recognised as early as the 1870’s with the works of Burton-Sanderson and 

Ferdinand Cohn (Vlamakis et al. 2013). However, despite this, biofilm formation by B. subtilis 

was not widely recognised or studied until the recognition of the biofilm formation capabilities 

of both wild-type undomesticated strains and commonly used laboratory isolates in 2001 

(Branda et al. 2001; Hamon and Lazazzera 2001). Since these discoveries, B. subtilis has 

widely been studied as a model organism for Gram-positive biofilm formation in the 

laboratory. Many of these behaviours were only discovered through the investigation of 

undomesticated strains as many multicellular behaviours, such as biofilm formation, have been 

largely lost by laboratory strains during their domestication (Branda et al. 2001). Subsequently, 

the majority of further investigations into multicellular behaviours have focused on the use of 

undomesticated strains such as NCIB3610, the wild type strain ancestral to the lab strain 168 

(Branda et al. 2004). These early studies found that B. subtilis was capable of forming complex 

three dimensional biofilm structures that are now studied using three main experimental 

systems. These include: biofilm formation that occurs at an air-liquid interface of a liquid 

medium, known as pellicle formation; biofilm formation on a semi-solid agar surface, known 

as rugose colony formation; and biofilm formation on plant roots, the natural environment for 

B. subtilis (Branda et al. 2001; Bais et al. 2004; Chen et al. 2012).  Examples of the phenotypes 

of wild type biofilms formed in each of these systems is shown in Figure 1.2. B. subtilis 

biofilms form a very distinctive complex wrinkled appearance in both colony and pellicle form. 

It has been hypothesised that these wrinkles form as a consequence of localised cell death in 

combination with the mechanical stiffness provided by the biofilm matrix (Asally et al. 2012). 

Additionally, the B. subtilis biofilm is more hydrophobic than Teflon ™, being able to repel up 

to 80% ethanol (Epstein et al. 2011). 
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1.4.1.2 General life-cycle of a B. subtilis biofilm 
Biofilm formation by B. subtilis occurs in what can largely be classified as three main stages: 

biofilm development, maturation and, although somewhat controversial, biofilm disassembly. 

(Vlamakis et al. 2013). Initial development of a biofilm occurs when an isogenic population of 

single motile cells sense and adhere to a surface and receive appropriate signals that act as a 

trigger for biofilm formation. These cells then differentiate into a distinct subgroup of matrix 

producing cells and begin to produce the biofilm matrix that surrounds the cells and aids the 

adherence of cells to each other and to the surface. Cells grow and partially divide forming 

long chains of cells embedded in the biofilm matrix. The matrix protects the cells within as the 

biofilm matures. Biofilm maturation occurs as the community grows and cell chains form 

larger cell clusters with cells further differentiating into different cell types such as sporulating 

cells and exoprotease producing cells. Eventually the biofilm dissassembles upon nutrient 

limitation or other adverse conditions arising, spores are released into the environment and are 

dispersed such that they may find more suitable conditions for germination and potentially 

further biofilm development (Vlamakis et al. 2013). This process is summarised in Figure 1.3. 

 

 

 

 

 

 

 

Figure 1.2: Biofilm formation by B. subtilis biofilm. (A) A complex colony of B. subtilis grown on MSgg agar. (B) 

A pellicle of B. subtilis grown on liquid MSgg medium. Scale bars in (A) and (B) represent 2.5 mm. (C) A tomato 

root associated B. subtilis biofilm. (D) Hydrophobicity of the wild type B. subtilis biofilm is apparent when a 

coloured water droplet is placed on top of the community.  
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1.4.2 Signalling pathways that control entry to biofilm formation 
As biofilm formation relies on the production of several large macromolecules that are located 

in the biofilm matrix, it is incredibly energetically expensive. To prevent the formation of 

energetically costly biofilms in unadvantageous environmental circumstances, the control of 

entry to biofilm formation by B. subtilis is incredibly tightly regulated by the complex 

regulatory networks summarised in Figure 1.5.  

Figure 1.3: Life cycle of a B. subtilis biofilm. When a motile cell contacts a surface it can sense and respond to 

the surface by switching on expression of the matrix genes. This results in adherence of the cells to the surface. 

Cells then grow and divide and incomplete division results in chains of matrix producing cells which bundle 

together to form larger aggregates of cells. BslA is also produced and provides a protective hydrophobic coat 

around the biofilm. Maturation of the biofilm occurs when cells differentiate in the biofilm into sporulating cell 

and exoprotease producing cells. Eventually the biofilm will disassemble allowing the release of motile cells 

and spores to allow the propagation of the cells in a more favourable environment. (Schematic kindly provided 

by Dr Lynne Cairns) 
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Figure 1.5: Schematic of the signalling pathways regulating B. subtilis biofilm formation. Rectangles represent 

genes and ovals represent proteins. Arrows represent activation, phosphorylation or translation and bars 

represent repression. Arrows and bars in black represent what occurs when the correct signals are received 

for biofilm formation. Grey bars represent de-repression of genes during activation of biofilm formation. In the 

absence of the signals activating biofilm formation these interactions would be repressive. Dotted bar 

represents an indirect interaction. The five blue rectangles represent the kinases KinA-KinE responsible for 

activation of the Spo0A pathway. Loss of flagellar rotation is also a signal for biofilm activation through 

activation of the DegSU two component system. Rectangles under Spo0A~P and DegU~P indicate increasing 

levels of phosphorylated protein from light orange to dark red, with light orange representing low levels and 

dark red representing high levels. Intermediate levels of Spo0A~P are required for biofilm formation. 

Intermediate levels of DegU~P are required for biofilm formation whereas high levels of DegU~P are repressive 

for biofilm formation. 
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1.4.2.1 The Spo0A signalling pathway 
The transcription factor Spo0A has long been recognised as the master regulator for sporulation 

in B. subtilis (Hoch 1995). However, Spo0A controls the expression of hundreds of genes, 

including those required for biofilm formation. In fact, the phosphorylation and activation of 

Spo0A was found to be of central importance for the regulation of entry to biofilm formation 

in some of the earliest studies on biofilm formation by B. subtilis (Branda et al. 2001; Hamon 

and Lazazzera 2001). Phosphorylation of Spo0A is activated by various environmental signals 

and occurs via a multicomponent phosphorelay system. Initial inputs to the system occur 

through the activation of one, or more, of five kinases; KinA, KinB, KinC, KinD and KinE 

(Jiang et al. 2000). Upon activation these kinases phosphorylate Spo0F which, in turn, 

phosphorylates Spo0B. Finally, Spo0B phosphorylates Spo0A resulting in Spo0A~P (Burbulys 

et al. 1991). The level of Spo0A~P in a cell determines the gene expression profile of the cell, 

with different genes being activated, and repressed, at different levels of Spo0A~P (Fujita et 

al. 2005; Fujita and Losick 2005). Levels of Spo0A~P in the cell can also be modified through 

the activity of regulatory proteins that modulate the activity of the intermediate components in 

the Spo0A phosphorelay (Perego et al. 1996). Low levels of Spo0A~P are required for 

expression of the biofilm matrix genes, whereas high levels of Spo0A~P are required for 

activation of sporulation genes (Fujita et al. 2005). The kinases KinA and KinB have been 

linked with the activation of sporulation whereas the kinases KinC and KinD have been linked 

with the activation of biofilm formation (Lopez et al. 2009a). Environmental signals proposed 

to activate KinA and B include starvation signals that are known triggers for sporulation, 

whereas the triggers for KinC and KinD are more diverse and include membrane disruptions 

resulting in potassium leakage (such as those caused by surfactin), L-malic acid, glycerol, 

pyruvate and acetate (Lopez et al. 2009a; Chen et al. 2012; Lundberg et al. 2013; Wu et al. 

2013). Low levels of Spo0A~P promote entry to biofilm formation by repressing transcription 

of the genes encoding the two main matrix gene repressor proteins: AbrB and SinR.  

 

1.4.2.2 The AbrB biofilm repressor 
The first pathway of Spo0A~P mediated anti-repression involves the removal of the transition 

state regulator AbrB from its target DNA. AbrB has been shown to directly repress 

transcription from the three main matrix operons in addition to other genes required for the 

regulation of biofilm formation (Hamon et al. 2004; Banse et al. 2008; Chu et al. 2008; 

Kobayashi 2008; Chumsakul et al. 2010). Repression of genes by AbrB is lifted when AbrB 

levels fall when cells transition from exponential phase to stationary phase, linking changes in 
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gene expression to changing growth state by B. subtilis (Strauch et al. 1990). Spo0A~P 

mediates the removal of AbrB in two ways: first by blocking transcription of abrB directly, 

and secondly by promoting the production of AbbA, an AbrB anti-repressor that sequesters 

AbrB and prevents it from binding to its target DNA (Strauch et al. 1990; Banse et al. 2008; 

Tucker et al. 2014). 

 

1.4.2.3 The SinR biofilm repressor 
The second pathway of Spo0A~P mediated anti-repression involves the repression of the 

master regulator of biofilm formation, SinR. SinR is a repressor protein that directly inhibits 

transcription from the tapA-sipW-tasA and epsA-O operons, and also indirectly represses 

transcription of bslA (Kearns et al. 2005; Verhamme et al. 2007; Chu et al. 2008; Verhamme 

et al. 2009). Spo0A~P mediates relief of SinR-mediated repression through promoting 

expression of the SinI anti-repressor protein. SinI binds to SinR in a tight, and essentially 

irreversible interaction, thus sequestering SinR from repressing transcription from the matrix 

operons (Bai et al. 1993; Newman et al. 2013). SinR is expressed in all cells but SinI is only 

expressed in a small subset of cells that reach a threshold level of Spo0A~P. As a threshold 

level of SinI is also required for inhibition of SinR, this pathway of regulation ensures that 

expression from the matrix operons is bimodal. As a result, only a small subset of cells express 

TasA and EPS in the biofilm (Chai et al. 2008). In addition to SinI a second anti-repressor that 

can inhibit SinR activity has been discovered, SlrA (Kobayashi 2008; Chai et al. 2009). SlrA 

is under control of YwcC, a TetR-like repressor protein. It is possible that by producing two 

anti-repressors, regulated by different signals, B. subtilis can co-ordinate biofilm formation in 

response to different environmental signals (Newman and Lewis 2013). 

 

1.4.2.4 The biofilm activating protein SlrR  
In addition to repressing transcription from the tapA-sipW-tasA and epsA-O operons, SinR also 

represses transcription of slrR. In the presence of low levels of Spo0A~P, resulting in the 

production of high levels of SinI, SinR is repressed and SlrR can be expressed. The SlrR protein 

binds to SinR, occluding SinR from the matrix promoters and thus promoting transcription of 

the matrix genes. Additionally, the SinR:SlrR complex represses transcription of genes 

required for motility and autolysin production  (Chu et al. 2008; Kobayashi 2008; Chai et al. 

2009; Murray et al. 2009; Chai et al. 2010b). This is just one mechanism utilised by B. subtilis 

to link biofilm matrix production to the cessation of motility (Chai et al. 2010b). The expression 

of SlrR also results in a self-reinforcing double-negative feedback loop whereby SlrR binding 
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to SinR prevents SinR binding to and repressing transcription of target promoters, including 

that of SlrR itself. This further promotes expression of SlrR, resulting in an SlrR high state 

whereby SinR is re-purposed to repress motility and cell separation genes and occluded from 

repressing matrix genes. This results in biofilm formation through the expression of the biofilm 

matrix and the repression of motility and cell separation (Norman et al. 2013). In the absence 

of SinI, SinR is able to repress transcription from the matrix operons and also transcription of 

slrR. This results in an SlrR low state where SinR represses matrix genes but motility and cell 

separation genes are expressed resulting in single motile cells (Norman et al. 2013). 

 

1.4.2.5 The DegSU two component system 
The DegSU two component system is involved in the control of a number of multicellular 

processes in B. subtilis including genetic competence, swimming and swarming motility, 

biofilm formation, exoprotease production and poly--DL-glutamic acid production (Murray 

et al. 2009). The response regulator DegU is believed to function as a “rheostat” controlling 

multiple multicellular behaviours dependant on the concentration of phosphorylated DegU 

(DegU~P) present in the cell (Murray et al. 2009). This is believed to be facilitated by the 

presence of DegU binding sites in the promoter regions of DegU regulated genes with different 

affinities for DegU~P. Additionally, phosphorylation of DegU might result in cooperative 

binding of DegU to promoter binding regions (Kobayashi 2007). DegS is the cognate sensor 

kinase of the DegSU system that autophosphorylates in response to appropriate signals. One 

such signal is believed to be cessation of flagellar rotation upon sensing a surface (Cairns et al. 

2013). This provides a mechanism whereby cells can link cessation of motility to biofilm 

formation. Transfer of the phosphate group from DegS to DegU is additionally aided by the 

protein DegQ (Kobayashi 2007). Unphosphorylated DegU is required for regulation of 

competence whereas swarming motility, biofilm formation and exoprotease production are 

controlled by increasing concentrations of DegU~P respectively (Murray et al. 2009). Biofilm 

formation is activated at intermediate levels of DegU~P, primarily through the indirect 

activation of transcription of bslA. Biofilm formation is repressed at high levels of DegU~P, 

primarily through the repression of transcription from the tapA-sipW-tasA and epsA-O operons 

(Kobayashi 2007; Verhamme et al. 2007; Ostrowski et al. 2011; Marlow et al. 2014b)  
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1.4.3 Triggers for biofilm formation 
The environmental cues that trigger B. subtilis to switch from a motile single cell state to a 

sessile biofilm state are not very well understood. Many different inputs converge on the 

signalling pathways required for biofilm formation and the complexity of the system makes it 

likely that multiple different conditions may be able to trigger biofilm formation (Vlamakis et 

al. 2008; Vlamakis et al. 2013). There are five different kinases that feed into the Spo0A 

pathway of biofilm activation; KinA, KinB, KinC, KinD and KinE. Different environmental 

cues trigger each kinase and in many cases the signal responsible for kinase activation is 

unknown. It is known that surfactin acts as a trigger for biofilm formation in B. subtilis as a 

result of surfactin insertion into the membrane resulting in potassium leakage which triggers 

signalling from KinC. In addition to surfactin, there are also other compounds that can induce 

biofilm formation in this way such as antibiotics like valinomycin that are naturally produced 

by soil microorganisms that B. subtilis may encounter in its natural environment (Lopez et al. 

2009a). KinD has kinase and phosphatase activities and uses its phosphatase activity to keep 

the level of Spo0A low in the cell until it senses the matrix components. Upon sensing the 

matrix, KinD then uses its kinase activity to promote a Spo0A~P high state in the cell, resulting 

in sporulation. It is known that sporulation in the biofilm cannot occur in the absence of the 

biofilm matrix and the activity of the KinD kinase underpins this observation (Aguilar et al. 

2010). Additionally, the KinD kinase has been shown to be activated by L-malic acid produced 

by the tomato plant to induce biofilm formation in the plant root associated system (Chen et al. 

2012).  Another mechanism for triggering biofilm formation that targets a different signalling 

pathway is the activation of the DegSU two component system by the cessation of flagellar 

rotation. Upon sensing a surface, flagellar rotation is likely to be impeded. This interruption of 

flagellar rotation activates the sensor kinase DegS to phosphorylate its cognate response 

regulator DegU resulting in a rise in DegU~P levels in the cell (Cairns et al. 2013). Increasing 

levels of DegU~P are required for a number of multicellular behaviours in the cell, including 

biofilm formation (Murray et al. 2009). The induction in biofilm formation with a rise in 

DegU~P levels in the cell is a result of the production of the bacterial hydrophobin, BslA, as 

the transcription of bslA is under control of the DegSU system (Kobayashi 2007; Ostrowski et 

al. 2011). Another mechanism for enhancing biofilm formation is the production of the 

sporulation killing factor (SKF) and sporulation delaying protein (SDP) toxins at low levels of 

Spo0A. Cells that produce these toxins also possess immunity to the toxins. As low levels of 

Spo0A~P trigger both matrix production and toxin production, most matrix producing cells are 

immune to the toxins (Vlamakis et al. 2013). These cannibalism toxins can then selectively kill 
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sibling cells in the biofilm that are not producing biofilm matrix, thus enhancing the matrix 

producing population within the biofilm (Lopez et al. 2009b). There is still a great deal still to 

be learned about the different environmental triggers for biofilm formation in B. subtilis. 

Further studies looking at biofilm formation under diverse conditions and in different, more 

natural, environments will likely result in the identification of further factors that can trigger 

biofilm formation (Vlamakis et al. 2013). 

1.4.4 Cellular differentiation and biofilm formation.  
A key feature of biofilm formation is the differentiation of an isogenic population of cells into 

distinct subgroups of cells with different functions. This was first discovered by Branda et al. 

(2001) as a distinct spatiotemporal distribution of sporulating cells in biofilms of NCIB3610, 

with spores being preferentially located at the tips of aerial fruiting body structures present in 

the biofilm (Branda et al. 2001). This is a logical position for the spores, being the furthest 

from the nutrient source. Since then, advances in single cell techniques such as flow cytometry 

and fluorescence microscopy have resulted in great insights into the developmental program of 

single cells within a biofilm. Cells within the biofilm appear to follow a defined developmental 

pathway with motile cells differentiating into matrix producing cells and finally into 

sporulating cells. This differentiation appears to occur with a distinct spatiotemporal 

organisation with the three cell types observed to be present within a biofilm at distinct 

locations and times (Vlamakis et al. 2008). At the early stages of biofilm formation the vast 

majority of cells are motile but this population decreases over time as the biofilm matures. 

Nevertheless, a small population of motile cells persists at all stages of biofilm formation and 

appears to localise to the base and edges of the biofilm (Vlamakis et al. 2008). The next 

population of cells to arise is the matrix producing cells with a peak in numbers of matrix 

producing cells after 24 hours. These cells are located in patches throughout the biofilm and it 

is hypothesised this localisation aids dispersal of the shared matrix components throughout the 

biofilm (Vlamakis et al. 2008). The final population of cells to arise are the sporulating cells, 

with a peak in numbers from 48 hours onwards. Consistent with the results of Branda et al. 

(2001), sporulating cells were found to be localised preferentially in the aerial structures of the 

biofilm (Vlamakis et al. 2008). Furthermore, cells producing extracellular proteases have also 

been observed in the biofilm (Marlow et al. 2014a). These cells appear to be localised towards 

the top of the biofilm near the air-biofilm interface, and the population increases as the biofilm 

matures, appearing to accumulate at later stages of the biofilm formation process. The origin 

of the exoprotease producing cells is quite flexible, with protease producing cells being 
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observed to arise from both matrix producing and non-matrix producing cells. Additionally, 

both matrix producing and protease producing cell types were observed to coexist for many 

generations (Marlow et al. 2014a). These findings indicate that protease production may be an 

additional step in the developmental program previously proposed by Vlamakis et al. (2008) 

(Marlow et al. 2014a). 

1.4.5 Components required for biofilm formation 
Biofilm formation by B. subtilis is incredibly tightly controlled at the level of transcription by 

complex regulatory networks (described above). These networks ultimately converge on the 

operons required for the production of three main components; an exopolysaccharide (EPS)   

and the proteins TasA and BslA.  

1.4.5.1 The epsA-O operon 
One of the major components of the B. subtilis biofilm matrix is the exopolysaccharide (EPS). 

EPS is made by the proteins encoded by a 15 gene operon, the epsA-O operon (Branda et al. 

2001; Branda et al. 2004). From the original studies on fruiting body-like formation by B. 

subtilis, the importance of EPS for the formation biofilm structures was recognised (Branda et 

al. 2001; Branda et al. 2004). Deletion of the eps genes was shown to result in major defects 

in biofilm formation in colony, pellicle and plant related biofilms (Branda et al. 2001; Branda 

et al. 2004; Chen et al. 2012; Beauregard et al. 2013; Chen et al. 2013). Mutant strains unable 

to produce the exopolysaccharide have been observed to form very fragile pellicles that lack 

the structural complexity and aerial structures observed by the wild type pellicle. Mutant 

pellicles were easily disrupted and, at the cellular level, mutant strains form chains of cells that 

are only very loosely associated and poorly aligned, lacking the organisation observed by the 

wild type strain. Additionally, colonies formed by these strains were flat and completely lacked 

the structural complexity of the wild type colony (Branda et al. 2001). The individual 

contribution of each of the 15 proteins encoded by the epsA-O operon to exopolysaccharide 

production remains to be elucidated, with only a few of the proteins having been investigated 

in any detail with perhaps the best characterised protein being EpsE. EpsE is known to be able 

to act as a flagellar clutch, preventing flagellar rotation through interaction with FliG 

(Guttenplan et al., 2010). Cessation of flagellar motility has also been linked to an increase in 

DegU~P levels in the cell and subsequently an increase in transcription of bslA (Cairns et al. 

2013). EpsE also possesses glycosyltransferase activity that directly promotes production of 

EPS (Guttenplan et al. 2010). The bifunctionality of EpsE is interesting as it illustrates a 

mechanism whereby B. subtilis can link the cessation of motility with the production of two 
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different biofilm matrix components (Guttenplan et al. 2010; Cairns et al. 2013). The chemical 

composition of the exopolysaccharide produced by the epsA-O operon is currently unclear but 

it appears likely that the composition may be variable dependant on the growth substrates 

available. The monosaccharide profile of EPS produced by NCIB3610 grown in a minimal 

media with glutamic acid and glycerol, was found to consist of galactose, glucose and N-acetyl-

galactose, whereas the monosaccharide profile of EPS produced by the same strain grown in 

TY broth was found to be dominated by mannose (Chai et al. 2012; Jones et al. 2014). Due to 

the biofilm defect phenotypes of eps mutants, it has been suggested that EPS may play a role 

in the cell-cell interactions required for wild type pellicle formation and that EPS may act as a 

scaffold for biofilm structure formation (Branda et al. 2001; Branda et al. 2004). Interestingly, 

EPS also appears to be involved in spreading of colony biofilms where EPS is believed to 

generate an osmotic pressure gradient within the biofilm matrix that causes cells to move 

outwards, thus spreading the colony and aiding in the acquisition of new nutrients for the 

biofilm (Seminara et al. 2012).  

1.4.5.2 The tapA-sipW-tasA operon 
TasA is reported to be an amyloid-like protein, encoded by the tapA-sipW-tasA operon 

(henceforth the tapA operon), that is the main protein component of the biofilm matrix (Branda 

et al. 2006; Romero et al. 2010). TasA was initially characterised as a translocation-dependant 

antimicrobial spore protein with antimicrobial properties effective against a number of bacterial 

species, including wild-type B. subtilis (Stover and Driks 1999). It was not until 2006 that the 

involvement of TasA in biofilm formation was discovered when rugose colony and pellicle 

formation by a tasA mutant strain was shown to result in flat featureless colonies and pellicles. 

(Branda et al. 2006). The contribution of TasA to the biofilm matrix is distinct from that of 

EPS as the phenotypes of the tasA and eps single mutant strains are distinct from each other. 

Additionally, co-culture of the two single mutant strains results in a wild-type biofilm, 

confirming that EPS and TasA are both communal goods that can be shared throughout the 

entire population of cells (Branda et al. 2006). TasA has been shown to assemble into long 

fibres that localise to the biofilm matrix and decorate the cell wall (Romero et al. 2010; Romero 

et al. 2011). Ex-vivo purified TasA fibres were shown to bind various compounds such as 

Congo-Red and Thioflavin T that are often used to identify amyloid proteins. Additionally, 

circular dichroism spectroscopy determined that the secondary structure of TasA fibres 

included β-sheets, characteristic of amyloid proteins. These results led to the classification of 

TasA as an amyloid-like protein that forms long fibres on the cell surface that bind cells 
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together in the biofilm matrix (Romero et al. 2010). TasA anchoring/assembly protein (TapA) 

is a minor protein component of TasA fibres, believed to be involved in both assembly, and 

anchoring, of TasA fibres to the cell wall. TapA has also been implicated in promoting the 

stability of TasA (Romero et al. 2011; 2014). SipW is a Type I signal peptidase required for 

maturation and export of both TapA and TasA from the cell (Branda et al. 2004; Branda et al. 

2006; Chu et al. 2006). 

1.4.5.3 BslA 
The other major protein component of the biofilm matrix is the small secreted biofilm surface 

layer protein BslA (formerly YuaB) (Kobayashi and Iwano 2012; Hobley et al. 2013). BslA is 

the product of the single gene bslA operon and was initially discovered as a DegU regulated 

gene required for complex colony and pellicle formation by B. subtilis (Kobayashi 2007). 

Investigations using bslA mutant strains have shown that the bslA mutant forms flat and 

relatively featureless pellicles and colonies, albeit with slightly more complexity than those 

produced by tasA or eps mutants (Kobayashi 2007; Verhamme et al. 2009). Further 

investigations determined that the contribution of BslA to the biofilm matrix is distinct from 

that of either EPS or TasA as bslA/tasA/eps single mutant strains all have different biofilm 

defect phenotypes and deletion of bslA does not affect the synthesis of either TasA or EPS 

(Ostrowski et al. 2011). Furthermore, co-culture experiments with a bslA mutant strain and a 

tasA/eps double mutant strain result in a wild type biofilm (Ostrowski et al. 2011). These co-

culture experiments confirm that, like TasA and EPS, BslA is a communal good that can be 

shared throughout the biofilm population. Pellicle formation in B. subtilis is known to occur in 

stages; initially cells form chains, these chains of cells then form clusters, chains in the cell 

clusters then degrade and cell clusters float to the surface of the medium forming a mature 

pellicle (Kobayashi 2007). BslA appears to be involved in the later stages of pellicle formation 

as the bslA mutant is not defective in cell chain formation or cell cluster formation but these 

clusters remain submerged in the medium instead of floating to the surface as with wild type 

pellicles (Kobayashi 2007). Furthermore, transcription of bslA is reduced in an epsA-O mutant 

background and delayed in a tasA mutant background. This requirement for functional EPS 

and TasA for wild type BslA expression suggests that BslA is probably required for biofilm 

formation after cell clusters are formed by TasA/EPS interactions (Kobayashi and Iwano 2012).  

In addition to the involvement of BslA in forming a mature biofilm structure, BslA is also 

responsible for conferring the extreme hydrophobicity characteristic of the wild type biofilm 

(Kobayashi and Iwano 2012; Hobley et al. 2013). BslA has been shown to form a hydrophobic 
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layer around the surface of colony biofilms and a hydrophobic ‘raft’ under pellicle biofilms 

(Kobayashi and Iwano 2012; Hobley et al. 2013). The mechanism for BslA localisation is 

unknown, although it is not a consequence of site specific transcription as, unlike the other 

bimodally transcribed matrix components, bslA is transcribed unimodally throughout the entire 

population (Kovacs and Kuipers 2011; Hobley et al. 2013). There have been conflicting reports 

on the purported cellular localisation of BslA. A study by Ostrowski et al, identified BslA as a 

cell wall associated protein whereas Kobayashi and Iwano, identified BslA as a component of 

the biofilm matrix, associated with the cell surface via interactions with EPS (Ostrowski et al. 

2011; Kobayashi and Iwano 2012). BslA is very important for the hydrophobic properties of 

the mature biofilm, forming a hydrophobic layer on the surface of the biofilm that contributes 

to the rough microstructure of biofilm wrinkles responsible for hydrophobicity of the colony. 

A bslA mutant forms both colonies and pellicles with severely inhibited repellency for water 

and a smooth surface microstructure (Kobayashi and Iwano 2012). In vitro, purified BslA has 

also been shown to self-assemble into a stable elastic film at an interface, further illustrating 

the amphiphilic properties of the protein (Kobayashi and Iwano 2012; Hobley et al. 2013; 

Bromley et al. 2015). The structure of BslA was solved and found to consist of two domains; 

an Ig family-like fold similar to β2 microglobulin, and a three stranded beta sheet that forms a 

curious flat surface cap structure unique to BslA (Figure 1.6). This unique cap structure is 

responsible for 24% of the total surface area of the protein and is enriched for hydrophobic 

residues with a 1,620Å surface exposed hydrophobic patch. Point mutations resulting in the 

substitution of hydrophobic residues in this hydrophobic cap region to non-hydrophobic 

residues, such as the L77K substitution, have a great impact on biofilm formation resulting in 

non-structured and wetting biofilms. As such the hydrophobic cap of BslA, and in particular 

the central hydrophobic residues, appear to be vital for both the structural role BslA plays in 

biofilm formation but also for the ability of BslA to confer hydrophobicity to the biofilm 

(Hobley et al. 2013). In vitro these hydrophobic cap substitutions, in particular the L77K 

variant, result in the formation of protein films that are much less stable than those formed by 

the wild type protein (Hobley et al. 2013). It was found that the hydrophobic cap domain of 

BslA is capable of undergoing a limited structural metamorphosis to protect the hydrophobic 

patch in aqueous solution and expose the hydrophobic patch at an interface. In solution the cap 

primarily exists in a random coil conformation which buries and protects the hydrophobic 

residues. This conformation switches to a primarily surface exposed beta sheet conformation 

at an interface with the hydrophobic residues exposed to the surface.  
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The portion of the protein that undergoes a structural change is very small, only approximately 

10%. (Bromley et al. 2015). The two different cap structures, the random coil and beta sheet 

forms have also been observed in the crystal structure of BslA (Hobley et al. 2013).  

 

 

The structural metamorphosis may provide one possible explanation for how BslA is able to 

make its way to the surface of the biofilm. The random coil confirmation may allow BslA to 

travel through the biofilm matrix in a stable form where it can undergo the conformational 

change to expose hydrophobic residues when it reaches the surface of the biofilm where it can 

then form lateral interactions resulting in a hydrophobic film formed on the surface of the 

biofilm (Bromley et al. 2015). It is also possible that both confirmations have functional roles 

within the biofilm with the random coil formation potentially being involved in functions other 

than conferring hydrophobicity to the biofilm surface (Bromley et al. 2015). The L77K 

substitution disrupts the confirmation of the cap in aqueous solution most likely resulting in 

partially exposed hydrophobic residues that reduce the energy required to expose the residues 

upon reaching a surface, resulting in faster association of L77K variant protein to an interface. 

The structure of the wild type and L77K films observed in vitro by TEM shows the wild type 

forms highly ordered rectangular lattice whereas the L77K film is much more disorganised 

with only very small organised domains observed (Bromley et al. 2015). This is consistent with 

the findings of the L77K variant film being less stable in vitro, and also the in vivo biofilm 

phenotype of the mutant. In addition to the L77K variant protein, another interesting variant of 

BslA with the CxC motif in the C- terminus of the protein substituted to AxA, has a very 

distinct phenotype. Interestingly, AxA variant colonies form wild type biofilm structures that 

are completely wetting. This suggests the CxC motif is vital for conferring hydrophobicity to 

Figure 1.6: Structure of BslA. (A) The structure of BslA with the hydrophobic cap region highlighted in purple. 

(B) Top down view of the hydrophobic cap region of BslA with the hydrophobic amino acids labelled. (C) BslA in 

the ‘cap out’ conformation. (D) BslA in the ‘cap in’ conformation. Images (A) and (B) taken from Hobley et al., 

2013. Images (C) and (D) kindly provided by Dr. Keith Bromley. 
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the biofilm but is not involved in the formation of the biofilm structure. This substitution  

provides a handy tool for the dissection of BslA function in the laboratory, effectively 

separating out the roles of BslA in biofilm structure assembly and biofilm hydrophobicity 

(NSW lab unpublished). In addition to BslA, B. subtilis also encodes a non-functional 

paralogue YweA that is 51% identical and 67% similar to BslA. Disruption of yweA alone has 

no effect on biofilm formation by B. subtilis but a bslA/yweA double mutant exhibits an 

exacerbated biofilm defect (Kobayashi and Iwano 2012). 

1.4.6 Biofilm disassembly 
Eventually B. subtilis biofilms disassemble as a result of as yet unidentified factor(s). It is 

thought that biofilms may disassemble as result of resource limitation or waste product 

accumulation rendering the biofilm an unfavourable environment (Vlamakis et al. 2013). 

During biofilm dispersal it is believed that spores are released allowing them to be dispersed 

and potentially find more favourable conditions in which to germinate and, potentially, form 

new biofilms. The mechanisms of B. subtilis biofilm disassembly are poorly understood and 

are a controversial topic in the field. There has been evidence for two main mechanisms for 

biofilm dispersal; silencing transcription of the matrix operons, and physical degradation of the 

matrix components (Cairns et al. 2014). Evidence for the silencing of matrix transcription 

comes largely from the observation of matrix producing cells switching off matrix production 

and returning to a motile cell state by Vlamakis et al (Vlamakis et al. 2008). At the molecular 

level this could be explained by the reversal of an SlrR high state to an SlrR low state in the 

cell. Although the molecular mechanism underpinning this switch is unknown, there is a 

precedence for the switch in SlrR state as SlrR levels have been observed to decrease as the 

biofilm matures due to natural instability of the protein (Chai et al. 2010a). It has been proposed 

that SlrR may be degraded by the ClpCP protease, thus freeing SinR to repress the matrix 

operons and prevent the production of further biofilm matrix (Cairns et al. 2014). Evidence for 

the degradation of matrix components largely comes from the observation of exoprotease 

producing cells in the biofilm. These cell types accumulate during the later stages of biofilm 

formation and it has been proposed that the exoproteases produced may degrade the biofilm 

matrix components although, as yet, there is no direct evidence of this (Marlow et al. 2014a) 

Two other mechanisms of biofilm disassembly by disruption of the extracellular matrix have 

also been proposed but both proved to be controversial. The first mechanism involves the 

production of D-amino acids at late stages of biofilm formation. D-amino acids were believed 

to incorporate into the peptidoglycan of the cell and prevent the anchoring of TasA fibres to 
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the cell, thus preventing assembly of the matrix (Kolodkin-Gal et al. 2010). However, 

subsequent studies have challenged these findings and indicate that D-amino acids are in fact 

misincorporated into proteins in this system thus resulting in a reduction of cellular growth and 

not a specific dispersal of the biofilm (Leiman et al. 2013). The second mechanism involves 

the production of the polyamine norspermidine at late stages in biofilm formation which was 

reported to act as a trigger for biofilm disassembly. Norspermidine was believed to interact 

with, and collapse the exopolyssacharide component of the biofilm matrix thus resulting in 

biofilm disassembly (Kolodkin-Gal et al. 2012). However, subsequent studies have also 

challenged this finding with directly contradictory evidence such as the absence of 

norspermidine biosynthetic machinery in B. subtilis and the corresponding absence of 

norspermidine present in the biofilm at any time point. Additionally, this study also observed 

a stimulatory effect of low norspermidine concentrations on biofilm formation when added 

exogenously (Hobley et al. 2014) The triggers for biofilm disassembly and the mechanism, or 

mechanisms, involved in dispersal of the B. subtilis biofilm are therefore not fully understood 

to date.    

1.4.7 Bacillus biocontrol  
Biofilm formation by B. subtilis is being increasingly studied on plant roots due to the growing 

recognition of biocontrol agents as potential alternatives to current pesticides and fertilisers. 

Bacillus species have long been known for their biocontrol capabilities, with Bacillus 

thuringiensis being one of the first, and most successful, commercial biocontrol agents, widely 

used for the control of insect pests of plants (Pérez-García et al. 2011). In addition to the 

insecticidal properties of B. thuringiensis, many other members of the Bacillus genus have been 

exploited for biocontrol capabilities against a range of bacterial and fungal pathogens including 

species from the Fusarium, Phytophthora, Pythium, Botrytis, Rhizoctonia, Xanthomonas, 

Erwinia, Pseudomonas, Podosphaera and Pectobacterium genera. These pathogens are 

responsible for a diverse range of major plant diseases as discussed in Section 1.1.4 (Bais et al. 

2004; Pérez-García et al. 2011; Chen et al. 2013). Strains such as GB03, MBI600, QST713, 

B426 and AP-01 are reported to be B. subtilis and have been marketed commercially as 

biocontrol agents and are sold as Companion/Kodiak, HiStick/Subtilex, Serenade/Rhapsody, 

Avogreen and Larminar respectively (Pérez-García et al. 2011). However, perhaps the most 

well studied Bacillus commercial biocontrol agent is B. amyloliquefaciens FZB42. As much as 

10% of the B. amyloliquefaciens FZB42 genome has been shown to be dedicated to the 

production of diverse antimicrobial compounds including lipopeptides such as bacillomycin D, 
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iturin, fengycin and surfactin, and polyketides such as bacillaene, macrolactin and difficidin 

(Chowdhury et al. 2015). However, despite the extensive production of these antimicrobial 

compounds in vitro, levels of all compounds but surfactin were found to be low in the 

rhizosphere and direct antibiosis caused by these compounds in the plant environment appears 

to be only a minor contributor to biocontrol by this strain (Chowdhury et al. 2015). B. 

amyloliquefaciens FZB42 is also able to synthesise an iron siderophore, bacillibactin that may 

contribute to biocontrol by the strain through competition with pathogens for iron acquisition. 

However, the main mechanism for biocontrol by B. amyloliquefaciens FZB42 appears to be 

triggering of ISR in the plant by surfactin and volatile organic compounds such as 2,3-

butanediol and acetoin. The mechanisms of antibiosis, competition and, of particular 

importance, the induction of ISR are conserved in many other Bacillus biocontrol strains 

(Chowdhury et al. 2015).  

Interestingly, it was not until 2004 that the contribution of biofilm formation to biocontrol by 

B. subtilis was first investigated at the molecular level. Studies on the B. subtilis strain 6051 

determined that the strain was effective at forming biofilms on the roots of Arabidopsis, and 

that these biofilms provided protection to the plant from infection with the pathogen 

Pseudomonas syringae, reducing mortality from 85% to 10% in this system (Bais et al. 2004). 

Further work also demonstrated that B. subtilis NCIB3610, and several wild B. subtilis isolates, 

are capable of forming extensive biofilms on the roots of both tomato and Arabidopsis plants 

(Chen et al. 2012; Beauregard et al. 2013; Chen et al. 2013). Biofilm formation in these plant 

systems was found to depend on the production of the matrix components, TasA and EPS; in 

addition to Spo0A, SinI, AbrB and KinD, involved in the regulatory signalling networks 

responsible for controlling entry to biofilm formation (Chen et al. 2012; Beauregard et al. 2013; 

Chen et al. 2013). These signalling pathways and matrix components have been well studied 

in the laboratory where they are known to be essential for biofilm formation. The findings that 

these compounds and signalling networks are also required for biofilm formation on plant roots 

suggests that the understanding gained through investigation of biofilm formation in the 

laboratory may also be applied to the more natural, plant associated lifestyle. Interestingly, as 

had been observed in the laboratory, co-culture experiments with a tasA and epsA-O mutant 

resulted in wild type biofilm formation on Arabidopsis roots (Beauregard et al. 2013). Signals 

such as L-malic acid in tomato plant root exudates and plant polysaccharides from Arabidopsis 

roots were found to stimulate biofilm formation on the roots of plants (Chen et al. 2012; 

Beauregard et al. 2013). L-malic acid is believed to be recognised by a CACHE domain on 
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KinD, thus activating biofilm formation on tomato roots through the Spo0A pathway (Chen et 

al. 2012). Plant polysaccharides such as arabinogalactan, pectin and xylan were shown to 

stimulate biofilm formation on Arabidopsis roots through activation of the KinC and KinD 

kinases, again resulting in biofilm formation through the activation of the Spo0A pathway. 

Plant polysaccharides can also be digested and converted into EPS, acting as a substrate for 

biofilm matrix synthesis.  

Interestingly, the biocontrol abilities of many B. subtilis strains were shown to be intimately 

linked to biofilm formation. The ability of B. subtilis to control infection by P. syringae was 

found to be directly proportional to the ability of B. subtilis to colonise the rhizosphere and 

form biofilms on the roots of the plant (Bais et al. 2004). Many wild Bacillus isolates, closely 

related to the NCIB3610 strain, were found to have efficient biocontrol activities against 

Ralstonia solanacearum, the causative agent of tomato wilt disease with percentage protection 

varying from 13-80% (Chen et al. 2013). By comparing biocontrol efficacy of wild isolates 

with either hyper, or defective biofilm mutations, the relationship between biocontrol and 

biofilm formation could be elucidated. The biocontrol efficacy of strains with hyper biofilm 

mutations was found to be slightly higher than those of the corresponding wild type isolates, 

whereas biocontrol efficacy of strains with biofilm minus mutations were found to be lower 

than those of the corresponding wild type isolates. Biofilm formation is therefore intimately 

linked to the biocontrol efficacy of B. subtilis wild strains with isolates that are able to form 

robust biofilms being more positively correlated with biocontrol efficacy. Of all the biofilm 

minus mutants tested to date, the eps mutant appeared to be most significantly impaired for 

biocontrol, suggesting the importance of EPS for biocontrol activity in these isolates. These 

findings corroborate previous work that suggested poor rhizosphere colonisation could result 

in reduced biocontrol capabilities of biocontrol agents (Schippers et al. 1987; Bais et al. 2004). 

The production of the lipopeptide surfactin has also been shown to be extremely important for 

biofilm formation, and biocontrol capabilities, of B. subtilis strains on tomato and Arabidopsis 

roots, as well as in the melon phyllosphere (Bais et al. 2004; Chen et al. 2013; Zeriouh et al. 

2014). A surfactin deficient mutant was found to be unable to form biofilms on the roots of 

Arabidopsis, or provide protection from P. syringae. Surfactin has a direct inhibitory effect on 

P. syringae with a minimum inhibitory concentration (MIC) of 25 µg/mL. Despite this being 

high for an antimicrobial compound, concentrations of surfactin isolated from the roots 

appeared to be ~150 µg/mL, high enough for surfactin to kill the pathogen in this environment 

(Bais et al. 2004). It is likely that surfactin results in cell death through interfering with the 
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pathogen cell membrane, inducing cell leakage and eventually cell death (Zeriouh et al. 2011). 

Surfactin deficient mutants were also shown to be unable to form stable biofilms in the melon 

phyllosphere, with mutant biofilms found to be up to 60% thinner than wild type biofilms 

(Zeriouh et al. 2014). These surfactin deficient mutants were also less effective at protecting 

against infection by Pectobacterium carotovorum, Xanthomonas campestris and Podosphaera 

fusca, the causative agents of soft rot, leaf spot and powdery mildew diseases respectively 

(Zeriouh et al. 2014). It therefore seems likely that surfactin plays a key central role to Bacillus 

biocontrol, both by promoting biofilm formation by the strains but also as a result of its direct 

antimicrobial properties. 
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1.5 General aims 

Plant root associated biofilm formation is an extremely important process. Plant related 

biofilms can confer a great many benefits to plants including enhanced growth, nutrient uptake 

and protection from pathogens that may cause disease. Understanding the molecular 

mechanisms underpinning plant related biofilm formation, and the positive benefits that are 

conferred to the plant, is therefore key to the development of more effective biocontrol agents. 

The process of plant related microbial biofilm formation has been exploited for biological 

control purposes to help reduce the dependence on petrochemical based fertilisers and 

pesticides that may be harmful to the environment. Previous studies have shown that biofilm 

formation by B. subtilis on plant roots involves the matrix components, TasA and EPS, and the 

regulatory machinery, including Spo0A and SinI, consistent with what is known about biofilm 

formation by B. subtilis in the laboratory (Chen et al. 2012; Beauregard et al. 2013; Chen et al. 

2013). In the laboratory, the bacterial hydrophobin BslA has also been shown to be required 

for complex colony and pellicle formation and furthermore it has been shown to be responsible 

for conferring hydrophobicity to the biofilm (Kobayashi 2007; Ostrowski et al. 2011; 

Kobayashi and Iwano 2012; Hobley et al. 2013). However, the role of BslA in plant associated 

B. subtilis biofilm formation has not been investigated to date. Due to the importance of BslA 

for biofilm formation in the laboratory, it could be hypothesised that BslA likely plays a role 

in biofilm formation on plant roots. Therefore, the initial aims of the work presented in Chapter 

3 were to determine whether BslA is required for tomato plant root associated biofilm 

formation by B. subtilis. Further studies have linked biofilm formation, and the requirement for 

TasA and EPS, to the biocontrol capabilities of B. subtilis strains in a number of plant systems 

(Bais et al. 2004; Chen et al. 2012; Beauregard et al. 2013; Chen et al. 2013; Zeriouh et al. 

2014). As BslA is required for biofilm formation in the laboratory, and as biofilm formation 

appears to be important for the biocontrol capabilities of biocontrol strains, it is possible that 

BslA may also be involved in biocontrol by B. subtilis. The initial aims of the work presented 

in Chapter 4 therefore were to determine whether BslA is required for biocontrol in a 

commercially available B. subtilis isolate.  
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2. Materials and 

Methods 
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2.1 General strain construction 
Details of strains, plasmids and primers used and constructed in this study are listed in Tables 

2.1, 2.2 and 2.3 respectively. B. subtilis strain NCIB3610 was used as the wild-type. 

Escherichia coli strain MC1061 [F’lacIQ lacZM15 Tn10] was used for the construction, 

maintenance and amplification of plasmids. For the construction of B. subtilis mutant strains, 

DNA was initially transformed into the genetically competent laboratory strain 168 or JH642. 

Transfer of DNA from the laboratory strain to the ancestral strain was mediated by phage 

transduction (Section 2.4.4).  

Table 2.1: Strains used in this study. 

 

 

Strain Genotype 1 Source/Construction 2 

NCIB3610 Prototroph B.G.S.C 

168 trpC2 B.G.S.C 

JH642 trpC2 pheA1 (Perego and Hoch 1988) 

NRS1194 Bacillus subtilis GB03 (Kodiak Biocontrol Strain) Gustafson 

NRS1195 Bacillus subtilis MBI600 (Subtilex Biocontrol strain) Becker Underwood 

NRS1473 3610  sacA-Phy-spank-gfpmut2 (kan) (Hobley et. al, 2013) 

NRS2097 3610 bslA::cat (Verhamme et al., 2009) 

NRS3793 3610 tasA::spc sacA::Phy-spank-gfpmut2 (kan) SPP1 1471 → NRS2415 

NRS3799 3610 eps(A-O):tet sacA::Phy-spank-gfpmut2 (kan) SPP1 1471 → NRS2450 

NRS3812 3610 bslA::cat sacA::Phy-spank-gfpmut2 (kan) (Hobley et. al, 2013) 

NRS5130 3610 amyE:: Phy-spank-gfpmut2 (cat::spc) SPP1 1113 → NCIB3610 

NRS5131 3610 bslA::cat amyE:: Phy-spank-gfpmut2 (cat::spc) SPP1 1113 → NRS2097 

NRS5132 3610 bslA::cat sacA::PbslA-bslA (kan) amyE:: Phy-spank-gfpmut2 (cat::spc) SPP1 1113 → NRS2978 

NRS5135 Bacillus subtilis QST713 (Serenade Biocontrol Strain) 
 

Kind gift Dr N.Holden 
(James Hutton Institute) 

NRS5136 3610 bslA::cat sacA::PbslA-bslA C178A C180A (kan) amyE:: Phy-spank-gfp 
(cat::spc) 

SPP1 5149 → NRS5131 

NRS5137 3610 bslA::cat sacA::PbslA-bslA L77K (kan) amyE:: Phy-spank-gfp (cat::spc) SPP1 5150 → NRS5131 

NRS5138 Bacillus amyloliquefaciens 58/04 (BGSC 10A21) B.G.S.C 

NRS5140 Bacillus amyloliquefaciens B12 (BGSC 10A22) B.G.S.C 

NRS5141 Bacillus amyloliquefaciens 62/03 (BGSC 10A20) B.G.S.C 

NRS5142 Bacillus subtilis ATCC 9799 (BGSC 3A14) B.G.S.C 

NRS5143 Bacillus amyloliquefaciens H (BGSC 10A1) B.G.S.C 

NRS5144 Bacillus amyloliquefaciens H (BGSC 10A3) B.G.S.C 

NRS5145 Bacillus subtilis (BGSC 10A5) B.G.S.C 

NRS5146 Bacillus amyloliquefaciens FZB42 (BGSC 10A6T) B.G.S.C 

NRS5147 Bacillus amyloliquefaciens CU8004 (=H) (BGSC 10A18) B.G.S.C 

NRS5148 Bacillus amyloliquefaciens 188/03 (BGSC 10A19) B.G.S.C 

1 Drug resistance cassettes are abbreviated as follows: kanamycin resistance (kan); spectinomycin resistance (spc), 
tetracycline resistance  and chloramphenicol resistance (cat). 
2 Phage (SPP1) (→) recipient strain indicates the direction of strain construction. The Bacillus Genetic Stock Centre is B.G.S.C 
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Table 2.2: Plasmids used in this study. 

 

Table 2.3: Primers used in this study. 

Primer Target Sequence (5’-3’)1 Position2 

DEN5 rRNA TCACGACACGAGCTGACGAC Internal 16S rRNA 

DEN7 rRNA ACTCCTACGGGAGGCAGC Internal 16S rRNA 

NSW207 sacA CATGACCAGGAGCTTCGT 10 → 28 

NSW208 sacA CGCACTGGCTGTTACTTC 1398 → 1381 

NSW1593 bslA CCGTCCAAACACGCTTAAAAGCCTTGGCGTTATGG +213 → +247 

NSW1594 bslA CCATAACGCCAAGGCTTTTAAGCGTGTTTGGACGG +213 → +247 

NSW1124 bslA TCCTCCGACTCAGCCTGCAGGTGCAAACTAATCTAGACCTA +519 → 556 

NSW1125 bslA TAGGTCTAGATTAGTTTGCACCTGCAGGCTGAGTCGGAGGA +519 → 556 

2.2 Growth media and growth conditions 
Both E. coli and B. subtilis strains were grown in Luria-Bertani medium (10 g NaCl, 5 g yeast 

extract, and 10 g tryptone L-1) either in broth or on solid LB plates (LB + 1.5% agar) at 37oC 

unless otherwise stated. For stocking of B. subtilis strains, a single colony was inoculated into 

100 µl LB, spread onto an LB plate and subsequently incubated at 30oC overnight to ensure 

uniform growth into a lawn. For phage transductions, B. subtilis strains were grown in TY 

medium (LB with 10 mM MgSO4 and 1 μM MnSO4) and transduced cells were grown on TY 

plates (TY media with 10 mM sodium citrate, antibiotic(s) for selection and solidified with 

1.5% agar). Growth media was supplemented with antibiotics as appropriate at the following 

concentrations: spectinomycin (100 μg mL−1), ampicillin (10 μg mL−1), kanamycin (10 μg mL‐

1). Tomato seedlings were grown on 0.5% Distilled Water Agar plates (DWA) and in ½ MS 

media (Murashige and Skoog 1962). B. subtilis strains used in plant colonisation assays were 

grown in MSgg minimal medium (5 mM potassium phosphate and 100 mM MOPS at pH 7.0 

supplemented with 2 mM MgCl2, 700 µM CaCl2, 50 µM MnCl2, 50 µM FeCl3, 1 µM ZnCl2, 2 

µM thiamine, 0.5% glycerol, 0.5% glutamate) (Branda et al. 2001). Unless otherwise stated, 

media were solidified by the addition of 1.5% agar.  

Plasmid  Genotype Source 

pSAC-KAN sacA integration plasmid  (Middleton and Hofmeister 2004) 

pNW518 PbslA-bslA in pSAC-KAN (Ostrowski et. al, 2011) 

pNW1230 PbslA-bslA L77K in pSAC-KAN This Study 

pNW1231 PbslA-bslA C178A C180A in pSAC-KAN This Study 

1 Sequences in bold represent positions mutated by site-directed mutagenesis. 
2 Primer position is indicated relative to the translational start site of the respective gene with the 
translational start site marked as +1. 
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2.3 Molecular cloning techniques 

2.3.1 E. coli competent cells and transformations 

Competent E. coli cells were generated using 0.1 M calcium chloride as follows; E. coli 

MC1061 was incubated at 37oC overnight, diluted 1/1000 into 200 mL LB media and incubated 

at 37oC with agitation until an OD600 of 0.3 was reached. Cells were then chilled on ice for 30 

minutes before collection by centrifugation at 3000 × g for 10 minutes. Cells were re-suspended 

in 40 mL sterile, cold 0.1 M CaCl2, and again collected by centrifugation before re-suspension 

in 20 mL sterile cold CaCl2. Cells were then incubated on ice at 4oC overnight. Finally, glycerol 

was added to a final concentration of 10% and cells were stored at -80oC until required. 

Transformation of plasmids into competent E. coli was carried out as follows; competent cells 

were thawed on ice and 1 µL plasmid DNA, or 1-2 µL of DpnI treated PCR product, was 

incubated with 100 µL competent cells on ice for 30 minutes. Cells were then heat shocked at 

42oC for 90 s, chilled on ice for 2 minutes and plated on LB plates with the appropriate 

antibiotic. When the antibiotic was kanamycin, an additional 1 hour incubation step at 37oC 

with agitation in 1 mL LB was carried out after heat shock prior to plating. Plates were 

incubated at 37oC overnight to allow growth of transformant colonies. 

2.3.2 Purifying plasmids from E. coli 

Plasmids were isolated from E. coli cells using a QIAprep Spin Miniprep Kit (Qiagen) 

following the manufacturer’s instructions. Briefly, cells were collected from 5 mL overnight 

cultures supplemented with the appropriate antibiotic by centrifugation at 3000 × g for 10 

minutes. Cells were re-suspended in resuspension buffer P1 before addition of lysis buffer P2 

and neutralisation buffer N3. Samples were then centrifuged at 17000 × g for 10 minutes to 

remove cell debris, and the supernatant containing the cell lysates was applied to a QIAprep 

column. Plasmid purification then followed a bind-wash-elute procedure where plasmid DNA 

initially bound to the silica membrane in the column, two wash steps were carried out to remove 

impurities and finally plasmid DNA was eluted in 50 µL ddH2O. 

2.3.3 Polymerase Chain Reactions 

To screen for double crossovers at the sacA locus, DNA was amplified from the chromosome 

with Taq polymerase (Qiagen) following the manufacturer’s instructions. The following 

components were added to each reaction; 0.25 μM forward primer (NSW207), 0.25 μM reverse 

primer (NSW208), 2.5 mM MgCl2 , 0.2 mM dNTPs, 0.2 µL Taq polymerase, 0.2 µL of 

template DNA (gDNA) with both Q solution and PCR buffer diluted to 1 × in a final reaction 

volume of 20 µL. PCR reactions were performed in a Bio-Rad S1000 Thermal Cycler with the 
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following cycling conditions; an initial denaturation step at 95oC for 2 minutes, a denaturing 

step at 95oC for 30 s, followed by an annealing step at 55oC for 30 s and finally an extension 

step at 72oC for 8 minutes for a total of 29 cycles and a final extension step at 72oC for 10 

minutes.  

To determine the species identity of strains NRS5135 (using NCIB3610 as a control) by 16S 

rRNA PCR, genomic DNA was isolated from each strain as described in Section 2.9.1 and 

DNA was amplified from the chromosome with Phusion polymerase (ThermoFisher Scientific) 

following the manufacturer’s instructions. Reactions were set up as follows: 0.5 μM DEN5 

primer, 0.5 μM DEN7 primer, 1 μL template DNA (NCIB3610 gDNA or NRS5135 gDNA), 

0.5 μL Phusion Polymerase, 0.2 mM dNTPs and HF buffer diluted to 1 × in a final volume of 

50 μL. Reactions were performed in a Bio-Rad S1000 Thermal Cycler with the following 

conditions; initial denaturation step at 98oC for 2 minutes, denaturation step at 98oC for 15 s, 

annealing step at 65oC for 15 s, extension step at 72oC for 15 s for 30 cycles, followed by a 

final extension step at 72oC for 10 minutes. PCR products were then purified using Qiagen Gel 

Extraction Kit following manufacturer’s instructions and sequenced by the University of 

Dundee Sequencing Service (https://www.dnaseq.co.uk/). Blast analysis was then used to 

determine the species identity of the strains (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

2.3.4 PCR product purification 

PCR products were purified using the Qiagen Gel Extraction Kit following the manufacturer’s 

instructions as follows; 150 μL QG buffer was added to 50 μL PCR reaction and 50 μL 

isopropanol. The whole sample was then added to a Gel Extraction column where the DNA 

bound to the silica membrane before impurities were removed by two subsequent wash steps 

with 500 μL QG and 750 μL PE buffer respectively. Finally, DNA was eluted in 30 μL ddH2O. 

2.3.5 Agarose gel electrophoresis 

DNA fragments were separated by agarose gel electrophoresis on 1% (w/v) agarose gels in 1 

× TAE (0.04 M Tris Acetate, 1 mM EDTA (pH 8.0)) and separated at 120V for 35 minutes. 

Gels were then post stained in 0.02% ethidium bromide for 10 minutes. Gels were imaged 

using the Gel-Doc XR system (Bio-Rad). 

2.3.6 DNA sequencing 

Plasmids pNW1230 and 1231 were sequenced to ensure the desired point mutations were 

present and that no other unwanted mutations had occurred. 16S rRNA PCR products generated 

from NCIB3610 and NRS5135 genomic DNA were also sequenced to determine the species 

identity of the strains. All sequencing was performed by the University of Dundee Sequencing 



36 
 

Service (http://www.dnaseq.co.uk). The raw nucleotide data was examined using BioEdit 

software. CLC Main Workbench was used to generate electronic sequences of expected 

constructs for comparison with sequence data. Sequences for plasmids pNW1230 and 1231 

were compared to electronic files generated using CLC by BLAST analysis using nucleotide 

BLAST with the align two or more sequences option. PCR product sequences were used to 

search a database of known sequences using the nucleotide BLAST function 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi).  

2.4 Construction of B. subtilis strains 

2.4.1 Site directed mutagenesis 

Amino acid substitutions L77K and C178A/C180A were introduced into the bslA sequence in 

pNW518 by site directed mutagenesis using KOD Hotstart polymerase (Novagen) and primers 

NSW1593/1594 and NSW1124/1125 respectively. Reactions containing the following 

components were prepared; 0.3 μM forward primer, 0.3 μM reverse primer, 1 μL template 

DNA (pNW518),  1 mM MgSO4, 0.2 mM dNTPs, 1 μL KOD Hotstart polymerase and 10 × 

PCR buffer diluted to 1 × in a final volume of 50 μL. Reactions were carried out in a Bio-Rad 

S1000 Thermal Cycler with the following conditions; Initial denaturation step at 95oC for 2 

minutes, denaturation step at 95oC for 30 s, annealing step at 55oC for 30 s, extension step at 

68oC for 7 min  for a total of 17 cycles, followed by a final extension step at 68oC for 5 minutes. 

PCR reactions were then incubated with 1 μL DpnI at 37oC for 1 hour to digest the original 

methylated template DNA. 1-2 μL of the DpnI treated PCR was then transformed into 100 μL 

competent E. coli cells as described in Section 2.3.1. Resulting colonies were screened for the 

correct point mutations by sequencing as described in Section 2.3.6. Plasmids pNW1230 and 

1231 were generated in this way. 

2.4.2 B. subtilis competent cells and transformations 

To construct B. subtilis mutant strains, DNA constructs were first integrated into the B. subtilis 

chromosome of the genetically competent laboratory strain 168 or JH642. Competent 168 or 

JH642 cells were prepared as follows; a lawn plate was grown over night and cells were 

collected in a wash buffer (1 × T‐Base, 1 mM Mg2SO4), the OD600 was measured and cells 

diluted back to an OD600 of 0.01 in SpC media (1 × T‐Base, 1 mM MgSO4, 0.5 % Glucose) 

and incubated at 37oC for 5 hours. Cells were then diluted 1/10 in SPII media (1 × T‐Base, 35 

mM MgSO4, 0.5 % Glucose, 0.1 % Yeast extract, 0.01 % Casamino Acids, 40 μg ml‐1 

Tryptophan) and incubated at 37oC for 90 minutes. Cells were finally collected by 
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centrifugation at 3000 × g and re-suspended in 1/10th the volume of SPII supernatant before 

sterile glycerol was added to a final concentration of 10% and cells were aliquoted for storage 

at -80oC until required. For JH642 cells, phenylalanine was also added to SPII medium. 

Transformation of B. subtilis 168 or JH642 cells was carried out using standard protocols as 

described previously (Harwood and Cutting 1990). Briefly, 100 μL competent cells, 100 μL 

transformation buffer (1 × T‐Base, 2 mM EDTA) and DNA (usually 5-15 μL) were incubated 

at 37oC for 30 minutes. Cells were then plated on LB plates supplemented with the appropriate 

antibiotic(s) and incubated at 37oC overnight. Plasmids pNW1230 and 1231 were transformed 

into JH642 in this way and resulting colonies were then screened for crossovers at the 

chromosome at the sacA locus.  

2.4.3 Checking for crossovers at the sacA locus 

Crossovers at the sacA locus were checked for initially by replica patching colonies resulting 

from transformation of pNW1230 and pNW1231 into JH642 on plates supplemented with 0.1% 

sucrose or 0.1% glucose and LB kanamycin. Sucrose and glucose plates were made based on 

MSgg medium with glycerol substituted for sucrose or glucose. If the DNA construct 

successfully integrated into the sacA locus, resulting colonies were expected to exhibit no, or 

reduced, growth on sucrose plates but should grow well on both glucose plates and LB 

kanamycin plates. The expected lack of growth on sucrose plates is a result of the successful 

integration of the construct disrupting the sacA gene which is required for utilisation of sucrose 

as a carbon source. Colonies patched on plates that exhibited severely reduced growth on 

sucrose but good growth on glucose and kanamycin plates were streak purified twice on 

sucrose, glucose and kanamycin plates to confirm the phenotype. Additionally, genomic DNA 

was extracted from the strains and PCR of the sacA locus was carried out as described in 

Section 2.3.4 with primers NSW207 and 208 to check for successful insertion of the constructs. 

Phage were generated from strains exhibiting reduced growth on sucrose and used to transduce 

into a bslA- mutant background (NRS5131) to generate strains bslA- + bslA AxA (NRS5136) 

and bslA- + bslA L77K (NRS5137) as described in Section 2.4.4. After transduction the 

resulting colonies were checked on kanamycin (for successful integration of construct), 

chloramphenicol (for presence bslA-) and spectinomycin (for presence of GFP), and were found 

to possess all of the expected resistances for the construct integrated successfully at the sacA 

locus and transduced into NRS5131. Additionally, the biofilm phenotypes of the resulting 

strains were analysed and found to be consistent with those expected for the strains (Figure 



38 
 

3.16). However, PCR analysis in the JH642 background prior to transduction indicated that the 

DNA constructs were likely to be single crossovers at the sacA locus. 

2.4.4 Phage Transduction 

SPP1 phage transductions, for the introduction of DNA into B. subtilis strains were conducted 

as described previously (Kearns and Losick 2003). Briefly, strains from which phage were to 

be generated were grown in TY medium at 37oC for 3-4 hours. 200 μL cells were incubated 

with 1 μL SPP1 phage for 15 minutes static at 37oC to allow phage to infect the cells. Cells 

were then added to 3 ml Top agar (TY medium supplemented with 0.7% agar) and plated onto 

TY plates. Plates were incubated at room temperature overnight to allow lysis to occur. When 

lysis was complete, the top agar layer was harvested from the plate, vortexed and finally 

centrifuged at 3000 × g for 10 minutes to release the phage into the supernatant and to pellet 

the cells and agar. Supernatant containing phage was filtered through a 0.22 μM syringe filter 

and stored at 4oC until required. For transduction of phage containing required DNA into the 

appropriate host background, recipient strains were grown in TY medium at 37oC for 3-4 hours 

and 900 μL cells were incubated with 60 μL phage and 9 mL TY medium static at 37oC for 30 

minutes. Cells were collected by centrifugation at 3000 × g for 10 minutes, the cell pellet was 

re-suspended in 100 μL remaining supernatant and plated on TY plates supplemented with 10 

mM  sodium citrate and antibiotic(s) as appropriate. Plates were incubated at 37oC overnight 

and resulting colonies were streak purified on LB plates with the appropriate antibiotic(s) to 

ensure transduction of the required DNA was successful.  

2.5 Phenotypic assays 

2.5.1 Colony morphology assays and pellicles 

Single colonies of Bacillus strains were inoculated into 3 mL LB from a freshly streaked LB 

plate and incubated at 37oC until mid-late exponential phase (3-4 hours). 10 μl of culture was 

then spotted onto an MSgg agar plate; with a maximum of four colonies per plate. Plates were 

incubated at 30oC for 48 hours prior to imaging. For pellicle formation, 2 μl culture was added 

to 2 mL MSgg media in a 24 well plate and incubated at 25oC for 72 hours prior to imaging. 

Images of complex colonies and pellicles were captured using a Leica MZ16 FA stereoscope. 

When required, fluorescence microscopy was used to image colonies using the FITC channel. 

A representative image of many rounds is shown. Scale bars shown represent 2.5 mm. 
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2.5.2 Colony hydrophobicity assays 

Complex colonies were incubated at 30°C for 48 hours as described above. For contact angle 

measurements, the middle section of the colony was excised and placed on a microscope slide. 

A 5 μL drop of ddH2O was placed on the colony and the drop was allowed to equilibrate for 5 

minutes before an image was taken and the left and right contact angles were measured by a 

ThetaLite Optical Tensiometer using OneAttension software. Colony hydrophobicity images 

shown are representative images. Angles stated are the mean contact angle calculated from at 

least three rounds ± SEM where both the left and right contact angles were averaged. 

2.6 Biofilm formation on tomato plant roots 

2.6.1 Surface sterilisation of tomato seeds 

Tomato seeds were surface sterilised in 2% calcium hypochlorite solution as follows. Initially 

seeds were soaked in 20 mL sterile water for a total of two hours, with seeds being placed in 

fresh water after one hour. Seeds were transferred into a 10 mL 2% calcium hypochlorite 

solution, shaken vigorously and left to soak for 15 minutes to allow surface sterilisation to 

occur. Seeds were washed thoroughly in 20 mL sterile water six times to remove all traces of 

calcium hypochlorite. Seeds were then left to soak in 20 mL sterile water for a total of 1 hour, 

again with seeds being transferred into fresh sterile water after 30 minutes. Finally, seeds were 

placed, 8 per plate in 2 staggered rows of 4, on 0.5% Distilled Water Agar (DWA) plates.  

2.6.2 Germination and growth of tomato seeds 

Surface sterilised seeds on 0.5% DWA plates were allowed to germinate for 5 days at 20oC in 

the dark. Seedlings were transferred to fresh 0.5% DWA plates, 4 per plate, and the bottom 

half of each plate was covered in tin foil to provide some darkness for the roots. Plates were 

incubated at 20oC with a photoperiod 16 hours light, 8 hours dark for a further 5 days. Seedlings 

were transferred individually into 2 mL ½ MS media and incubated at 20oC with a photoperiod 

16 hours light, 8 hours dark for a further ~2 days (until the presence of the first true leaves). 

Seedlings to be used in root colonisation assays could then be inoculated with bacteria. 

2.6.3 Bacterial culture growth conditions and inoculation of tomato plant roots 

Bacterial cultures to be used in colonisation assays were grown as follows. 5 mL MSgg was 

inoculated with a single colony of each strain to be used. Cultures were incubated at 30oC 

overnight. The following day cultures were diluted back 1/10 in 3 mL MSgg medium and 

incubated at 30oC for a further 4 hours. The OD600 of each culture was then recorded and 

cultures were diluted in ½ MS media as appropriate to give an OD600 0.5. 200 μL of the OD600 

0.5 cultures were then used to inoculate individual seedlings grown in 2 mL ½ MS media to 
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give a final OD600 0.05 or approximately 1 × 107 CFU/ml initial inoculum. Initial inoculation 

numbers were checked for each strain by serial dilution and plating of the OD600 0.5 cultures 

for enumeration.  

2.6.4 Enumerating tomato root colonisation 

After inoculation with B. subtilis strains, plants were incubated at 20oC with a photoperiod of 

16 hours light, 8 hours dark for 24, 48, 72 or 96 hours before samples were collected for 

enumeration. Plants were collected and the roots dipped gently in ½ MS to remove any loosely 

associated cells. The whole root system was excised from each plant and placed into a pre-

weighed Eppendorf. Eppendorfs were re-weighed to determine the wet weight of each sample. 

Each root was immersed in 100 μL ½ MS media and macerated with a micropestle. Serial 

dilutions were carried out in ½ MS and 100 μL of the 10-3 to 10-5 dilutions for each sample 

were plated on LB plates with the appropriate antibiotics for selection. For strains NRS1473, 

3793, 3799 and 3812 samples were plated on LB plates supplemented with kanamycin. For 

strains NRS5130, 5131, 5132, 5136 and 5137, samples were plated on LB plates supplemented 

with spectinomycin.  Plates were incubated at 37oC overnight and the resulting colonies were 

counted. The CFU/ g root tissue could then be calculated for each sample. 5 plants were 

inoculated per strain and two plant only controls were included in each round. Cell only 

controls were also included where the OD600 0.5 cultures were diluted 1/10 in ½ MS media in 

tissue culture tubes and incubated with the plants. For plant only controls, plants were 

incubated in the absence of bacterial cultures. For plant only controls, samples were either 

plated neat or a 10-1 dilution was plated, and for cell only controls a range of 10-5 – 10-7 dilutions 

were plated. Data shown is from at least 3 independent rounds at each time point. CFU/g root 

tissue for each sample for each strain were plotted. The Mann-Whitney rank sum test was used 

to determine if there was a statistically significant difference between any of the treatments. 

2.6.5 CSLM of tomato root associated biofilms 

Biofilms were visualised on tomato plant roots by CSLM as follows. Plants were grown and 

inoculated as stated above and images were captured after 72 hours. Initial microscopy images 

were captured at the James Hutton Institute under the supervision of Kath Wright on a Nikon 

A1R microscope. After 48 hours incubation with either the wild type (NRS1473) or tasA 

mutant strain (NRS3793), Texas Red dye (ThermoFisher) was added directly into the plant 

growth medium to a final concentration of 500 nM. Plants were then left to incubate for a 

further 24 hours to allow staining of the root tissue. Slides were prepared by excising the whole 

root and placing the root in 100 μL ½ MS medium on a microscope slide before covering with 
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a coverslip and visualising bacteria on roots using the FITC and Texas red channels. Images 

were rendered using OMERO software (http://openmicroscopy.org). 

Later images were captured using a Leica SP8 microscope. Plants were again grown as stated 

previously and incubated with bacteria for 72 hours prior to imaging. Slide preparation was 

carried out immediately before imaging. Briefly, a gene frame (17mm × 28mm internal; 

ThermoScientific) was affixed to a super premium microscope slide (VWR). 100-150 μL ½ 

MS medium was placed in the well created by the gene frame, approximately 1 cm was excised 

from the oldest part of the root, nearest the stem, and placed into the ½ MS medium before a 

coverslip (22mm × 22mm, thickness 1.5; VWR) was used to secure the sample. Bacteria were 

visualised using the FITC channel, and a transmitted light image was also captured to visualise 

the root tissue. The tilescan function was used to set points along the length of the segment of 

the root. The whole region of the root was then imaged, allowing a representative section of 

the root to be captured for comparison. The two images were then overlaid to indicate where 

bacteria are present on the root. Later optimisations included the incorporation of z stacks at 

each of the points set in the tilescan to include a 3D representation of the colonisation pattern 

of bacteria along the surface of the root. Optimisations found that a 512 × 512 resolution with 

600Hz bidirectional speed of 50 stacks at 134 μm thickness provided the best settings. Images 

represented are preliminary and many more rounds would be required to determine if there are 

any differences in the levels or patterns of colonisation between the B. subtilis strains of 

interest. 

2.7 Protein Methods 

2.7.1 Pellicle fractionation 

Seperation of pellicles into a media and pellicle fraction to permit localisation of BslA was 

carried out as follows. Strains to be investigated were initially streaked on a fresh LB plate and 

incubated at 37oC overnight. The next day 3 mL LB cultures were set up for each strain by 

inoculation with a single colony and cultures were grown at 37oC with agitation until an 

OD600~1 was reached (3-4 hours). Pellicles were set up by inoculating 10 mL MSgg medium 

with 10 μL culture in a 6 well plate. Pellicles were incubated at 37oC static overnight. The 

following day the entire pellicle material and media for each strain were separated by 

centrifugation at 3,000 × g for 10 minutes. The supernatant was filtered through a 0.45 μM 

syringe filter (Sartorius) and labelled as the media fraction. The media fraction was then treated 

as described in Section 2.7.3 to extract proteins for Western blot analysis. The pellet 
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(containing both cells and biofilm matrix) was termed the pellicle fraction and was prepared as 

follows to extract protein for Western blot analysis. Pelleted pellicular material was re-

suspended in the remaining supernatant for each strain, transferred to an Eppendorf and 

centrifuged for 2 minutes at 17,000 × g. Pellets were re-suspended in 500 μL BugBuster Master 

Mix (Novagen) and disrupted by gentle sonification (0.5 second pulse at 30% amplitude). 

Samples were then incubated at 21oC with vigorous agitation for 20 minutes before the removal 

of insoluble cell debris by centrifugation at 17,000 × g for 10 minutes at 4oC. The supernatant 

containing total cell soluble protein was stored at -20oC until required for protein quantification 

and Western blot analysis as described in Sections 2.7.4 and 2.7.5 respectively.  

2.7.2 Collecting cells from plant roots for Western blot analysis 

Plants were grown as described in sections 2.6.1 and 2.6.2 and inoculated with B. subtilis 

strains as described in Section 2.6.3. Plants were incubated with bacteria for 24/48/72 or 96 

hours at 20oC with a photoperiod of 16 hours light, 8 hours dark before roots were harvested 

to collect cells. Roots were dipped gently in ½ MS to remove any loosely associated cells. A 

total of 5 roots were then excised per strain and macerated by micropestle in 100 μL ½ MS. 

Any large remaining root tissue was removed and samples centrifuged at 8,600 × g for 10 

minutes to pellet the cells. Cells were then re-suspended in 100 μL BugBuster Master Mix 

(Novagen), incubated at 21oC with vigorous agitation for 20 minutes, and centrifuged at 17,000 

× g for 10 minutes at 4oC to remove any insoluble cell debris. The resultant supernatant 

containing total cell soluble protein was then stored for protein quantification and Western blot 

analysis as described in Sections 2.7.4 and 2.7.5 respectively. 

2.7.3 Extracting proteins from media for Western blot analysis 

A chloroform:methanol method was used for the extraction of proteins from the media of 

pellicles or from plants inoculated with B. subtilis strains. Initially, media was filtered through 

a 0.45 μM syringe filter to remove any cells that may still be present (Sartorius). Media was 

then mixed in a 1:1 ratio with a 50% chloroform:50% methanol mixture (v/v) and centrifuged 

at 5,000 × g for 5 minutes to precipitate protein at the phase interface. Solvent fractions were 

removed and precipitated proteins were collected and washed in 100% methanol before being 

left to air dry for approximately 15 minutes. Proteins were finally dissolved in 500 μL 2 × SDS 

loading dye (with BME) by heating at 100oC for 15 minutes and stored at -20oC until required 

for Western analysis as described in Section 2.7.5.  
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2.7.4 Quantification of protein 

Total protein concentration of whole cell lysates collected from plants or pellicle fractions were 

measured using the Bio-Rad DC Protein Assay, following the manufacurer’s instructions (Bio-

Rad). 

2.7.5 Western blot analysis 

2.7.5.1 Protein separation by SDS PAGE 

Proteins were separated on 14% SDS-polyacrylamide gels using the Mini-Protean system (Bio-

Rad). Gels were prepared as follows: Resolving gels - 375 mM Tris‐HCl (pH 8.8), 0.1 % (w/v) 

APS, 0.1 % (v/v) TEMED, 0.1 % (w/v) SDS and 14% (v/v) polyacrylamide. Stacking gels - 

125 mM Tris‐HCl (pH 6.8), 0.1 % (w/v) APS, 0.1 % (v/v) TEMED, 0.1 % (w/v) SDS and 6 % 

(v/v) polyacrylamide. 5-10 μg protein or 10-15 μL supernatant samples were typically 

analysed. Protein samples were mixed with SDS-PAGE loading dye (60 mM Tris‐HCl (pH 

8.8), 4% (v/v) β‐Mercaptoethanol, 2% (w/v) SDS, 10% (v/v) Glycerol, 0.04% (w/v) 

Bromophenol Blue), boiled for 5 minutes and briefly centrifuged prior to loading on gels. In 

addition to samples, 5 μL of a molecular weight protein marker ladder was also loaded on each 

gel (SeeBlue® Plus2). Proteins were separated at 200V constant voltage for approximately 60 

minutes in SDS running buffer (25 mM Tris, 192 mM Glycine, 0.1 % (v/v) SDS). 

2.7.5.2 Western transfer 

Transfer of resolved proteins onto polyvinylidene difluoride membrane (PVDF from Millipore)  

was carried out by electroblotting using Mini-Protean blotting cassettes (Bio-Rad) in Tris-

glycine transfer buffer (25 mM Tris, 192 mM Glycine, 0.2% (v/v) Tween‐20, 20% (v/v) 

Methanol) for 75-90 minutes at 100 mA constant current.  

2.7.5.3 Developing Western 

Membranes were blocked in 3% (w/v) milk powder in 1 × TBS (20 mM TrisHCl (pH 8.0), 0.15 

M NaCl) overnight at 4oC with agitation to prevent any non-specific binding of antibodies. 

Membranes were incubated with primary antibody raised against either TasA (1:25,000 

dilution) or BslA (1:500 dilution) in 3% (w/v) milk powder in 1 × TBST (1 × TBS + 0.05% 

Tween 20) for 1 ½ - 2 hours at room  temperature, or overnight at 4oC with agitation. 

Following incubation with primary antibody, membranes were washed for 5 minutes 3 times 

with 1 × TBST to remove any unbound antibody. Following wash steps, membranes were 

incubated with secondary antibody conjugated to horseradish peroxidase (goat anti-rabbit from 

Pierce) at a dilution of 1:5,000 in 3% (w/v) milk powder in 1× TBST for 45 minutes at room 

temperature with agitation. Before development of membranes, 3 final washes of 5 minutes 
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with 1 × TBST were carried out. Membranes were then developed using Immobilon Western 

Chemiluminescent HRP Substrate solutions (Fisher Scientific) and exposed to X-ray film 

(Konica) using the Medical Film Processor SRX-101A (Konica). 

2.8 Biocontrol assays 

2.8.1 Plant growth 

Tomato seeds, variety MoneyMaker, were sown into Sinclair non-intercept compost soil and 

incubated for 1 week to allow germination. Compost was autoclaved twice prior to sowing of 

seeds to sterilise the soil. Germinated seeds were then transplanted into larger pots (10 cm × 

10 cm × 9 cm) filled with previously sterilised Sinclair non-intercept compost soil. Seedlings 

were then left to grow for another 2 weeks under standard greenhouse growth conditions 

(24oC/20oC day/night temperature and 16 hours light, 8 hours dark photoperiod). 2-3 days prior 

to inoculation with B. subtilis, plants were moved to the room in which inoculations were to 

take place and plants were not watered. This ensured that plants were able soak up the bacterial 

suspension most efficiently when inoculated with B. subtilis.  

2.8.2 Bacteria growth 

Single colonies of B. subtilis strains were inoculated into multiple 5 mL MSgg cultures from a 

freshly streaked LB plate and incubated at 30oC overnight. Overnight cultures were collated 

and diluted back 1/10 into a large volume of MSgg dependant on the volume required for plant 

inoculation. Smaller volumes of 50-100 mL were aliquoted into flasks and incubated at 30oC 

with agitation until an OD600 of 1 was reached (approximately 5-6 hours). Cultures were then 

diluted back 1/10 in sterile distilled water to give a solution with a final concentration of 

approximately 1 × 107 cells/mL. 1 L of culture at 1 × 107 is required for the inoculation of 6-8 

plants. 20 plants were inoculated per strain for biocontrol experiments.  

2.8.2 Inoculation with B. subtilis 

Bacterial strains were grown as described above. Plants to be inoculated with the same strain 

were placed in large trays, 6-8 plants per tray, and 1 L of bacterial culture was added to the 

bottom of the tray to allow the plants to soak up the liquid. A total of 20 plants were inoculated 

per strain this way including water soak only controls. For water soak only controls, 1 L sterile 

distilled water was added to the trays instead of bacterial culture. All plants were left to soak 

for 1 hour before plants were removed and placed on clean empty trays. Plants were then left 

to grow for a further 3 days before harvesting the leaves for infection with Botrytis cinerea and 

the roots for enumerating B. subtilis cells present on the roots. 
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2.8.3 Enumerating B. subtilis on plant roots 

Plant roots were collected and washed gently in ddH2O to remove most of the compost before 

dipping in 1 × PBS to further remove compost. Roots were dried and weighed then added to 2 

mL 1 × PBS in a mortar, and ground with a pestle. Serial dilutions were carried out for each 

sample and 100 µl neat, 10-1, 10-2 and 10-3 dilutions were plated onto LB plates with the 

appropriate antibiotic. Plates were incubated at 37oC overnight and colonies counted to 

calculate the CFU/g root tissue for each plant.  

2.8.4 Botrytis cinerea growth conditions and spore inoculum preparation 

B. cinerea was inoculated onto a fresh Potato Dextrose Agar plate (PDA) and incubated at 20oC 

for 14 days to allow sporulation to occur. B. cinerea spore suspensions were collected as 

follows; 0.02% Tween20 solution was added to PDA plates with B. cinerea and a flat spatula 

was used to scrape spores into solution. The solution was filtered through glass wool to remove 

any mycelia that may be present and the resulting suspension was centrifuged at 6480 × g for 

5 minutes to collect the spores. The spore pellet was then re-suspended in 10 mL sterile distilled 

water, the number of spores were counted using a haemocytometer, and finally the number of 

spores/mL present in the suspension was calculated. The spore solution was then diluted in 

sterile water to give a stock solution with a final concentration of 1 × 107 spores/mL.  The 

inoculum solution, with a final concentration of 5 × 104 spores/mL was prepared with 3 mL 

stock spore solution, 3.3 mL 0.1 M glucose, 2.2 mL 0.1 M KH2PO4 (pH 5) and incubated at 

room temperature for 30 minutes prior to infection.  

2.8.5 Infection assay 

Infection of tomato plant with Botrytis cinerea was carried out using a detached leaf assay.  

Leaves were detached from plants inoculated with different bacterial strains, or sterile water 

soaked controls, and placed on petri dishes upturned in a large tray lined with paper towel 

soaked in sterile water. Petioles of each leaf were wrapped in tissue paper and connected to the 

damp paper towel underneath to maintain a water supply to each leaf. Each leaf was then 

inoculated several times with 5 μL drops of the spore preparation described in Section 2.8.4.  

Multiple drops were placed either side of the mid vein in each leaf, approximately 4-6 drops 

per leaf. A minimum of 2 leaves were taken from each plant and 20 plants were inoculated per 

strain. On some leaves 5 μL drops of water were used instead of spore inoculum as infection 

controls. Trays were then covered in foil and incubated at 20oC.  Lesion diameters were then 

measured 48 and 72 hours post infection. The average lesion size and SEM for each treatment 

was then plotted. Statistical analysis was carried out using the Mann-Whitney rank sum test. 
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2.9 Next Generation Sequencing  

2.9.1 Preparation of genomic DNA 

Genomic DNA was extracted from strains as required using the Qiagen DNeasy Blood and 

Tissue Kit largely following the manufacturer’s instructions. Initially strains were grown in 3 

mL LB at 37oC for 3-4 hours and cells were collected by centrifugation at 3000 × g for 10 

minutes. Cell pellets were resuspended in an enzymatic lysis buffer (20 mM Tris-Cl pH8.0, 2 

mM sodium EDTA, 1.2% Triton X-100 and 20 mg/mL lysozyme) and incubated at 37oC for 

30 minutes to disrupt the cell wall. Proteinase K and Buffer Al were added and the samples 

incubated at 56oC for 30 minutes to lyse the cells. Samples were treated with RNAse A if high 

quality DNA was required for sequencing. Ethanol was added and the samples transferred to a 

DNeasy Mini spin column to allow DNA to bind. The column was then subjected to two wash 

steps, with buffers AW1 and AW2 respectively, to remove any debris before elution of DNA 

in ddH2O. DNA was then quantified by nanodrop. The 260/280 and 260/230 ratios were used 

to assess purity of the DNA.   

2.9.2 Genome sequencing 

Genomic DNA was extracted from strains GB03 (NRS1194) and MBI600 (NRS1195) as 

described above. DNA was sequenced at the University of Dundee Next Generation 

Sequencing Unit using the Illumina MiSeq platform with 2 × 150 bp paired-end reads. Genome 

assembly was carried out by Pieta Schofield of the Data Analysis Group at the University of 

Dundee. Strains NRS5135, 5140, 5141, 5144, 5147 and 5148 were sent directly to MicrobesNG 

(http://www.microbesng.uk) for genomic DNA extraction and sequencing using the Illumina 

MiSeq platform with 2 × 250bp paired-end reads. Genome assembly and quality checks were 

also carried out by MicrobesNG.  

2.10 Phylogenetic analysis of B. amyloliquefaciens strains 

30 strains were chosen for phylogenetic analysis; the 3 commercially available biocontrol 

isolates GB03 (NRS1194), MBI600 (NRS1195) and QST713 (NRS5135), two strains 

previously reported to possess biocontrol capabilities, CECT 8237 and CECT 8238 (Magno-

Perez et al. 2015).  5 wild type B. amyloliquefaciens strains (NRS5141, 5148, 5140, 5147 and 

5144) and 20 other B. amyloliquefaciens and B. subtilis strains, outlined in Table 2.4, whose 

genomes were downloaded from NCBI. 
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Two different methods were chosen for phylogenetic analysis; multiple alignments and 

subsequent phylogenetic trees were based on the concatenation of either four housekeeping 

genes (gyrA, rpoB, dnaJ and recA) or 11 ribosomal protein sequences (ribosomal protein L1, 

L2, L3, L4, L5, L6, L23, L24, L29, L30, S2, S4, S8, S13 and S16). For the 3 commercial 

biocontrol isolates and the 5 wild type B. amyloliquefaciens strains, the genomes were first 

annotated using RAST (http://rast.nmpdr.org/rast.cgi). Annotated genomes were downloaded 

as spreadsheets and searched for the genes, or protein sequences, of interest. Genes and protein 

sequences were extracted from the spreadsheets and saved as FASTA files. For the two 

previously investigated biocontrol strains CECT8237 and CECT8238 annotated genomes in a 

spreadsheet format were kindly provided by M. C. Magno-Pérez-Bryan (Magno-Perez et al. 

2015) and searched for the required genes and protein sequences. Again, genes and protein 

sequences were extracted from the spreadsheets and saved as FASTA files. For the 20 genomes 

listed in Table 2.4, the gyrA, rpoB, dnaJ and recA gene sequences were obtained using R Studio 

as outlined in Appendix A. Briefly, genbank files were downloaded and saved for each strain 

using the accession numbers outlined in Table 2.4 and the R Studio package reutils. Genbank 

files could then be loaded and searched for annotations related to the genes of interest using 

the R Studio package genoPlotR. Synonym codes were recorded for each gene in each genome 

(Appendix B). Synonym codes were then used to search and download the gene sequence from 

Strain Accession Number 

B. amyloliquefaciens CC178 CP006845 

B. amyloliquefaciens DSM7 FN597644 

B. amyloliquefaciens IT-45 CP004065 

B. amyloliquefaciens LFB112 CP006952 

B. amyloliquefaciens LL3 CP002634 

B. amyloliquefaciens TA208 CP002627 

B. amyloliquefaciens XH7 CP002927 

B. amyloliquefaciens Y2 CP003332 

B. amyloliquefaciens plantarum AS43.3 CP003838 

B. amyloliquefaciens plantarum CAU-B946 HE617159 

B. amyloliquefaciens plantarum FZB42 CP000560 

B. amyloliquefaciens plantarum NAU-B3 HG514499 

B. amyloliquefaciens plantarum UCMB5033 HG328253 

B. amyloliquefaciens plantarum UCMB5036 HF563562 

B. amyloliquefaciens plantarum UCMB5113 HG328254 

B. amyloliquefaciens plantarum YAU B9601-Y2 HE774679 

B. subtilis natto BEST195 AP011541 

B. subtilis BAB-1 CP004405 

B. subtilis RO-NN-1 CP002906 

B. subtilis 168 AL009126 

Table 2.4: NCBI accession numbers of genomes used in the phylogenetic analysis  
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ENSEMBL using the R Studio package jsonlite. DNA sequences were then saved as FASTA 

files. Any genes not found using the method were manually searched for and extracted from 

the genomes on NCBI. For the 20 genomes listed in Table 2.4, the ribosomal protein sequences 

were obtained using R Studio as outlined in Appendix A. The genbank files for each genome 

were searched for the annotation ‘ribosomal protein’. The protein sequence code for each of 

the required ribosomal proteins from each genome was recorded (Appendix B). These protein 

codes could then be used to extract all the protein sequences from NCBI using the Batch Entrez 

tool (http://www.ncbi.nlm.nih.gov/sites/batchentrez). Any protein sequences not found using 

this method were manually searched for and extracted from the genomes on NCBI. DNA 

sequences were concatenated in the following order for each strain, gyrA_rpoB_dnaJ_recA. 

Protein sequences were concatenated in the following order for each strain, 

L1_L2_L3_L4_L5_L6_L23_L24_L29_L30_S2_S4_S8_S13_S16. Having concatenated 

either the housekeeping genes or the ribosomal protein sequences for each of the 30 genomes, 

multiple sequence alignments were carried out in Jalview (http://www.jalview.org/). 

Sequences were uploaded into Jalview and multiple alignments were carried out using Clustal 

with defaults. A phylogenetic tree was generated from the gyrA_rpoB_dnaJ_recA alignment 

using the neighbour joining method with DNA. A phylogenetic tree was generated from the 

ribosomal protein sequence alignment using the neighbour joining method with percentage 

identity.  
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3. Determining the role of 

BslA in plant root associated 

Bacillus subtilis biofilm 

formation 
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Biofilm formation by Bacillus subtilis in the laboratory has been shown to depend on the 

production of three key matrix components; TasA, EPS, and the bacterial hydrophobin BslA. 

Previous studies have shown that B. subtilis is capable of forming robust biofilms on the roots 

of many plant species (Bais et al. 2004; Chen et al. 2012; Chen et al. 2013). These studies have 

shown that the biofilm matrix components, TasA and EPS, are required for biofilm formation 

on the root (Bais et al. 2004; Chen et al. 2012). However, to date, no one has investigated the 

potential involvement of BslA in plant related biofilm formation by B. subtilis.  

3.1 Selecting an appropriate plant system 

Before the potential role of BslA in plant related biofilm formation could be investigated, a 

plant system had to be chosen. It was decided that the plant chosen must be economically 

relevant, and ideally easy to work with, with established infection systems to allow study of 

biocontrol by B. subtilis further on in the investigation. The tomato plant was chosen as 

previous studies have successfully examined B. subtilis biofilm formation on tomato roots and 

there are several infection models established using various pathogens in this system. 

Additionally, the tomato plant has a benefit over the model plant system Arabidopsis as tomato 

is an economically relevant crop, and the root system is easier to handle than Arabidopsis as 

tomato roots are larger and more robust. 

3.2 Selecting B. subtilis strains for investigation 

To determine if BslA is required for plant root associated biofilm formation by B. subtilis, a 

root colonisation assay was designed to compare the biofilm formation capabilities of the 

following strains that are derivatives of the wild isolate NCIB3610; a wild type strain 

(NRS1473), a bslA- mutant strain (NRS3812), a tasA- mutant strain (NRS3793) and an epsA-

O- mutant strain (NRS3799). Each of the strains constitutively expresses GFP from the sacA 

locus to allow examination of any biofilms formed on tomato roots by confocal scanning laser 

microscopy (CSLM). Comparison between the number of cells recovered from the roots of 

plants inoculated with the wild type and bslA- mutant strains should determine whether BslA 

is required for biofilm formation on tomato roots. The tasA- and epsA-O- mutant strains were 

included as controls as they have previously been shown to be required for biofilm formation 

on tomato roots (Chen et al. 2012; Chen et al. 2013). Initially the biofilm phenotypes of these 

strains were examined in the laboratory by complex colony and pellicle formation assays, and 

hydrophobicity tests, to confirm the strains displayed the expected phenotypes before use in 
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root colonisation assays. The wild type strain exhibited the characteristic complex wrinkled 

morphology in both colony and pellicle, and a hydrophobic non-wetting colony (Figure 3.1). 

The tasA- mutant had a much less structured phenotype with a flat colony and pellicle and a 

biofilm with slightly reduced hydrophobicity (Figure 3.1). The epsA-O- mutant displayed an 

even less structured, flatter colony and pellicle phenotype and a biofilm that had completely 

lost hydrophobicity (Figure 3.1). The bslA- mutant exhibited greatly reduced complexity in 

both colony and pellicle and a severe loss of colony hydrophobicity (Figure 3.1). These 

phenotypes confirm what has been observed previously for these mutants (Branda et al. 2001; 

Branda et al. 2004; Branda et al. 2006; Kobayashi 2007; Verhamme et al. 2009). Additionally, 

the constitutively expressed GFP appears to be functional in all strains (Figure 3.1B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: In vivo biofilm analysis of matrix component mutants to be used in plant colonisation assays. (A) 

Complex colony morphologies of the wild-type (NRS1473), tasA- mutant (NRS3793), epsA-O- mutant (NRS3799) and 

bslA- mutant (NRS3812) strains. Colonies were grown at 30oC for 48 hours on solid MSgg medium. (B) GFP expression 

by the wild-type (NRS1473), tasA- mutant (NRS3793), epsA-O- mutant (NRS3799) and bslA- mutant (NRS3812) strains. 

Colonies were grown at 30oC for 48 hours on solid MSgg medium and imaged in the FITC channel. (C) Pellicle 

morphology of the wild-type (NRS1473), tasA- mutant (NRS3793), epsA-O- mutant (NRS3799) and bslA- mutant 

(NRS3812) strains. Pellicles were grown at 25oC for 72 hours. (A-C) scale bars represent 2.5mm. (D) Sessile water-

drop analysis of colony hydrophobicity of wild-type (NRS1473), tasA- mutant (NRS3793), epsA-O- mutant (NRS3799) 

and bslA- mutant (NRS3812) strains. Colonies were grown at 30oC for 48 hours, 5 µL water drops were placed on top 

of the biofilm, images were captured and contact angles measured using a Theta Lite Optical Tensiometer with 

OneAttension software. (E) Mean contact angle ± SEM calculated for each strain. 
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3.3 Optimising an assay for tomato root colonisation 

A robust assay was developed to examine biofilm formation on tomato plant roots by B. subtilis 

strains. To develop the assay, a method for growing tomato plants was first chosen. There were 

many available systems of tomato plant growth varying in complexity from hydroponic to 

vermiculite or compost grown systems. It was decided that tomato plants would be grown 

hydroponically initially, as the hydroponic system is easy to keep sterile to prevent other 

bacteria competing with the strains of interest for space on the root and affecting the results of 

the assay. Additionally, as the system required less space than the other growth methods it 

would be easier to screen a greater number of plants with a larger number of mutant strains if 

required. This was of particular importance as a number of different strains expressing variant 

bslA sequences are available in the Stanley-Wall laboratory. If BslA appeared to play a role in 

plant related biofilm formation, these mutant strains would be of great interest in attempting to 

dissect which properties of BslA are important for its functions in the plant system. If BslA 

was found to play a role in the simple hydroponic system, further investigations could be 

carried out adopting either the vermiculite or compost growth methods to increase the 

complexity of the system and assess the role of BslA in a more natural system in the presence 

of increasing levels of competing microbes that more closely simulates the environmental 

settings under which biofilm formation would take place.  

Having chosen a hydroponic system, the following method was used for plant growth; tomato 

seeds (variety Moneymaker) were surface sterilised in calcium hypochlorite and germinated in 

the dark at 20oC for 5 days on 0.5% distilled water agar plates (DWA). At this stage ~1 cm root 

tip was excised and incubated in bacterial culture with a final density of OD600 0.05 

(approximately 1 × 107 cells/ml) in a 24 well plate. After two days of incubation with bacteria 

at 20oC, root tips were macerated and bacteria enumerated. Results from root tip assays carried 

out using this method were incredibly variable and unreliable (data not shown). After many 

rounds it was found that only the epsA-O- mutant showed slightly reduced levels of bacteria 

recovered from root tips compared with the wild type. This is inconsistent with previous results, 

albeit using a different experimental system, that determine TasA is required for plant root 

associated biofilm formation. Previous work has shown that a living plant is required for 

biofilm formation on plant roots and that plants actively secrete metabolic signals that attract 

bacteria to the roots (Chen et al. 2012). It was hypothesised that the inconsistencies in the 

results obtained using this method may be a result of excising the root tip and interfering with 

this plant-bacteria signalling. To address these concerns it was decided to adjust the method to 
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use whole plants with intact roots. For the whole plant assay, plant growth conditions were 

optimised as follows; again tomato seeds (variety Moneymaker) were surface sterilised in 

calcium hypochlorite and germinated in the dark at 20oC for 5 days on 0.5% distilled water 

agar plates (DWA). Seedlings were transferred to fresh 0.5% DWA plates and incubated in the 

light (photoperiod 16 hours light, 8 hours dark) for a further 5 days before seedlings were 

transferred into tissue culture tubes with liquid plant growth medium for a further two days 

under light with the same photoperiod. Plants were then inoculated with B. subtilis cultures to 

a final density of OD600 0.05 (approximately 1 × 107 cells/mL) to investigate biofilm formation 

by the strains. Plants inoculated with bacteria were then incubated under light with the same 

photoperiod for varying lengths of time. After incubation cells were collected from the roots 

and enumerated by serial dilution. 

3.4 BslA is not required for initial colonisation of tomato plant roots 

After 24 hours incubation with the strains outlined above, the number of cells recovered from 

plant roots were calculated as CFU/g Root tissue for each sample. The number of cells 

recovered from the roots for all three mutant strains appeared to be lower than those of the wild 

type, with the tasA- mutant showing the greatest impairment in biofilm formation. The average 

CFU/g Root for each strain was as follows; wild type (8.05 × 108), tasA- mutant (7.56 × 107), 

epsA-O- mutant (3.88 × 108) and the bslA- mutant (5.77 × 108). Statistical analysis by Mann-

Whitney rank sum test found that there was a statistically significant difference between the 

medians of the wild type and tasA- mutant (P<0.001) and between the wild type and epsA-O- 

mutant (P=0.006). However, although the bslA- mutant showed slightly reduced attachment 

compared to the wild type strain, this difference was not statistically significant (P=0.261) 

(Figure 3.2). Results from the tasA- and epsA-O- mutants were consistent with those observed 

previously (Chen et al. 2012; Chen et al. 2013). Interestingly, the phenotype for the tasA- 

mutant was more striking than has been observed previously. However, previous experiments 

were carried out using a different experimental set up and therefore differences in results may 

be expected. Collectively these results confirm the requirement for TasA and EPS for tomato 

root associated biofilm formation and suggest that, at least after 24 hours incubation, BslA 

plays no striking role in biofilm formation on tomato plant roots.  
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Having found no significant difference in the levels of root colonisation by the bslA- mutant 

strain after 24 hours, it was hypothesised that BslA may not be required for initial plant root 

colonisation but that it may be required for biofilm formation at later time points. To test this, 

the plant root colonisation assays were repeated with longer incubation times. After 48 hours 

incubation, the number of cells recovered from plant roots were again calculated as CFU/g 

Root tissue for each sample. The average CFU/g Root for each strain was as follows; wild type 

(5.21 × 108), tasA- mutant (1.29 × 108), eps- mutant (2.88 × 108) and the bslA- mutant (5.80 × 

108). Consistent with the results from the 24 hour assay are the reduction in cell numbers 

recovered from the roots of plants inoculated with the tasA- and eps- mutants, with the tasA- 

mutant in particular showing a pronounced reduction. However, the number of cells recovered 

from the roots of plants inoculated with the bslA mutant were slightly higher than those 

recovered from plants inoculated with the wild type. Statistical analysis by Mann-Whitney rank 

sum test found that there was a statistically significant difference between the medians of the 

Figure 3.2: Bacillus subtilis biofilm formation on the roots of whole tomato seedlings after 24 hours. 
Each dot represents the CFU/ g root tissue for a single plant sample inoculated with either the wild type, tasA-, 
epsA-O- or bslA- mutants. Strains were incubated on plant roots at 20oC for 24 hours with a photoperiod of 16hr 
light, 8hr dark. Results are from 40 different samples for the wild type, epsA-O- and tasA- mutants and 38 samples 
for the bslA- mutant from 5 independent rounds of whole seedling root colonisation assay. Bars represent the 
median for each treatment ** indicates a statistically significant difference (P<0.01), *** indicates a statistically 
significant difference (P<0.001) using the Mann-Whitney rank sum test.  
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wild type and tasA- mutant (P<0.001) and between the wild type and epsA-O- mutant (P<0.001). 

The difference between the median of the wild type and bslA- mutant was not statistically 

significant (P=0.899) (Figure 3.3). Again these results suggest that BslA plays no striking role 

in biofilm formation on tomato plant roots after 48 hours further confirming that BslA appears 

to play no role in the initial colonisation of tomato plant roots by B. subtilis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the laboratory, BslA appears to be required for biofilm formation at a later stage than TasA 

and EPS. The bslA- mutant has a slightly less severe biofilm defect than the tasA- and epsA-O- 

mutants, particularly in the pellicle system. During pellicle formation BslA mutant cells are 

able to chain and form cell clusters similarly to the wild type, however these clusters cannot 

float to the surface of the medium to form a mature pellicle like the wild type (Kobayashi 

2007). These results suggest BslA aids biofilm formation after the requirement for TasA and 

EPS in forming cell chains and clusters. Furthermore, expression of BslA requires the 

Figure 3.3: Bacillus subtilis biofilm formation on the roots of whole tomato seedlings after 48 hours. 
Each dot represents the CFU/ g root tissue for a single plant sample inoculated with either the wild type, tasA-, 
epsA-O- or bslA- mutants. Strains were incubated on plant roots at 20oC for 48 hours with a photoperiod of 16hr 
light, 8hr dark. Results are from 20 different samples for the wild type, and tasA- mutants and 19 samples for the 
epsA-O- and bslA- mutants from 4 independent rounds of whole seedling root colonisation assay. Bars represent 
the median for each treatment.*** indicates a statistically significant difference (P<0.001) using the Mann-
Whitney rank sum test. 
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expression of TasA and EPS further corroborating the suggestion that BslA works in synergy 

with TasA and EPS to form a mature biofilm with BslA being involved in the later stages of 

biofilm formation (Kobayashi 2007; Ostrowski et al. 2011). Additionally, the difference in 

phenotype between the wild type and the bslA- mutant biofilm becomes more pronounced at 

later time points in the laboratory. It is therefore possible that although BslA does not appear 

to be involved in the initial colonisation of tomato roots after 24-48 hours, it may play a role in 

biofilm formation at later time points, perhaps acting to aid maintenance of the biofilm on the 

plant root over time. To investigate this possibility root colonisation assays were repeated over 

longer time periods.  

3.5 BslA may be required for persistence of the biofilm on tomato 
plant roots 

Collectively the results from the 24 and 48 hour assays suggest that BslA is not involved in the 

initial colonisation of plant roots. However, BslA may be involved in persistence of the biofilm 

on the plant roots over longer periods of time. To investigate this possibility colonisation assays 

were repeated with a longer incubation time of 72 or 96 hours. After 72 hours incubation, the 

number of cells recovered from plant roots were again calculated as CFU/g Root tissue for each 

sample. The average CFU/g Root for each strain was as follows; wild type (9.68 × 108), tasA- 

mutant (1.83 × 108), epsA-O- mutant (3.48 × 108) and the bslA- mutant (4.48 × 108). Consistent 

with the results from the previous assays, the number of cells recovered from the roots of plants 

inoculated with the tasA- and epsA-O- mutants were both reduced, with the tasA- mutant again 

exhibiting the most pronounced reduction. The number of cells recovered from the roots of 

plants inoculated with the bslA- mutant were lower than those recovered from plants inoculated 

with the wild type. Statistical analysis by Mann-Whitney rank sum test found that there was a 

statistically significant difference between the medians of the wild type and tasA- mutant 

(P<0.001) and between the wild type and epsA-O- mutant (P=0.008). The difference between 

the median of the wild type and bslA- mutant was also statistically significant (P=0.02) (Figure 

3.4). These results suggest that BslA may play a role in persistence of the biofilm on tomato 

plant roots after 72 hours.  
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After 96 hours incubation, the number of cells recovered from plant roots were again calculated 

as CFU/g Root tissue for each sample. The average CFU/g Root for each strain was as follows; 

wild type (7.17 × 108), tasA- mutant (1.14 × 108), epsA-O- mutant (1.75 × 108) and the bslA- 

mutant (3.32 × 108). Consistent with the results from previous assays, the number of cells 

recovered from the roots of plants inoculated with the tasA- and epsA-O- mutants were both 

reduced, with tasA again exhibiting the most pronounced reduction. The number of cells 

recovered from the roots of plants inoculated with the bslA- mutant were slightly lower than 

those recovered from plants inoculated with the wild type. Statistical analysis by Mann-

Whitney rank sum test found that there was a statistically significant difference between the 

medians of the wild type and tasA- mutant (P<0.001) and between the wild type and epsA-O- 

mutant (P<0.001). The difference between the median of the wild type and bslA- mutant was 

also statistically significant (P=0.017) (Figure 3.5). These results corroborate those obtained 

for the 72 hour assay and strengthen the hypothesis that BslA may be required for maintenance 

of the biofilm on the root over time. 

 

Figure 3.4: Bacillus subtilis biofilm formation on the roots of whole tomato seedlings at 72 hours. 
Each dot represents the CFU/ g root tissue for a single plant sample inoculated with either the wild type, tasA-, 
epsA-O- or bslA- mutants. Strains were incubated on plant roots at 20oC for 72 hours with a photoperiod of 16hr 
light, 8hr dark. Results are from 15 different samples for the wild type, tasA-, epsA-O- and bslA- mutants from 3 
independent rounds of whole seedling root colonisation assay. Bars represent the median for each treatment * 
indicates a statistically significant difference (P<0.05) ** indicates a statistically significant difference (P<0.01)*** 
indicates a statistically significant difference (P<0.001) using the Mann-Whitney rank sum test. 
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3.6 Visualising plant root associated biofilm formation 

To gain further insight into the role BslA might be playing in the plant root associated biofilm, 

CSLM was used to visualise biofilms on the roots of tomato plants formed by each of the strains 

used in the above colonisation assays. It was revealed that biofilms formed preferentially at the 

oldest part of the root, nearest the air liquid interface. It is possible that this is a consequence 

of the hydroponic system used to grow the plants as more oxygen would be available at the 

oldest part of the root, nearest the air, in the hydroponic system. There is precedence for this 

as previous work has illustrated the importance of aerotaxis in pellicle formation by B. subtilis 

strains. This work demonstrated that oxygen sensing and subsequent directed chemotaxis 

towards the oxygen rich air liquid interface was important for pellicle formation (Hölscher et 

al. 2015). Furthermore this pattern of colonisation, with deeper biofilm formation at mature 

regions of the root than at the root tip, is consistent with a model of root associated biofilm 

formation proposed by Rudrappa et. al. They proposed that the biofilm depth at the root tip 

was much thinner than at more mature regions of the roots. It was hypothesised this was a result 

Figure 3.5: Bacillus subtilis biofilm formation on the roots of whole tomato seedlings at 96 hours. 
Each dot represents the CFU/ g root tissue for a single plant sample inoculated with either the wild type, tasA-, 
epsA-O- or bslA- mutants. Strains were incubated on plant roots at 20oC for 96 hours with a photoperiod of 16hr 
light, 8hr dark. Results are from 15 different samples for the wild type, tasA-, epsA-O- and bslA- mutants from 3 
independent rounds of whole seedling root colonisation assay. Bars represent the median for each treatment. * 
indicates a statistically significant difference (P<0.05) ** indicates a statistically significant difference (P<0.01)*** 
indicates a statistically significant difference (P<0.001) using the Mann-Whitney rank sum test. 
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of fluctuation in root exudates and nutrient availability along the root length. Additionally, they 

stated that thicker biofilm depths at more mature regions of the root near lateral root emergence 

points may be a result of active secretion and chemoattraction of bacteria to these regions. 

Observations of B. subtilis FB17 on the roots of Arabidopsis appeared to support this model, 

with thicker biofilms being observed at the mature regions of the root than at the root tip 

(Rudrappa et al. 2008). Plants incubated with the wild type exhibited extensive biofilms formed 

over the surface of the root (Figure 3.6). Additionally, some bacteria appeared to enter and 

colonise spaces in the root such as dead epidermal cells (Figure 3.6 C-D).  For tasA- mutants 

there was no extensive biofilm growth observed on the surface of the root (Figure 3.7). These 

results corroborate the results of the colonisation assays where the numbers of cells recovered 

from the roots of plants inoculated with the tasA- mutant strain were greatly reduced when 

compared to the wild type strain at all time points. Interestingly the tasA- mutant appears to 

also be able to infiltrate and colonise dead epidermal cells in the root (Figure 3.7 B). However, 

these images are very preliminary and only a couple of roots were imaged with the wild type 

and one root for the tasA- mutant. Microscopy would need to be repeated before any solid 

conclusions can be drawn from these results. However, the results obtained for both the wild 

type and tasA- mutant strains are very consistent with data from other laboratories and from 

models for plant root associated biofilm formation (Rudrappa et al. 2008; Beauregard et al. 

2013; Chen et al. 2013). 
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Figure 3.6: Biofilm formation by the wild type strain (NRS1473) on tomato plant roots after 72 hours. Cells harbour 
a chromosomally integrated constitutively expressed GFP reporter. Roots were stained with 500 nM Texas Red 
overnight prior to visualisation by CLSM on a Nikon A1R. A-D represent images taken from different regions on the 
same root. Note: These images are very preliminary and only a couple of roots were imaged in this way. Scale bars 
represent 50 pixels. Images A and B were captured with 512 x 512 resolution and image C was captured with 1024 x 
1024 resolution and image D with 677 x 677 resolution. White arrow indicates where bacteria have infiltrated and 
colonised a root cell. Green represents GFP fluorescence produced by the bacteria and purple colour represents texas 
red staining of the root tissue.  

Figure 3.7: Biofilm formation by the tasA- mutant strain on tomato plant roots after 72 hours. Cells harbour a 
chromosomally integrated constitutively expressed GFP reporter. Roots were stained with 500 nM Texas Red 
overnight prior to visualisation by CLSM on a Nikon A1R. A and B represent images taken from different regions 
on the same root. These images are very preliminary and only one root was imaged in this way. Scale bars 
represent 50 pixels. Images captured were 1024 x 1024 resolution. White arrow indicates where bacteria have 
infiltrated and colonised a root cell. Green represents GFP fluorescence produced by the bacteria and purple 
colour represents texas red staining of the root tissue.  
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Initially it was found that there were issues with objectivity in imaging the roots using this 

method. Only a small snapshot of the overall root was captured and the pattern of colonisation 

varied greatly along the length of each individual root. This made objective comparison 

between different root samples incredibly challenging. This was of great concern particularly 

when trying to compare between different mutant strains as it was unclear if any differences in 

the images obtained were a result of biological relevance or simply due to variation as a 

consequence of the area of root chosen to image. As such, a new method was optimised using 

a Leica SP8 microscope to scan a larger surface of the root tissue. The tilescan function allowed 

for several points to be set along the length of the root and the microscope would then scan the 

regions between those points allowing a much more representative region of the root to be 

imaged. Approximately 1 cm of the oldest section of the root tissue was imaged in this way for 

each sample. Preliminary imaging was carried out on roots inoculated with the wild type 

(NRS1473), bslA- mutant (NRS3812), tasA- mutant (NRS3793) and epsA-O- mutant 

(NRS3799) as can be seen in Figures 3.8. This method greatly improved objectivity in viewing 

the patterns of colonisation on the root and would allow for a more accurate comparison 

between different samples. As was observed previously in Figure 3.6, the wild type strain 

seemed to form an extensive biofilm, particularly at the older sections of the root. The results 

for the tasA- mutant observed in Figure 3.7 were also consistent with what was observed in 

Figure 3.8. The tasA- mutant appeared to be severely inhibited in the ability to colonise the root 

with practically no colonisation of the root observed. The level of colonisation by the epsA-O- 

mutant also appeared to be reduced compared to the wild type but not as severely as the tasA- 

mutant. The level of colonisation by the bslA- mutant appeared to be reduced when compared 

with the wild type but colonisation by this strain was more extensive than that of either the 

tasA- or epsA-O- strains. 
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These results all appear to be consistent with the results of the colonisation assays described in 

Sections 3.4 and 3.5 which is very encouraging. 

Figure 3.8: Biofilm formation by the Wild type, bslA-, tasA- and epsA-O- mutant strains (NRS1473, NRS3812, NRS3793 
and NRS3799) on tomato plant roots after 72 hours. (A) Wild type (NRS1473) (B) bslA- mutant (NRS3812), (C) tasA- 
mutant (NRS3793), (D) epsA-O- mutant biofilm formation on tomato plant roots.  All strains harbour a chromosomally 
integrated constitutively expressed GFP reporter. Transmitted light images were captured of the root and overlaid 
with the image of the GFP fluorescence generated by the bacteria (FITC). Images were captured using a Leica SP8. 
Scale bar represents 1000 µm. Note: These images are preliminary with only a couple of roots being imaged in this 
way.  
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However, these data are very preliminary and would require repeating before any conclusions 

could be drawn about root colonisation differences between the different strains. Furthermore, 

these images were only captured in one Z plane. This poses challenges when imaging along 

the length of the root as the root tissue varies in thickness along its length; with the older 

sections of the root being much thicker than the newer root tissue. Additionally, biofilms 

themselves are thick complex three dimensional structures. To accurately capture biofilm 

formation along a region of the root it is therefore also necessary to add Z stacks to the imaging 

method. The arrow in Figure 3.8 indicates the region where signal from the bacteria appears to 

stop abruptly. It is likely that, from this region onwards, the root surface and the bacteria 

colonising it, move out of plane and as such are unable to be captured using the method adopted 

above.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: Biofilm formation by the wild type strain (NRS1473) on tomato plant roots after 72 hours. Cells 
harbour a chromosomally integrated constitutively expressed GFP reporter. (A) Transmitted light images of the 
root (B) Projection of all Z layers in the region generated in OMERO. (C)-(F) Different Z layers captured in the 
region. C = 168.16 µm, D=140.7 µm, E= 106.39 µm, F= 92.66 µm. Images C-F are from top towards bottom. All 
images were captured using a Leica SP8. Scale bars represent 100 µm. Note: These images are preliminary and 
only a couple of roots were imaged in this way to optimise the method. 
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Optimisations were carried out to incorporate Z stacks in to the imaging method used above. 

Initial experiments incorporated Z stacks at only one region of the root tissue, but confirmed 

that the presence of bacteria varied with depth in a given region. Figure 3.12 A shows a 

transmitted light image of the root in which bacteria could be observed. Figure 3.12 B shows 

the projection of all the Z layers captured in the region in which extensive colonisation of the 

root by the wild type strain could be seen. Images C-F show individual Z layers and highlight 

how variable colonisation appears to be with depth in a given region of the root. The majority 

of the signal from the bacteria in this experiment was observed in Figure 3.12 D, which would 

appear to be the surface of the root in this region. It can be seen that moving either up or down 

from this depth hardly any bacteria can be observed. This is as expected as most bacteria would 

be predicted to be present at the surface of the root with very few bacteria expected to be 

observed deeper into the plant tissue. Conceptually, these results can be applied to variations 

in root depth which could impact the observation of bacteria along the length of the root. If the 

tilescan images were captured at the depth of Figure 3.12 C for example, a very different profile 

of colonisation would be observed compared to images captured at the depth of Figure 3.12 D. 

The depth required to capture the majority of bacterial colonisation at the root surface will vary 

with position along the root tissue as the vast majority of bacteria are present on the root 

surface, but the root surface varies in respective depth along the length of the root. As such the 

addition of Z stacks should allow the whole profile of the root surface, much like the profile of 

a hill, to be imaged. This should result in the capture of a more accurate image of the pattern 

of colonisation by bacterial strains along the length of the root in three dimensions. This would 

allow for accurate comparisons not just between samples inoculated with the same strain but 

also between samples inoculated with different strains. Using this method it should be possible 

to determine if the preliminary differences in the patterns of colonisation observed between 

strains in Figures 3.8-3.11 hold true and whether the bslA- mutant strain does show a reduction 

in the levels of colonisation or a difference in the pattern of colonisation when compared to the 

wild type strain. Additional improvements that could be made to the methodology include 

staining the root tissue so visualisation of the root tissue and the bacterial cells can 

simultaneously be captured both along the length and depth of the root.  
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3.7 BslA production in plant root associated biofilms 

There are three possible hypotheses to explain the observations that the bslA mutant strain does 

not show a reduction in numbers recovered from plant roots compared to the wild type until 72 

hours. It is possible that BslA is not produced, or that the levels of BslA produced are not great 

enough at 24 or 48 hours to impact on the level of root colonisation; that BslA is produced at 

all time points but is not required for biofilm formation until 72 hours; or that BslA is not 

required at these time points in the system used for the colonisation assays but that it may be 

important in other systems or more natural environments such as multispecies biofilms on plant 

roots in the soil. Here we tested the first two hypotheses. Cells were collected from the roots 

of plants inoculated with all strains of bacteria at 24, 48, 72 and 96 hours. Proteins were then 

extracted from the cells and Western blot analysis used to probe for the presence of BslA. 

Control blots were also carried out to probe for TasA; as TasA is both produced and required 

for biofilm formation on plant roots at all stages (Figures 3.2, 3.3, 3.4, 3.5). Additionally, 

Western blots probing for GFP were also carried out as a control as all strains used in these 

experiments constitutively expressed GFP. In all blots colony controls were included; these 

were colonies of either the wild type (NCIB3610) or bslA- mutant strain (NRS2097) grown on 

MSgg agar in the laboratory as outlined in Section 2.5.1. Proteins were extracted from the 

colony in the same way as proteins were extracted from the pellicular material in Section 2.7.1. 

Proteins extracted from the colonies were run as a control for the presence and absence of BslA 

and additionally, GFP is not constitutively expressed by these strains. 

GFP blots consistently indicated protein was present in all samples collected from plant roots, 

except the plant only control, at all time points. Additionally GFP was not detected in the 

colony control samples, as expected, as these strains do not constitutively express GFP. These 

results confirmed that the method for collecting cells from plant roots and extracting protein 

was successful. At all time points tested, TasA was detected in the wild type and bslA- mutant 

colony control samples, and in the wild type, bslA- and epsA-O- mutant samples collected from 

plant roots. TasA was not detected in the tasA- mutant samples collected from the plants or in 

the plant only control, as expected (data not shown). At all time points tested, BslA was 

detected in the wild type colony but not the bslA mutant colony as expected. However, BslA 

was not detected in any of the samples collected from plants after 24, 48, 72 or 96 hours. Having 

failed to detect BslA in several samples, an additional sample ‘WT Max’ was also run by 

loading the maximum concentration of wild type protein possible to increase the chances of 

detecting BslA if it is detectable when >10 µg protein sample was loaded.  
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A representative image of a 72 hour sample blot is shown in Figure 3.13, including the 

corresponding GFP control blot.  

  

 

 

 

 

 

 

 

 

 

 

There are a few hypotheses for why BslA could not be detected in cell samples collected from 

plant roots at any time point. It is possible that BslA is genuinely not made in the plant related 

biofilm at any time point, that BslA is made but at quantities below the limit of detection for 

the antibody or that there is an issue with the BslA antibody. Additionally, it may be possible 

that BslA is made in the plant related biofilm but that it is secreted into the media plants are 

grown in and is not present in the cells collected from the roots. As there was a statistically 

significant difference in the level of cells recovered from plants inoculated with a bslA mutant 

compared to the wild type after 72 hours, it seemed probable that BslA would be produced in 

the plant related biofilm, at least at the 72 hour and 96 hour time points. As BslA is a secreted 

protein and some controversies exist over its localisation in the laboratory (Ostrowski et al. 

2011; Kobayashi and Iwano 2012). It therefore seemed more feasible that BslA may be present 

in the media fraction rather than remaining associated with the biomass of the biofilm. To test 

this hypothesis, spent media was collected from plants inoculated with either the wild type, or 

bslA mutant strains after 24/48/72/96 hours, proteins were extracted from the media and 

Western blots were carried out to probe for BslA in the samples. TasA blots were again carried 

out as a control to ensure the success of the sample collection and preparation method. BslA 
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Figure 3.13: Western blot analysis of cell samples collected from plants after 72 hours. Western blot analysis 
of whole cell proteins extracted from cells collected from plants inoculated with the wild type (NRS1473), bslA- 
mutant (NRS3812), tasA- mutant (NRS3793) and epsA-O- mutant (NRS3799) strains. Plant only control samples 
were also included and a WT max sample where the maximum possible concentration of wild type protein was 
loaded to maximise the likelihood of observing BslA if it is present. Wild type and bslA- colony controls were also 
included. Molecular weight of proteins is indicated in kDa. λ represents where the ladder was marked on the 
blot. All samples were probed with α BslA antibody and α GFP antibody separately as a control. WT max = 15 µg.  
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was successfully detected in the wild type colony control but not the bslA mutant colony control 

as expected. BslA was also detected in the media of plants inoculated with the wild type strain 

but not the bslA mutant strain. It was found that the levels of BslA appear to increase in the 

media over time, with only a very faint signal, or no signal, being detected at 24 or 48 hours 

and a much stronger signal being detected at 72 or 96 hours. No signal was detected for BslA 

in any of the media samples collected from plants inoculated with the bslA mutant strain, or 

from plant only controls, at any time point. TasA control blots confirmed that protein was 

present in the bslA mutant samples from the media as TasA was detected in wild type and bslA 

mutant colony controls and all media samples collected from plants inoculated with either the 

wild type or bslA mutant strains but not in the plant only control samples. Figure 3.14 shows a 

representative image of a Western blot probing for BslA and TasA in samples collected from 

plant media. This blot was a representative of at least three independent rounds of sample 

collection.  
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Figure 3.14: Western blot analysis of media samples collected from plants after 24-96 hours. Western blot 
analysis of proteins extracted from the media of plants inoculated with the wild type (NRS1473) and bslA- mutant 
(NRS3812) strains. Plant only control samples were also included at each time point as well as wild type and 
bslA- colony controls. Molecular weight of proteins is indicated in kDa. λ represents where the ladder was 
marked on the blot. All samples were probed with α BslA antibody and α TasA antibody separately as a control. 
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These results suggest that BslA is secreted into the media in this system; it is therefore possible 

that the reason I was unable to detect BslA in the cell samples collected from plant roots, even 

after 72 hours, was due to BslA being secreted and not that BslA is not produced or that there 

was too little BslA produced for the antibody to detect it. However, just before the experiments 

to detect BslA in the media collected from plant samples were carried out, the BslA antibody 

used in the lab was re-purified. To rule out problems with the antibody before re-purification 

as the explanation for the absence of BslA detection in cell samples (e.g. Figure 3.13), blots to 

probe for BslA using the newly purified antibody and cell samples collected from plants 

previously were carried out. An initial blot on cell samples collected from plants five days post 

inoculation with the wild type, tasA-, epsA-O- and bslA- mutant strains indicated that BslA could 

only be detected in the wild type colony control but not the bslA colony control or any cell 

samples collected from the plant. This result was consistent with what had been observed 

previously before the antibody was re-purified (Figure 3.13). However, subsequent Western 

blots were unable to reproduce this result and BslA was detected in cell samples collected from 

plants inoculated with the wild type, bslA mutant and even plant control samples at 24, 48, 72 

and 96 hours (Figure 3.15). This result has been observed twice, with two different batches of 

cell samples. These results are not consistent with what had been observed previously (Figure 

3.13) before the antibody was re-purified and suggest that BslA may have been present in cell 

samples collected from plants and that problems with the antibody prevented BslA from being 

detected.  
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Figure 3.15: Western blot analysis of cell samples collected from plants after 24-96 hours. Western blot analysis 
of proteins extracted from cells collected from the roots of plants inoculated with the wild type (NRS1473) and  
bslA- mutant (NRS3812) strains. Plant only control samples were also included at each time point as well as wild 
type and bslA- colony controls. Molecular weight of proteins is indicated in kDa. λ represents where the ladder 
was marked on the blot. All samples were probed with α BslA antibody. 
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However, these results are confusing as it would not be expected for BslA to be detected in 

cells collected from plants inoculated with the bslA mutant strain, or indeed in plant only 

control samples where plants were not inoculated with any bacteria but, as Figure 3.15 shows, 

BslA was detected in these samples. It is possible that either plants were incorrectly inoculated, 

samples were mixed up in these batches of cell samples or that the bslA mutant and plant only 

control samples were contaminated with wild type bacteria resulting in the presence of BslA 

in these samples. Further work is required to determine whether BslA can be detected in fresh 

cell samples collected from plants inoculated with the wild type and bslA mutant to resolve the 

discrepancies in the observed results when re-examining the initial cell samples. Additionally, 

if the reason for the absence of detection of BslA in the initial cell samples was due to a problem 

with the antibody it would be expected that BslA would not be detected in the wild type colony 

control sample either but a signal was consistently detected for this sample in many Western 

blots using many different samples.  

Despite discrepancies in the results observed for cell samples collected from plants, the results 

of Western blots carried out on media samples collected from plants inoculated with the wild 

type and bslA mutant strains after 24, 48, 72 and 96 hours were consistent and reproducible 

and showed that BslA is secreted into the media and that the level of BslA increases over time 

with little to no signal being detected at 24 or 48 hours and a much more intense signal being 

detected after 72 or 96 hours. These results appear to be most consistent with the hypothesis 

that BslA is not produced at great enough levels to impact on root colonisation until 72 hours 

and may explain why no defect in root colonisation was observed by the BslA mutant at 24 or 

48 hours in the root colonisation assays of Section 3.4.  

It is important to note that the confusion with the Western data does not impact on the 

colonisation assay results of Sections 3.4 and 3.5 as they were completely separate 

experiments. Additionally, each of the strains used to inoculate plants in the colonisation assays 

has a distinct phenotype on agar plates and so after collection from plant roots for enumeration, 

the strain phenotypes from each plant could be observed and confirmed to be consistent with 

that expected for the strain the plant was inoculated with.  
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3.8 Complementation colonisation assays 

To determine whether the reduction in colonisation observed after 72 hours by the bslA mutant 

strain was a direct result of the absence of BslA, genetic complementation strains expressing 

bslA under the control of the native promoter at the non-essential B. subtilis chromosomal sacA 

locus were constructed. Three strains were generated, one expressing the wild type BslA 

protein, one expressing a BslA protein with an L77K substitution and one expressing a BslA 

protein with C178A and C180A substitutions (henceforth referred to as the AxA variant). 

These variant forms of BslA were included to elucidate which function of BslA is important 

for plant root colonisation. The BslA AxA variant results in a wild type structured biofilm that 

completely lacks hydrophobicity in the laboratory (NSW laboratory data unpublished). This 

substitution effectively separates out the two functions of BslA in biofilm formation: the 

requirement of BslA for biofilm structure, and biofilm hydrophobicity. The use of this 

complementation mutant strain should therefore make it possible to determine which function 

of BslA is required for plant root colonisation.  The BslA L77K variant has been shown in the 

laboratory to be required for both biofilm structure and hydrophobicity. The substituted residue 

is present at the very centre of the hydrophobic cap region of BslA (Figure 1.6) and is important 

for the normal function of BslA in the biofilm (Hobley et al. 2013). Interestingly, in vitro the 

L77K variant protein forms a film at the interface much faster than wild type BslA but the film 

is much less stable (Bromley et al. 2015). The hydrophobic cap region of BslA has been shown 

to exist in two conformations, with hydrophobic residues facing either “in” or “out” (Figure 

1.6). It is believed that the L77K substitution favours the hydrophobic residues “in” 

conformation thus reducing the stability of the film at the interface (Bromley et al. 2015). 

Inclusion of this mutant strain should also help to elucidate which regions of BslA are important 

for its function in the plant system.  Constitutively expressed GFP was also expressed from the 

amyE locus in all complementation strains to allow for CSLM to be carried out on plants 

inoculated with the strains. In addition to constructing the three complementation mutants, the 

wild type and bslA mutant strains were also re-made. In the previous root colonisation assays, 

the constitutively active GFP in all strains was expressed from the sacA locus. To keep the 

strain background consistent with the complementation strains that express the 

complementation construct from the sacA locus and GFP from the amyE locus, GFP was 

moved to the amyE locus in the wild type and bslA mutant strains also. When all strains had 

been constructed, the wild type (NRS5130), bslA-mutant (NRS5131), wild type 

complementation (NRS5132), AxA variant complementation (NRS5136) and L77K variant 
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complementation (NRS5137) biofilm phenotypes were examined in the laboratory to confirm 

the mutant strains displayed the expected phenotypes. Figure 3.16 shows the complex colony, 

pellicle and hydrophobicity phenotypes of each of the strains. The wild type, wild type 

complementation and AxA complementation strains exhibit wild type complex structured 

colonies and pellicles as expected. The wild type and wild type complementation strains were 

also hydrophobic as expected; whereas the AxA complement was wetting as expected (NSW 

laboratory data unpublished). Both the bslA- mutant and the L77K complemented mutant 

strains exhibited flat featureless colonies and pellicles that were wetting, as expected (Hobley 

et al. 2013).  

 

 

 

 

 

As BslA appeared to be present in the media fraction and not in the cells collected from plants 

inoculated with strains from the previous colonisation assays (Figure 3.14), it was also decided 

to determine the localisation of BslA produced by the new colonisation assay strains in the lab 

by pellicle fractionation. This should allow two things to be determined, first it would help to 

elucidate whether localisation of BslA in the plant system shown in Section 3.7, is consistent 

with localisation of BslA from strains grown in the laboratory setting. Secondly it should 

determine whether the different complementation constructs affected localisation of BslA in 

Figure 3.16: In vivo biofilm analysis of complemented bslA mutant strains to be used in complementation 

colonisation assays. (A) Complex colony morphology, (B) Pellicle morphology and (C) Sessile water-drop analysis 

of colony hydrophobicity of the wild type (NRS5130), bslA- mutant (NRS5131), wild type complemented mutant 

(NRS5132), AxA complemented mutant (NRS5136) and L77K complemented mutant (NRS5137). Colonies were 

grown at 30oC for 48 hours on solid MSgg medium, pellicles were grown at 25oC for 72 hours in liquid MSgg 

medium. Scale bars represent 2.5mm. For colony hydrophobicity tests, 5 µL water drops were placed on top of 

the biofilm, images were captured and contact angles measured using a Theta Lite Optical Tensiometer with 

OneAttension software. (D) Mean contact angle ± SEM calculated for each strain. 
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any way e.g. if there was a loss of interaction with another matrix component. Western blots 

were carried out to probe for BslA in both the pellicle and media fractions collected for each 

of the strains (Figure 3.17). 

Localisation of BslA produced by the wild type strain appeared to be split in both the pellicle 

and media fractions. BslA was not detected in the pellicle fraction collected from the bslA- 

mutant strain but a band was detected in the media fraction. This band appeared to be slightly 

lower than that expected of BslA and was lower than that observed for BslA in the other 

samples. It is possible that the antibody recognised the non-functional BslA homologue YweA, 

which is slightly smaller than BslA, in this sample. The estimated molecular weight of the 

mature secreted YweA is 13.5 kDa whereas mature BslA is 16.4 kDa. Blots could be repeated 

with samples extracted from a bslA/yweA double mutant to confirm this. BslA was localised in 

both pellicle and media fractions by the wild type complement and AxA complement strains. 

Interestingly, most BslA is detected in the media fraction of the L77K complementation mutant 

with only a very small quantity of BslA detected in the pellicle fraction. These results suggest 

that BslA is present both associated with the cells but also in the media fraction of strains grown 

in the laboratory. The presence of BslA in the media fraction in the plant related system may 

therefore be unsurprising if results from the laboratory system hold true for the plant associated 

system. Furthermore, the absence of detection of BslA in the cell related fraction in the plant 

system could be surprising as BslA appears to be well associated with cells in the laboratory. 

Again, these results are only indications of what may be possible in the plant related system 
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Figure 3.17: Western blot analysis of BslA localisation after pellicle fractionation Western blot analysis of 
whole cell proteins from the pellicle fraction (P) and proteins isolated from the media fraction (M) from the wild 
type (NRS5130), bslA- mutant (NRS5131), bslA- + bslA complemented mutant (NRS5132), bslA- + bslA AxA 
complemented mutant (NRS5136) and bslA- + bslA L77K complemented mutant (NRS5137) strains. Molecular 
weight of proteins is indicated in kDa. λ represents where the ladder was marked on the blot. All samples were 
probed with α BslA antibody. 
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based on the laboratory system and caution must be exercised when making comparisons based 

on results from two different experimental systems. The wild type and AxA variant 

complementation strains do not appear to affect localisation of BslA in the pellicle biofilm; 

with similar levels of BslA in both the cell associated and media associated fractions being 

observed for these strains as for the wild type. Interestingly the L77K substitution does appear 

to affect localisation of BslA in the pellicle biofilm, favouring the secretion of BslA. It will be 

interesting to see how this substitution affects colonisation in the plant related system. Further 

elucidating the localisation of BslA in the plant system is important due to the implications of 

the hydrophobic cap structure conformations of BslA. If BslA is localised primarily in the 

media in the plant system, as observed in blots from the original colonisation assay strains, 

then it is possible that most BslA exists in the hydrophobic residues “in” cap conformation to 

protect the hydrophobic residues in solution. No function has been assigned to this alternative 

cap conformation in the laboratory as yet. If BslA is functional in the plant system and is proved 

to be in the cap “in” conformation this would be an interesting difference from what has been 

observed in the laboratory where the cap “out” conformation appears to be important for 

formation of the hydrophobic protective layer of BslA around the colony. As the L77K variant 

strain is believed to exist primarily in this confirmation and is mainly secreted to the media, it 

will be of great interest to determine whether the L77K complemented mutant is functional in 

the plant system. If all BslA is functional in the plant system in the cap “in” conformation it 

could be hypothesised that the L77K substitution would make no difference in the hydroponic 

plant system.  

Having confirmed the phenotypes of all the new strains, the wild type (NRS5130), bslA- mutant 

(NRS5131), wild type complementation (NRS5132), AxA variant complementation 

(NRS5136) and L77K variant complementation (NRS5137) strains were subjected to root 

colonisation assays as carried out previously. Additionally, the tasA- mutant (NRS3793) was 

included as a control as it was shown to be required for biofilm formation on the plant at all 

time points in previous colonisation assays. Samples were collected after 96 hours as this is the 

time point that previously resulted in the largest difference in the number of cells recovered 

from plants inoculated with the wild type and bslA mutant strains (Section 3.5). After 96 hours 

incubation, the number of cells recovered from plant roots were calculated as CFU/g Root 

tissue for each sample as carried out previously.  
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Figure 3.18 shows the average CFU/g Root for each strain was as follows; wild type (4.32 × 

108), tasA- mutant (1.31 × 108), bslA- mutant (3.60 × 108), bslA-  + WT bslA mutant (7.46 × 

108), bslA- + bslA AxA (1.11 × 109) and  bslA- + bslA L77K (6.31 × 108).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Consistent with the results from previous assays, the number of cells recovered from the roots 

of plants inoculated with the tasA- mutant was greatly reduced. The number of cells recovered 

from the roots of plants inoculated with the bslA- mutant were slightly lower than those 

recovered from plants inoculated with the wild type. The number of cells recovered from the 

roots of plants inoculated with the bslA- + WT bslA mutant, the bslA- + bslA AxA and the bslA- 

+ bslA L77K complementation strains were higher than those recovered from the wild type. 

Statistical analysis by Mann-Whitney rank sum test found that the difference between the 

Figure 3.18: BslA complementation colonisation assays. Each dot represents the CFU/g root tissue for a single 
plant. Strains were incubated on plant roots at 20oC for 96 hours with a photoperiod of 16h light, 8hr dark. Results 
for WT (NRS1473) and bslA- (NRS3812) are for 15 different samples from three independent rounds of colonisation 
assay from the previous 96 hour colonisation assay (Figure 3.5) and are included for illustrative purposes only. 
Results for strains NRS5130, 5131, 5132, 5136 and 5137 are for 10 different samples from two independent rounds 
of whole seedling colonisation assay. Bars represent the median for each treatment.  
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medians of the wild type and bslA- mutant was not statistically significant (P=0.791). Similarly, 

the differences between the wild type and the bslA- + WT bslA mutant (P=0.121), the wild type 

and the bslA- + bslA L77K variant (P=0.473) and the wild type and the tasA- mutant (P=0.345) 

were not statistically significant. Interestingly, the difference between the wild type and the 

bslA- + bslA AxA complementation strain was significantly different (P=0.026). These results 

suggest that there is no statistically significant difference between the levels of cells recovered 

for all of the strains but the AxA complement strain, which was significantly higher than the 

wild type, after 96 hours. These results contradict the results obtained in the initial colonisation 

assays where there was a statistically significant difference between the bslA mutant and the 

wild type at this time point and, particularly, there was an extremely significant difference 

between the wild type and the tasA- mutant at all time points tested (Section 3.5). The numbers 

recovered from plants inoculated with the wild type were lower in this assay than in those that 

had been observed previously for the wild type strain (8.5 × 108; 5.21 × 108; 9.68 × 108; 7.17 

× 108 from 24-96 hours respectively). Figure 3.18 also includes the numbers obtained for the 

wild type and bslA- mutant strains after 96 hours in the previous colonisation assay for 

comparison. The numbers observed for the bslA mutant strain were consistent with those 

observed previously. Looking at the trend of numbers if the complementation strains were 

compared with the previous wild type numbers it would appear that the complementation 

strains have returned the defect in colonisation observed by the bslA mutant strain to near wild 

type levels. However, these were separate assays using different strains and comparisons with 

previous numbers are purely for indication only to illustrate that numbers from the wild type 

were lower than might have been expected. Statistical analysis with Mann-Whitney rank sum 

test found that the difference between the bslA- mutant and the bslA- + WT bslA mutant 

(P=0.034), the bslA- mutant and the bslA- + bslA AxA variant (P=0.003) were statistically 

significant, supporting the suggestion that wild type levels of colonisation were returned in 

these complementation strains. The difference between the bslA- mutant and the bslA- + bslA 

L77K variant (P=0.473) was not statistically significant. The levels of colonisation by the L77K 

complemented mutant are much higher than those observed by the bslA- mutant strain and 

visually appear to have comparable levels of colonisation to the wild type strain. However, 

these results are variable and result in a difference that is not statistically significant. While it 

is possible that the L77K substitution impairs BslA function in the plant system, as has been 

observed previously in the laboratory system, and is unable to completely complement to wild 

type colonisation levels, further experiments would be required to confirm if this is a genuine 

phenotype or just a result of variability in the samples tested. Interestingly, results suggest that 
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the AxA complementation mutant is better at forming biofilms on the roots of plants than the 

wild type strain. As this strain is able to form a wild type biofilm in the laboratory but lacks 

colony hydrophobicity, it is therefore possible that the absence of hydrophobicity in the AxA 

complementation mutant provides an advantage for biofilm formation in the plant system. The 

number of cells recovered from the wild type strain in this assay were lower than expected 

based on previous results. These strains have the same background the only difference is the 

location of GFP. It is possible that, when constructing the new wild type strain and moving the 

location of GFP, secondary mutations were inadvertently introduced that may have negatively 

impacted the ability of this wild type strain to colonise plant roots. Further work would be 

required to determine whether complementation of the bslA mutation is possible and to confirm 

whether there is a problem with the new wild type strain. The strain could be sequenced to 

check for any mutations. Additionally, the strain could be re-made and tested again.   
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4. Determining the role of 

BslA in a commercial B. 

subtilis biocontrol agent 
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4.1 Choosing a biocontrol strain 

Many B. subtilis strains have been noted to possess biocontrol activities against a range of 

pathogens in a number of plant systems. Certain isolates, reported to be B. subtilis, have even 

been sold commercially for their biocontrol capabilities, as described in Section 1.4.7. 

Commercial isolates are used in agricultural settings to help provide protection from a range 

of plant diseases. Understanding the mechanisms that underpin biocontrol by these strains is 

essential for improving their effectiveness under field conditions. Previous work has shown 

that biofilm formation by B. subtilis strains is important for their biocontrol activity (Bais et al. 

2004; Chen et al. 2012; Beauregard et al. 2013; Chen et al. 2013). To assess whether BslA is 

required for biocontrol by B. subtilis, a strain had to be chosen as the background for biocontrol 

experiments. Although the NCIB3610 strain has been shown to exhibit biocontrol activities 

(Beauregard et al. 2013; Chen et al. 2013) it was decided that a commercial biocontrol strain 

would be chosen as the background strain as commercial isolates are selectively chosen for 

their notable biocontrol activities and they are used in agricultural settings so any observed role 

for BslA in this background would be of great relevance. Of all the strains reported to be B. 

subtilis sold commercially, perhaps the two most widely used are the GB03 and MBI600 

strains. Strain GB03 was first discovered in Australia in 1971 from the foliage of a Douglas Fir 

and is now sold commercially in a few different formulations such as Kodiak® (Gustafson, 

USA) and Companion (Growth Products,USA) (Broadbent et al. 1971). Kodiak® is used as a 

seed treatment for the vast majority of cotton seed planted in the US (Brannen 1997). Strain 

MBI600 was first discovered at Nottingham University from the leaves of faba beans and is 

now sold commercially as Subtilex (Becker Underwood, USA) and as a component of HiSticks 

(Becker Underwood, USA). Both the GB03 and MBI600 strains were available in the NSW 

laboratory for use. As a result it was decided that these strains would be used as the background 

for biocontrol experiments. To determine whether BslA is required for biocontrol by GB03 and 

MBI600, a bslA deletion was to be introduced into both strains and biocontrol experiments 

could then be carried out to compare the effectiveness of the wild GB03/MBI600 strains with 

the corresponding bslA mutants.  

 

Before introducing bslA mutations into the strains, the biofilm phenotypes of each strain were 

observed in the laboratory. Complex colonies and pellicles were set up for each strain and 

hydrophobicity tests were carried out on the colonies (Figure 4.1). Both GB03 and MBI600 

formed highly structured colonies and extremely robust pellicles. In particular, the pellicles 
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formed were much more robust than those formed by B. subtilis NCIB3610 (WT). Both strains 

also produced biofilms that were non-wetting and extremely hydrophobic which is indicative 

of the presence of BslA in these strains. The strains displayed incredibly robust biofilm 

phenotypes, consistent with previous observations that biofilm formation and rhizosphere 

competence are important for BCAs (Schippers et al. 1987). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2 Introducing a bslA deletion into GB03 and MBI600 

The biofilm phenotypes of the GB03 and MBI600 strains were robust and hydrophobic, as 

expected. To introduce a bslA mutation into both strains, SPP1 phage transductions were 

attempted with phage carrying the bslA gene disrupted with a chloramphenicol resistance 

casette. Unfortunately, phage transductions were unsuccessful in both strain backgrounds. 

However, control reactions carried out to transduce the same phage into the NCIB3610 strain 

consistently worked. After extensive troubleshooting it was hypothesised that perhaps the 

GB03 and MBI600 strains were not susceptible to infection with the SPP1 phage used for phage 

Figure 4.1: In vivo biofilm analysis of B. subtilis commercial biocontrol strains. (A) Complex colony 

morphologies of the B. subtilis wild type (NCIB3610), GB03 (NRS1194) and MBI600 (NRS1195) strains. Colonies 

were grown at 30oC for 48 hours of solid MSgg medium. (B) Pellicle morphology of the wild type (NCIB3610), 

GB03 (NRS1194) and MBI600 (NRS1195) strains. Pellicles were grown at 25oC for 72 hours in liquid MSgg broth. 

Scale bars in (A) and (B) represent 2.5 mm. (C) Sessile water drop analysis of colony hydrophobicity of wild type 

(NCIB3610), GB03 (NRS1194) and MBI600 (NRS1195) strains. Colonies were grown at 30oC for 48 hours, 5 µL 

water drops were placed on top of the biofilm, images were captured and contact angles measured using the 

Theta Lite Optical Tensiometer with OneAttension software. (D) Mean contact angle ± SEM calculated for each 

strain. 

WT GB03 MBI600 
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transductions in B. subtilis strains. To test this hypothesis, strains GB03 and MBI600 were 

infected with empty SPP1 phage and incubated at room temperature overnight using the same 

method as that outlined in Section 2.4.4 for generating phage from B. subtilis strains. The 

overnight incubation step allows time for growth of the cells and also time for lysis to occur in 

any strains successfully infected with phage. The NCIB3610 strain was used as a control as it 

is known to be susceptible to infection with SPP1 phage. Figure 4.2 shows that, after 

incubation, the NCIB strain shows complete lysis with the plate appearing completely clear of 

cells indicative of a successful infection with SPP1 phage. However, both GB03 and MBI600 

strains showed no lysis and instead a full lawn on cells was observed for each strain. These 

results suggest that the GB03 and MBI600 strains are not susceptible to infection with the SPP1 

phage. It is therefore possible that the strains are not B. subtilis strains, or they lack, or have a 

mutation in, the gene for the yueB receptor responsible for SPP1 recognition (Sao-Jose et al. 

2004) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.2: SPP1 phage susceptibility of B. subtilis commercial biocontrol strains. Left shows strains incubated 

in the absence of SPP1 phage, right shows strains incubated in the presence of SPP1 phage. Labels indicate 

whether or not lysis occurred, indicative of successful infection with SPP1 phage. NCIB3610 was included as a 

control as it is known to be susceptible to infection with SPP1 phage.  
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4.3 Determining the species identity of GB03 and MBI600 

To determine whether the biocontrol isolates have mutations in the phage receptor responsible 

for the success of SPP1 phage transductions, or alternatively whether the strains may be another 

species and not B. subtilis, genomic DNA was isolated from both strains and sequenced by 

Next Generation sequencing for single nucleotide polymorphism (SNP) analysis. Both 

genomes were successfully sequenced by the University of Dundee Next Generation 

Sequencing Unit. However, SNP analysis resulted in far too many SNPs to analyse when 

assembled and aligned against a B. subtilis genome. The genome was subsequently assembled 

by Pieta Schofield of the Data Analysis Group at the University of Dundee for further analysis. 

The number of SNPs obtained suggested it was more likely that GB03 and MBI600 are in fact 

different species and not that they simply have mutations in the SPP1 phage receptor. The 

quality of the genome assemblies were assessed using the QUAST tool 

(http://bioinf.spbau.ru/quast) for genome assembly quality assessment. QUAST reports 

generated for both genomes suggested the assemblies were both high quality. In addition to 

generating assembly quality statistics, the QUAST program also allows the user to carry out a 

gene match function that identifies the number of genes in the newly assembled genome when 

compared with a reference genome. Table 4.1 shows the percentage GC content of the B. 

subtilis genome, GB03 and MBI600 genomes in addition to the number of gene matches 

identified by QUAST when the genomes were aligned with the B. subtilis NCIB3610 reference 

genome.  

 

 

 

 

The percentage GC content for both the GB03 and MBI600 genomes was higher than that 

expected for B. subtilis strains, and the number of genes found in the GB03 and MBI600 

genomes in comparison with the B. subtilis reference genome was incredibly low. These results 

suggested that it is highly likely that the GB03 and MBI600 strains are not B. subtilis strains. 

To determine which species the GB03 and MBI600 strains are likely to be, BLAST analysis 

was carried out. BLAST analysis indicated the strains are more likely to be B. 

amyloliquefaciens, a very closely related species to B. subtilis. The GC content of the B. 

amyloliquefaciens reference strain FZB42 is 46%, very close to the GC content of the GB03 

Aligned with B. subtilis 

reference genome 

NCIB3610 GB03 MBI600 

GC content (%) 43 46.54 46.41 

Gene Matches >4100 11 12 

Table 4.1: GB03 and MBI600 genome comparisons with B. subtilis NCIB3610 genome.  
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and MBI600 genomes. When the GB03 and MBI600 genomes were compared with the B. 

amyloliquefaciens FZB42 reference genome using the QUAST tool, the gene match function 

found 3783 and 3772 genes respectively. Comparisons of the GB03 and MBI600 genomes with 

a reference B. licheniformis genome, another species closely related to B. subtilis, found similar 

low levels of gene matching to comparisons with the B. subtilis genome, confirming the 

genome assembly was specific. Together, these results confirm that the reportedly B. subtilis 

biocontrol strains GB03 and MBI600 are actually B. amyloliquefaciens strains. These results 

are consistent with a genome announcement that described strain GB03 as B. amyloliquefaciens 

that was published whilst our strains were being sequenced (Choi et al. 2014). Additionally, 

further search of the literature found mention of MBI600 as B. amyloliquefaciens in a patent 

application (Patent number - WO2014079813A1). Subsequently MBI600 has also been 

mentioned in the literature as B. amyloliquefaciens (European Food Safety Authority, 2016). 

Despite this, these isolates are both still widely known as B. subtilis in the literature and are 

also still marketed commercially as B. subtilis as can be observed on the following websites 

(http://www.growthproducts.com/pages/horticulture.asp?tables=featured&product=10 - GB03 

and http://agproducts.basf.us/products/subtilex-ng-bio-fungicide.html - MBI600). The 

identification of the commercial biocontrol strains as B. amyloliquefaciens is not 

unprecedented as a number of commercial biocontrol strains are B. amyloliquefaciens, with the 

FZB42 strain perhaps being the most well-known and best studied (Chen et al. 2007; Pérez-

García et al. 2011; Chowdhury et al. 2015; Wu et al. 2015). 

 

To further investigate the species identity of GB03 and MBI600, BLAST analysis to identify 

several of the gene clusters previously identified as being important for biofilm formation, plant 

root colonisation and biocontrol by the B. amyloliquefaciens FZB42 reference strain was 

carried out. Table 4.2 shows the gene clusters from FZB42 that were conserved in one, or both, 

of the GB03 and MBI600 genomes.  
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Gene/ Gene 
Cluster 

Function GB03 (NRS 1194) MBI600 (NRS 1195) 

Surfactin Biocontrol/biofilm formation  
 

 
 

Bacillomycin D Biocontrol  
 

 
 

Fengycin Biocontrol  
 

 
 

Putative peptide 
(nrsABCDEF) 

Biocontrol X X 
 

Bacillibactin Biocontrol  
 

 
 

Bacilysin Biocontrol  
 

 
 

Macrolactin Biocontrol  
 

 
 

Bacillaene Biocontrol  
 

 
 

Difficidin Biocontrol  
 

 
 

epsA-O Biofilm Formation  
 

 
 

tasA Biofilm Formation  
 

 
 

bslA Biofilm Formation  
 

 
 

clpABCD Plant root colonisation and 
biofilm formation 

clpCD only clpD only 

RBAM00750 Plant root colonisation  
 

 
 

RBAM00751 Plant root colonisation  
 

 
 

RBAM00754 Plant root colonisation  
 

 
 

 

 

The tasA, epsA-O and bslA genes required for biofilm formation in B. subtilis and also present 

in the genome of the B. amyloliquefaciens reference strain FZB42. When the genomes of GB03 

and MBI600 were searched with the sequences from the FZB42 strain, matches were found for 

each gene in each genome and were highly conserved. Genes required for the production of 

surfactin have been shown to be important for both biofilm formation and biocontrol in both 

B. subtilis and B. amyloliquefaciens FZB42 and these genes were also conserved in both the 

GB03 and MBI600 genomes (Bais et al. 2004; Chen et al. 2007). The RBAM0075, 

RBAM0074 and RBAM0070 loci have been shown to encode products with a collagen-related 

GXT structural motif and are believed to be involved in surface adhesion and biofilm formation 

Table 4.2: Features important for biocontrol, biofilm formation and plant root colonisation present in the 

GB03 and MBI600 genomes.   indicates the presence of the relevant gene or gene cluster. X indicates the 

absence of the relevant gene or gene cluster. 
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in FZB42 (Chen et al. 2007). All of these genes were found to be conserved in both the GB03 

and MBI600 genomes. The clpABCD cluster encodes collagen like proteins and has also been 

shown to be important for both biofilm formation and plant root colonisation by FZB42 (Zhao 

et al. 2015). Interestingly, only the clpC and clpD genes were found in the GB03 genome, 

whereas only the clpD gene was found in MBI600. In both instances the overall synteny of the 

surrounding region was conserved. This indicates an interesting evolutionary difference in the 

clp cluster in the different strain backgrounds. Clusters required for the production of 

antimicrobial peptides and polyketides such as Bacillomycin, fengycin, bacillibactin, bacilysin, 

macrolactin, bacillaene and difficidin have all been shown to be required for biocontrol in the 

FZB42 strain (Chen et al. 2007). All of these clusters were found to be conserved in both the 

GB03 and MBI600 genomes.  In addition to these core biocontrol genes, the nrsABCDEF 

cluster, coding for an unknown protein, has also been shown to be involved in biocontrol by 

FZB42. The nrs cluster was acquired by horizontal gene transfer and it has been hypothesised 

to encode a siderophore (Chen et al. 2007). Interestingly, these genes are not conserved in 

GB03 or MBI600 genomes. This is consistent with the results for GB03 published previously 

(Choi et al. 2014).  

4.4 Determining the species identity of the commercial isolate 
QST713 

As strains GB03 and MBI600 had previously been incorrectly identified as B. subtilis, a 

commercial B. subtilis strain was still required as the background in which to introduce a bslA 

disruption to determine whether BslA is important for biocontrol by B. subtilis. A further 

literature search was carried out to determine which other commercially available B. subtilis 

isolates may be suitable. Strain QST713 was chosen as it is sold commercially in formulations 

such as Serenade and Rhapsody, and has even been linked to providing protection to tomato 

plants (Fousia et al. 2016). A sample of this strain was obtained and the biofilm formation 

phenotypes examined in the laboratory. QST713 is another robust biofilm forming strain with 

complex wrinkled colonies and pellicles and a hydrophobic colony (Figure 4.3).  
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As both GB03 and MBI600 had been incorrectly identified as B. subtilis, and as other 

biocontrol strains reported to be B. subtilis have recently been re-identified as B. 

amyloliquefaciens (Magno-Perez et al. 2015), the species identity of QST713 had to be 

confirmed before introduction of a bslA mutation to the strain. Genomic DNA was isolated 

from the QST713 strain and a 16S rRNA PCR was carried out to determine the species identity 

of the strain. 16S rRNA is a component of the small ribosomal subunit found in all bacteria 

and archaea. Due to the importance of this product, the rates of evolution of the gene encoding 

it have been slow. As such the 16S rRNA gene has often been used for constructing phylogenies 

and investigating species identities. However there are also regions of variability within the 

gene that can be used to distinguish between even closely related species. Figure 4.4 shows the 

16S rRNA region including the hypervariable regions.  

 

 

 

 

 

 

 

 

 

 

V1 V2 V3 V4 V5 V6 V7 V8 V9 

DEN5 DEN7 

Figure 4.4: Diagram of the 16S rRNA gene. Top panel shows the variation in percentage sequence identity 

across the 16S rRNA gene of >6,000 bacteria compared to a consensus sequence. Bottom panel is a schematic 

of the more conserved regions (blue) and hypervariable loop regions of the 16S rRNA gene. Arrows indicate 

the location of the DEN5 and DEN7 primers. The region between these two primers, including variable regions 

V3-V6, is the region of DNA amplified by the 16S rRNA PCR. Diagram adapted from GATC Biotech. 

 

Figure 4.3: In vivo biofilm analysis of Bacillus subtilis QST713 commercial biocontrol agent. (A) Complex 

colony morphology of B. subtilis QST713 (NRS5135). Colonies were grown at 30oC for 48 hours on solid MSgg 

medium (B) Pellicle morphology of B. subtilis QST713 (NRS5135). Pellicles were grown at 25oC for 72 hours in 

liquid MSgg medium. Scale bars in (A) and (B) represent 2.5mm. (C) Sessile water-drop analysis of colony 

hydrophobicity of B. subtilis QST713 (NRS5135). Colonies were grown at 30oC for 48 hours, 5 µL water drops 

were placed on top of the biofilm, images were captured and contact angles measured using the Theta Lite 

Optical Tensiometer with OneAttension software (D) Mean contact angle ± SEM calculated for each strain. 
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Primers DEN5 and DEN7 (Table 2.3) were used to PCR amplify the region of 16S rRNA 

indicated in Figure 4.4 from both NCIB3610 and QST713 genomic DNA. PCR products were 

purified and subsequently sequenced. BLAST analysis of the sequence indicates that QST713 

is likely to be B. amyloliquefaciens and not B. subtilis as most top hits from the BLAST analysis 

were from B. amyloliquefaciens strains. Figure 4.6 shows an alignment of the QST713 

sequence with one of the top hits from the BLAST analysis. BLAST analysis for the 16S rRNA 

PCR sequence obtained from NCIB3610 resulted in primarily B. subtilis strains being returned 

as the top hits. Figure 4.5 shows an alignment of NCIB3610 sequence with one of the top hits 

from the BLAST analysis of NCIB3610 16S rRNA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: BLAST analysis of NCIB3610 16S rRNA. Alignment of the NCIB3610 16SrRNA PCR product 
sequence with the top hit from NCBI blast analysis. Query = sequencing results from NCIB3610 16SrRNA 
PCR product. Subject = top hit from NCBI blast analysis. 
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4.5 Genome sequencing of QST713 and phylogenetic analysis of 
biocontrol strains 

As 16S rRNA sequencing indicated strain QST713 was likely to be B. amyloliquefaciens, it 

was decided that the QST713 genome would also be sequenced to confirm the species identity 

of the strain and to allow a genome wide comparison. As all three of the most widely used 

reportedly B. subtilis biocontrol strains appeared to be B. amyloliquefaciens, it was also decided 

that several wild type B. amyloliquefaciens strains would be obtained and their genomes 

sequenced to include in a phylogenetic analysis to see how the commercial biocontrol strains 

are related to other B. amyloliquefaciens strains. Nine isolates described as B. 

amyloliquefaciens wild type strains were obtained from the Bacillus Genetic Stock Centre 

(BGSC) and the biofilm phenotypes of the strains were examined in the laboratory. Figure 4.7 

Figure 4.6: BLAST analysis of NRS5135 16S rRNA. Alignment of the NRS5135 16SrRNA PCR product sequence 
with the top hit from NCBI blast analysis. Query = sequencing results from NCIB3610 16SrRNA PCR product. 
Subject = top hit from NCBI blast analysis. 
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shows the vast diversity in phenotypes observed from the nine strains. One strain was 

incorrectly identified as B. amyloliquefaciens on the BGSC website when it was actually 

described as a B. subtilis strain in the documentation that arrived with the strains. This strain 

was therefore excluded from selection for sequencing but the phenotype is shown in Figure 4.7 

and is quite similar to that of NCIB3610. Some strains showed extremely robust pellicle 

formation such as 188/03 and FZB42 whereas others seemed unable to form pellicles, or could 

only form very weak pellicles, such as strain H. Colony phenotypes varied also with most 

strains exhibiting relatively flat colonies but with some strains such as H forming incredibly 

mucoid but completely flat colonies, and others such as CU8004 showing unusual mucoid 

raised structures. Most colonies were hydrophobic, with the exception of CU8004 and H. A 

selection of 5 strains displaying varied colony and pellicle morphologies and hydrophobicity 

phenotypes were chosen to send for sequencing. These strains were 62/03, 188/03, B12, 

CU8004 and H (top panel Figure 4.7). 
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Figure 4.7: In vivo biofilm analysis of B. amyloliquefaciens wild type strains for phylogenetic analysis. (A) 

Complex colony morphology, (B) Pellicle morphology and (C) Sessile water-drop analysis of colony 

hydrophobicity of B. amyloliquefaciens 62/03 (NRS5141), 188/03 (NRS5148), B12 (NRS5140), CU8004(=H) 

(NRS5147), H (NRS5144), H (NRS5143), FZB42 (NRS5146),58/04 (NRS5138) and B. subtilis ATCC 9799 (NRS5142). 

Colonies were grown at 30oC for 48 hours on solid MSgg medium. Pellicles were grown at 25oC for 72 hours in 

liquid MSgg medium. For hydrophobicity tests, 5 µL water drops were placed on top of the biofilm, images were 

captured and contact angles measured after 5 minutes using a Theta Lite Optical Tensiometer with 

OneAttension software. (D) Mean contact angle ± SEM calculated for each strain. 
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Strains QST713, 62/03, 188/03, B12, CU8004(H), H were sent to MicrobesNG 

(http://www.microbesng.uk)  for genomic DNA extraction and sequencing. Genome assembly 

and quality checks were also carried out by MicrobesNG and all genomes were assembled to a 

high quality. In addition to QUAST reports for assembly quality analysis, MicrobesNG also 

checked each assembly with Kraken (https://ccb.jhu.edu/software/kraken/) software for 

taxonomic sequence classification. All genomes were classified as most likely to be Bacillus 

amyloliquefaciens using this system. Each genome was subsequently annotated using RAST 

(http://rast.nmpdr.org/rast.cgi). Table 4.3 shows the percentage GC content of all the genomes. 

All genomes appeared to have GC contents higher than that expected for B. subtilis strains 

(43%) and closer to those of the B. amyloliquefaciens FZB42 reference strain (46%), further 

confirming that all strains are B. amyloliquefaciens. This is as expected for the 5 wild B. 

amyloliquefaciens but for the QST713 strain, the Kraken definition, GC content and 16S rRNA 

results would appear to confirm that the strain is B. amyloliquefaciens and not B. subtilis as it 

was previously reported.   

 

 

 

 

To further confirm the species identity of QST713, the clusters identified as being important 

for biofilm formation, plant root colonisation and biocontrol by FZB42 were also searched for 

in the QST713 genome (Table 4.4). As in the GB03 and MBI600 genomes, the biofilm genes 

tasA, epsA-O and bslA are also conserved between the FZB42 genome and the QST713 

genome.  The bacillomycin, fengycin, bacillibactin, bacilysin, macrolactin, bacillaene, 

difficidin and surfactin clusters are also conserved in the QST713 strain. As with the GB03 and 

MBI600 strains, the majority of the nrsABCDEF cluster was not conserved in the QST713 

genome. Interestingly, nrsE was present in the QST713 genome but not the GB03 or MBI600 

genomes.  The RBAM0075, RBAM0074 and RBAM0070 genes were found in the QST713 

genome. However, interestingly, only a partial match for the RBAM0070 gene was found. 

Consistent with the GB03 genome, only the clpC and clpD genes of the clpABCD cluster were 

conserved in the QST713 genome. 

 

 62/03 188/03 B12 CU8004 (H) H QST713 

GC content (%) 46.41 46.44 46.42 45.79 46.06 45.86 

Table 4.3: Percentage GC content of the commercial biocontrol isolate QST713 and five wild type B. 

amyloliquefaciens strains sent for Next Generation Sequencing. 
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Gene/ Gene 
Cluster 

Function QST713 

Surfactin Biocontrol/biofilm formation  
 

Bacillomycin D Biocontrol  

Fengycin Biocontrol  

Putative peptide 
(nrsABCDEF) 

Biocontrol nrsE only 

Bacillibactin Biocontrol  

Bacilysin Biocontrol  

Macrolactin Biocontrol  

Bacillaene Biocontrol  

Difficidin Biocontrol  

epsA-O Biofilm Formation  

tasA Biofilm Formation  

bslA Biofilm Formation  

clpABCD Plant root colonisation and biofilm 
formation 

clpCD only 

RBAM00750 Plant root colonisation Partial match 

RBAM00751 Plant root colonisation  

RBAM00754 Plant root colonisation  

 

 

To determine how the commercial biocontrol strains relate to other B. amyloliquefaciens 

strains, a phylogenetic analysis was carried out with the three commercial biocontrol strains 

(GB03, MBI600 and QST713), two biocontrol strains previously investigated a the laboratory 

setting (CECT8237, CECT8238) (Magno-Perez et al. 2015), the 5 wild type B. 

amyloliquefaciens strains sequenced in this study and 20 other B. amyloliquefaciens and B. 

subtilis strains whose genomes were available on NCBI. Strains included in the analysis are 

outlined in Table 4.5 

 

Table 4.4: Features important for biocontrol, biofilm formation and plant root colonisation present in the 

QST713 genome.   indicates the presence of the relevant gene or gene cluster.  
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As described in Section 4.4, 16S rRNA has often been used for the investigation of 

phylogenetic relationships. However, there has been an increase in the recognition of 

misidentification of microbe species identity based on 16S rRNA methods (Magno-Perez et al. 

2015). The isolates CECT8237 and CECT8238 investigated in the laboratory for their 

promising biocontrol capabilities were initially identified as B. subtilis based on sequence 

homology of the 16S rRNA gene (Magno-Perez et al. 2015). However, more recent studies 

have identified these isolates as B. amyloliquefaciens (Magno-Perez et al. 2015). This study, 

and previous studies, have also identified the previously reported as B. subtilis biocontrol 

isolates GB03 and MBI600 as B. amyloliquefaciens (Choi et al. 2014). As such it was decided 

Strain Genome origin/ Accession 
number 

B. amyloliquefaciens CC178 CP006845 

B. amyloliquefaciens DSM7 FN597644 

B. amyloliquefaciens IT-45 CP004065 

B. amyloliquefaciens LFB112 CP006952 

B. amyloliquefaciens LL3 CP002634 

B. amyloliquefaciens TA208 CP002627 

B. amyloliquefaciens XH7 CP002927 

B. amyloliquefaciens Y2 CP003332 

B. amyloliquefaciens plantarum AS43.3 CP003838 

B. amyloliquefaciens plantarum CAU-B946 HE617159 

B. amyloliquefaciens plantarum FZB42 CP000560 

B. amyloliquefaciens plantarum NAU-B3 HG514499 

B. amyloliquefaciens plantarum UCMB5033 HG328253 

B. amyloliquefaciens plantarum UCMB5036 HF563562 

B. amyloliquefaciens plantarum UCMB5113 HG328254 

B. amyloliquefaciens plantarum YAU B9601-Y2 HE774679 

B. subtilis natto BEST195 AP011541 

B. subtilis BAB-1 CP004405 

B. subtilis RO-NN-1 CP002906 

B. subtilis 168 AL009126 

B. amyloliquefaciens GB03 Sequenced in this study 

B. amyloliquefaciens MBI600 Sequenced in this study 

B. amyloliquefaciens QST713 Sequenced in this study 

B. amyloliquefaciens 62/03 Sequenced in this study 

B.amyloliquefaciens 188/03 Sequenced in this study 

B.amyloliquefaciens B12 Sequenced in this study 

B. amyloliquefaciens CU8004(H) Sequenced in this study 

B.amyloliquefaciens H Sequenced in this study 

B. amyloliquefaciens CECT8237 (Magno-Pérez et al. 2015) 

B. amyloliquefaciens CECT8238 (Magno-Pérez  et al. 2015) 

Table 4.5: Genomes used in phylogenetic analysis of the commercial biocontrol strains GB03, 

MBI600 and QST713.  
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that a 16S rRNA based phylogenetic analysis would not be appropriate for investigating the 

phylogenetic relationships between the commercial biocontrol strains and other B. 

amyloliquefaciens and B. subtilis strains. Two different methods were therefore chosen for 

phylogenetic analysis. The first involved the extraction and concatenation of the gyrA, rpoB, 

dnaJ and recA genes from the genomes for multiple sequence alignment and subsequent 

phylogenetic tree construction. The second involved the extraction and concatenation of 11 

ribosomal protein sequences (L1, L2, L3, L4, L5, L6, L23, L24, L29, L30, S2, S4, S8, S13 and 

S16) for multiple sequence alignment and subsequent phylogenetic tree construction. The 

housekeeping genes gyrA, rpoB, dnaJ and recA, encoding DNA gyrase subunit A, RNA 

polymerase subunit β, molecular chaperone DnaJ, and DNA recombination and repair protein 

RecA, were chosen as they have previously been used for phylogenetic analysis of Bacillus 

strains (Mandic-Mulec et al. 2015; Stefanic et al. 2015). Ribosomal proteins were chosen as a 

new method for the tree of life was published recently based on the concatenation of 16 

ribosomal protein sequences from thousands of genomes (Hug et al. 2016). In this publication 

it was stated that the use of ribosomal protein sequences has advantages over traditional 16S 

rRNA generated phylogenetic trees as it yields a much higher resolution result. Additionally, 

the use of ribosomal protein sequences can help to avoid artefacts that can arise as a result of 

using genes with unrelated functions, subject to their own unique evolutionary pressures, for 

phylogenetic analysis (Hug et al. 2016). In light of this it was decided that, in addition to the 

concatenation of the gyrA, rpoB, dnaJ and recA genes, ribosomal protein sequences would also 

be extracted from the genomes for construction of an alternative phylogenetic tree. The two 

methods could then be compared. As the 30 genomes chosen for the phylogenetic analysis had 

very variable levels of annotation, some of the ribosomal proteins used in the tree of life method 

were unable to be found in every genome. As such 11 ribosomal proteins L1, L2, L3, L4, L5, 

L6, L23, L24, L29, L30, S2, S4, S8, S13 and S16 were chosen for the analysis as they could 

be easily extracted from each of the 30 genomes. Additionally, the majority of the genes are 

located in very close proximity on the B. subtilis chromosome as can be seen in Figure 4.8. 

Proteins from both the large and small subunit of the ribosome were chosen.  
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Figure 4.9 shows the phylogenetic tree generated from the multiple alignment of the 

concatenated gyrA-rpoB-dnaJ-recA sequences, and Figure 4.10 of the concatenated L1-L2-L3-

L4-L5-L6-L23-L24-L29-L30-S2-S4-S8-S13-S16 sequences from each of the strains 

highlighted in Table 4.5. 

Figure 4.8: Location of the genes required for the production of the ribosomal proteins used in the phylogenetic 

analysis of commercial biocontrol strains GB03, MBI600 and QST713. Stars represent the ribosomal proteins 

involved in the phylogenetic analysis. Numbers in the stars represent the ribosomal protein number. Circles 

surround the corresponding genes.  
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Figure 4.9: Phylogenetic analysis of the commercial biocontrol isolates GB03, MBI600 and QST713 using gyrA-rpoB-dnaJ-recA sequences. Multiple alignments were 

carried out in Jalview using Clustal with defaults and phylogenetic tree was generated in Jalview using the neighbour joining method with DNA. All strains with an asterisk 

were sequenced during this study.  
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Figure 4.10: Phylogenetic analysis of the commercial biocontrol isolates GB03, 

MBI600 and QST713 using  L1-L2-L3-L4-L5-L6- L23-L24-L29-L30-S2-S4-S8-S13-S16 

sequences. Multiple alignments were carried out in Jalview using Clustal with 

defaults and phylogenetic tree was generated in Jalview using the neighbour 

joining method with percentage identity. All strains with an asterisk were 

sequenced during this study.  
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In Figure 4.9 the commercial biocontrol isolates cluster very closely together and are seemingly 

incredibly closely related; particularly the GB03 and MBI600 strains. Interestingly, they appear 

to cluster closer to the industrial B. amyloliquefaciens isolates included in the analysis rather 

than near the CECT biocontrol strains (Magno-Perez et al. 2015) or the plant root associated 

B. amyloliquefaciens isolates as may have been expected.  The CECT8237 and CECT8238 

biocontrol strains cluster with the plant associated B. amyloliquefaciens strains included in this 

analysis. This is consistent with results observed previously for these strains (Magno-Perez et 

al. 2015). Given the observation that many biocontrol strains investigated in the laboratory fail 

to become useful and effective biocontrol agents in the field, it is interesting to observe the 

distance between the potential biocontrol strains CECT8237 and CECT8238 and the 

commercial biocontrol isolates in this tree. Looking at the evolutionary relationships between 

different strains and investigating the differences between successful commercial biocontrol 

isolates and failed potential biocontrol isolates could yield a greater insight into the 

characteristics required for a biocontrol agent to succeed in the field.  The 5 wild type B. 

amyloliquefaciens strains sequenced in this study appear to cluster closely to the industrial 

isolates and, interestingly, the commercial biocontrol strains. Wild type strains B. 

amyloliquefaciens 62-03 and, in particular, 188-03 appear to be closely related to the 

commercial biocontrol isolates. It is interesting to speculate that these strains may be effective 

biocontrol agents.   All of the B. subtilis strains included in the analysis clustered as a distinct 

outgroup, most distantly related to all of the other strains included in the analysis. This further 

illustrates that the commercial biocontrol isolates GB03, MBI600 and QST713 are B. 

amyloliquefaciens strains that have been incorrectly labelled as B. subtilis strains.  

 

In Figure 4.10, the commercial biocontrol isolates also appear to be closely related, clustering 

tightly together, again with GB03 and MBI600 appearing to be the most closely related. 

Interestingly, the commercial biocontrol isolates again appear to be more closely related to the 

industrial isolates included in the analysis than the CECT biocontrol strains or plant associated 

B. amyloliquefaciens strains. Once again, CECT8237 and CECT8238 cluster with the plant 

associated strains. This is consistent with both previously observed results for these strains, and 

with the gyrA-rpoB-dnaJ-recA tree generated in this study. Again the majority of the 5 wild 

type B. amyloliquefaciens strains included in the analysis appear to cluster more closely with 

the commercial biocontrol strains and the industrial isolates. Consistent with the gyrA-rpoB-

dnaJ-recA tree, strains 62-03 and 188-03 appear to be very closely related to the commercial 

biocontrol isolates, again making it tempting to investigate these strains for biocontrol 
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capabilities. Once again, all the B. subtilis strains included in this analysis clustered together 

as a distinct outgroup, most distantly related from all the other strains included in the analysis. 

While the two methods appeared to yield incredibly consistent results in terms of the overall 

clustering of groups of strains, there are some subtle differences in the clustering of strains 

using the ribosomal protein method when compared to the gyrA-rpoB-dnaJ-recA method. 

Notably, in this analysis two plant associated strains (Y2 and CC178) appear to be closely 

related to the commercial biocontrol isolates clustering with them instead of with the plant 

associated strains as observed in the gyrA-rpoB-dnaJ-recA tree. The identification of strain 

QST713 is not surprising given the classification of the GB03 and MBI600 strains. Thorough 

investigation of the literature found mention of QST713 as B. amyloliquefaciens however these 

papers did not go in to detail as to how that classification was made (Borriss et al. 2011; Debois 

et al. 2015). Despite these two papers the vast majority of the literature references the QST713 

strain as B. subtilis and it is still sold commercially as B. subtilis 

(http://www.cropscience.bayer.com/Products-and-Innovation/Brands/Fungicides.aspx). 

 

4.6 Biocontrol activity of B. subtilis wild type and tasA- mutant strains 

As all of the commercial biocontrol strains available in the laboratory are B. amyloliquefaciens 

and not B. subtilis, a pilot biocontrol experiment was set up using B. subtilis strains in the 

tomato plant system against the fungal pathogen B. cinerea until it could be determined whether 

there are any commercial B. subtilis strains that could be investigated. Tomato plants were 

treated with either wild type (NRS1473) or tasA- mutant (NRS3793) strains, both in the 

NCIB3610 strain background. The tasA- mutant strain was included as a control as it 

consistently displayed a severe reduction in biofilm formation on tomato plant roots in 

colonisation assays.  
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Figure 4.11 shows that from 48 to 72 hours the lesion diameters increase in all treatments as 

the disease symptoms progress. The strain of B. cinerea used in the expreriments is an 

aggressive strain that is responsible for causing disease that progresses very rapidly. The lesion 

diameters on leaves taken from plants treated with a water only soak are larger than those on 

leaves of plants treated with the B. subtilis wild type strain at any time point. This difference is 

statistically significant when analysed using the Mann-Whitney rank sum test (48 hours 

P=0.004; 72 hours P= 0.029). The lesion diameters on leaves taken from plants treated with a 

water only soak are slightly larger than those on plants treated with the B. subtilis tasA- mutant 

after 48 hours and much larger after 72 hours. The difference in lesion diameters between the 

tasA- mutant and the water soak after 48 hours is not significantly different when analysed 

using the Mann-Whitney rank sum test (P= 0.085). The difference in lesion diameters between 

the tasA- mutant and the water soak after 72 hours is significantly different when analysed 

using the Mann-Whitney rank sum test (P= <0.001). These results suggest that the wild type 

B. subtilis strain has a protective effect on tomato plants. As the infection assay with B. cinerea 

was a detatched leaf assay and the B. subtilis strain never comes into physical contact with the 

pathogen B. cinerea, the strain must provide protection to the plant by inducing systemic 

Figure 4.11: B. cinerea infection of tomato plants treated with wild type or tasA- mutant B. subtilis strains. 

Average lesion diameters are shown for plants treated with either wild type or tasA- B. subtilis strains or water 

soak only. Blue bars represent lesion diameters from plants inoculated with wild type B. subtilis prior to 

infection with B. cinerea. Red bars represent lesion diameters from plants inoculated with tasA- mutant B. 

subtilis prior to infection with B. cinerea. Green bars represent lesion diameters from plants treated with a 

water soak only prior to infection with B. cinerea. Lesion diameters were measured 48 hours post infection 

(hpi) and 72 hpi for all treatments. Error bars represent standard error of the mean. * indicates a statistically 

significant difference (P<0.01). **indicates a statistically significant difference (P<0.01). *** indicates a 

statistically significant difference (P<0.001). Statistics were calculated using the Mann-Whitney rank sum test. 
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resistance in the plant, an ability for which B. subtilis strains have long been noted (Choudhary 

and Johri 2009). Results on the protective effects of the tasA- mutant strain were not as clear 

cut. Previous results have suggested that TasA is required for biocontrol by B. subtilis and that 

tasA- mutant strains are less effective at controlling infection by plant pathogens (Chen et al. 

2013). The results 48 hours post infection with B. cinerea are consistent with this as there is no 

significant difference in lesion diameter between leaves of plants treated with the tasA- strain 

and the water soak treated plants. This would suggest that TasA is required for the protective 

effects of the wild type strain. However, lesion diameters on the leaves of plants treated with 

the tasA- strain were significantly smaller than those of plants treated with water soak only at 

72 hours. These results would suggest that the tasA- mutant strain also exerts a protective effect 

on plants. Collectively the results suggest that the B. subtilis wild type strain is able to provide 

protection to the tomato plant from infection with B. cinerea. This is consistent with previous 

results (Bais et al. 2004; Chen et al. 2013). As the pilot experiment was successful, it should 

be possible to investigate the biocontrol capabilities of the bslA- mutant strain NRS3812 in this 

system. Additionally, if a commercial B. subtilis biocontrol strain could be identified and a 

bslA mutation introduced into the strain this system could then be used to determine whether 

BslA is required for biocontrol in the commercial isolate. Additionally, if a commercial B. 

subtilis strain could not be identified, a bslA mutation could be introduced into one of the 

commercial B. amyloliquefaciens strains (GB03, MBI600 or QST713) and the role of BslA in 

biocontrol in the widely used commercial strains assessed.  
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5. Conclusions and 

future work 
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Determining the role of BslA in plant-associated biofilm formation 

The results from Chapter 3 suggest that BslA is not involved in the initial colonisation of tomato 

plant roots but that BslA may play a role in persistence of the biofilm on the root over time. 

Complementation colonisation assays suggested this phenotype could be recovered by 

heterologous expression of bslA at a non-essential locus of the B. subtilis chromosome. 

Complementation with an L77K variant form of BslA was not as clear. Whilst visually 

comparable levels of colonisation could be observed between the wild type and the L77K 

complement strain, the difference between the bslA- mutant and the L77K complement strain 

was not statistically significant. While it is possible that the L77K variant of BslA is less 

efficient at complementing the bslA- defect, suggesting that, as in the laboratory, the L77 

residue is important for BslA function, further work would be required to determine if this is a 

genuine phenotype or a consequence of variation in the samples tested.  Complementation with 

an AxA variant form of BslA appeared to be much more efficient at colonising plant roots than 

the wild type strain. As the AxA substitution results in wild type biofilms in the laboratory that 

lack hydrophobicity, it is possible that the lack of hydrophobicity of the variant BslA protein 

conferred an advantage in the colonisation of plant roots. However there were issues with the 

level of colonisation by the wild type strain in these studies and further investigation is required 

to confirm these results. BslA appears to be produced in the plant associated biofilm only at 

very low levels after 24 and 48 hours and the levels of BslA appear to increase greatly after 72 

and 96 hours. These results would suggest that the lack of difference in levels of colonisation 

of plants inoculated with wild type and bslA- mutant strains after 24 and 48 hours may be as a 

result of BslA not being produced in large enough quantities to impact biofilm formation at 

this time point. Interestingly BslA appears to be secreted into the media in the plant system and 

does not appear to remain associated with the cells. However due to issues with Western 

blotting the absence of BslA associated with cells from the plant system is uncertain and it may 

be that further investigation determines that BslA is present in both the cell and media fractions. 

This would be consistent with what was observed for BslA localisation in the laboratory by 

pellicle fractionation. An involvement for BslA in biofilm formation in the plant-associated 

system would not be surprising given the importance of BslA for biofilm formation in the 

laboratory. Further investigations could look to elucidate where BslA is located in the plant 

related biofilm on plant roots by microscopy to determine if it is associated with the root or 

forming a protective layer over the surface of the biofilm as in colonies grown in the laboratory. 

The localisation of BslA in plant may provide clues as to the role BslA is playing in the plant 
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associated biofilm. Additionally, whole root transcriptomics could be carried out in the 

presence of a wild type and a bslA- mutant biofilm to determine what effects, if any, BslA has 

on gene transcription in the plant.  

Determining the role of BslA in biocontrol  

The initial aims of Chapter 4 were to determine the role of BslA in biocontrol by a commercial 

B. subtilis strain. However, sequencing of three major commercial reportedly B. subtilis strains, 

resulted in the re-identification of each of these strains as B. amyloliquefaciens. These results, 

combined with the reclassification of laboratory biocontrol isolates CECT8237 and CECT8238 

as B. amyloliquefaciens suggest that the misidentification of B. amyloliquefaciens strains as B. 

subtilis is a common problem. Additionally, this raises the question of whether there are any 

truly B. subtilis commercial isolates. Other than the 3 strains investigated in this study, there 

are other strains sold commercially as B. subtilis, such as those mentioned briefly in Section 

1.4.7. It would be interesting, therefore, to test these strains to determine whether they are B. 

subtilis or B. amyloliquefaciens. Analysis of biocontrol clusters in strains GB03, MBI600 and 

QST713 found some interesting differences between these strains and the plant-associated B. 

amyloliquefaciens reference strain FZB42. Phylogenetic analysis found these strains were 

relatively distantly related to the model plant-associated biocontrol strain FZB42 and to two 

different B. amyloliquefaciens biocontrol strains CECT8237 and CECT8238. Interestingly, the 

commercial biocontrol isolates appeared to be more closely related to industrial isolates of B. 

amyloliquefaciens. Preliminary biocontrol experiments confirmed that B. subtilis strains 

exhibited biocontrol activities against the tomato plant fungal pathogen B. cinerea and 

suggested this system would be a suitable set up to investigate the potential role of BslA in 

biocontrol. Future investigations could look at the role of BslA in the B. subtilis strains used in 

this study for biocontrol. Furthermore if a B. subtilis commercial isolate was identified, a bslA 

mutation could be introduced and the impact of bslA deletion on biocontrol assessed. If there 

are no B. subtilis commercial biocontrol strains, a bslA deletion could be introduced into one 

of the commercial B. amyloliquefaciens strains or the bslA gene of the commercial biocontrol 

strains could be used to complement a B. subtilis bslA mutant. All three of the commercial 

biocontrol isolates had the bslA gene and produced complex hydrophobic colonies in the 

laboratory, indicative of the production and presence of BslA. Any role determined for BslA 

in this system would be incredibly relevant as the strains are actively used in the field to protect 

from plant diseases. Interestingly of the 5 wild type B. amyloliquefaciens strains sequenced, 

they all had a bslA gene suggesting that BslA may be important in an environmental setting. 
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Further experiments could include PCR amplification from environmental samples taken from 

the root environment to search for the bslA gene and determine how widespread bslA is in 

nature. There is precedence for the involvement of BslA in biocontrol. In the laboratory, BslA 

forms a hydrophobic coat that provides protection to the biofilm from various external insults. 

It may be feasible that BslA is providing a similar protective role for the plant. Additionally, 

small hydrophobin-like proteins such as SM1, produced by strains of T. virens, are capable of 

inducing plant systemic resistances (Djonovic et al. 2006). It may be that BslA plays a similar 

role in eliciting plant immune responses in the presence of B. subtilis biofilms.  
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Initially, the genbank IDs of the genomes of interest were stored in a vector as follows: 

 

strains <- c("CP006845", "FN597644","CP004065","CP006952","CP002634","CP002627","CP002927", 

             "CP003332","CP003838","HE617159","CP000560","HG514499","HG328253","HF563562", 

             "HG328254","HE774679","AP011541","CP004405","CP002906","AL009126”) 

 

The reutils package could then be used to search and download data on these genomes from NCBI. A 

table summary was displayed for each genome to confirm the correct genome was accessed as 

follows: 

 

ids <- reutils::esearch(strains[1])  

esum <- reutils::esummary  

results <- reutils::content(esum,"parsed") 

results 

 

The full genbank file could then be downloaded and saved for each genome as follows: 

 

dirGB <- "D:/genbank/" 

dir.create(dirGB,showWarn=F) 

id <- strains[[1]] 

write(reutils::content(reutils::efetch(reutils::esearch(id),rettype="gb",retmode="text"), 

                       as="text"), file=paste0(dirGB,id,".gb")) 

 

The numbers in the codes above refer to the position in the genbank ID list above. This process was 

repeated for each genome, 1-20 to save each of the genomes of interest. The genoPlotR package 

could then be used to load the information from saved genbank files into R Studio for searching as 

follows: 
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dirGB <- "D:/genbank/" 

id <- strains[[1]] 

ft <- genoPlotR::read_dna_seg_from_genbank(paste0(dirGB,id,".gb")) 

head(ft) 

 

The code above loads the saved genbank file into R Studio and displays a table of the top annotated 

features in the genome. Again, the number in the code refers to the position in the genbank ID list 

above. After loading a genome, it could then be searched for genes or proteins of interest using the 

which command. 

 

To search for the ribosomal proteins L1, L2, L3, L4, L5, L6, L23, L24, L29, L30, S2, S4, S8, S13 and S16, 

the following code was used: 

 

ft[which(grepl("ribosomal protein",ft$product)),] 

 

This code was used to search for any annotation with the term ‘ribosomal protein’ in the genbank file 

loaded into R Studio above. The protein ids of the ribosomal proteins of interest could then be 

recorded (Appendix B). This process was repeated for each of the 20 genomes. 

 

To search for the gyrA, rpoB, dnaJ and recA genes, the following code was used: 

 

genes <- list(gyra=c("gyra","gyrase","subunit"), 

              rpob=c("rpob","dna[-]directed","rna","polymerase","subunit","beta"), 

              dnaj=c("dnaJ","chaperone","protein"),  

              reca=c("protein","reca", "recombinase")) 

 

resList <- lapply(genes, function(gene){ 

  res<-table(unlist(lapply(gene,function(term) which(grepl(term,tolower(ft$product)))))) 

  if(max(res)>1){ 

    ft[names(res[which(res==max(res))]),] 
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  } 

}) 

resList 

 

This code brings up a table of all the matches for the annotation search criteria listed above for each 

of the four genes. The synonym code for each gene of interest could then be recorded (Appendix B).   

 

 

The jsonlite package could then be used to download DNA sequences from ENSEMBL using the 

synonym codes obtained for the genes of interest above as follows:  

 

require(jsonlite) 

res <- fromJSON("http://rest.ensemblgenomes.org/sequence/id/U471_00070?type=cdna") 

seq <- Biostrings::DNAStringSet(res$seq) 

names(seq) <- paste0(names(genes)[1],"_",id) 

seq 

 

This code downloads and displays the DNA sequence of the gene of interest. The synonym code for 

each gene was written in the underlined section. The number in the code refers to the position in the 

gene list above. The DNA sequence could then be saved as a fasta file as follows: 

 

Biostrings::writeXStringSet(seq,paste0(dirGB,names(genes)[1],"_",id,".fa")) 

 

This process was repeated for each of the four genes in each of the 20 genomes.  
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Genome 
Accession 
Number 

gyrA rpoB dnaJ recA 

CP006845 U471_00070 U471_01150 U471_24580 U471_17180 

FN597644 BAMF_0007 BAMF_0107 BAMF_2443 BAMF_1766 

CP004065 KSO_019375 KSO_018865 KSO_007505 KSO_010960 

CP006952 U722_00035 U722_00670 U722_12895 U722_08870 

CP002634 LL3_00007 LL3_00110 LL3_02741 LL3_01853 

CP002627 BAMTA208_00035 BAMTA208_00540 BAMTA208_13060 BAMTA208_08670 

CP002927 BAXH7_00007 BAXH7_00114 BAXH7_02667 BAXH7_01768 

CP003332 MUS_0008 MUS_0118 MUS_2841 MUS_1849 

CP003838 B938_00035 B938_00550 B938_12270 B938_08700 

HE617159 BACAU_0007 BACAU_0107 BACAU_2388 BACAU_1649 

CP000560 RBAM_000070 RBAM_001320 RBAM_023760 RBAM_016780 

HG514499 BAPNAU_0007 BAPNAU_0106 BAPNAU_1205(J1)  BAPNAU_2073 

HG328253 RBAU_0008 RBAU_0114 RBAU_2510 RBAU_1655 

HF563562 BAM5036_0008 BAM5036_0110 BAM5036_2296 BAM5036_1615 

HG328254 BASU_0008 BASU_0112 BASU_2299 BASU_1634 

HE774679 BANAU_0007 BANAU_0106 BANAU_2526 BANAU_1649 

AP011541 BSNT_00008 BSNT_06397 BSNT_08990 BSNT_08207 

CP004405 I653_00035 I653_00540 I653_12250 I653_08690 

CP002906 I33_0007 I33_0137 I33_2630 I33_1880 

AL009126 BSU00070 BSU01070 BSU25460 BSU16940 

Table B1: Synonym codes for the gyrA, rpoB, dnaJ and recA genes. Synonym codes were 

obtained for each gene from each of the 20 genomes using R, as outlined in Appendix A.   
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Ribosomal Proteins 

Genome 
Accession 
Number 

L1 L2 L3 L4 L5 L6 L23 L24 L29 L30 S2 S4 S8 S13 S16 

CP006845 AGZ5
4827
.1 

AGZ54
842.1 

AGZ54
839.1 

AGZ54
840.1 

AGZ54
847.1 

AGZ54
849.1 

AGZ54
841.1 

AGZ54
846.1 

AGZ54
844.1 

AGZ54
852.1 

AGZ56
376.1 

AGZ57
465.1 

AGZ54
848.1 

AGZ54
859.1 

AGZ56
324.1 

FN597644 CBI4
1229
.1 

CBI412
45.1 

CBI412
42.1 

CBI41
243.1 

CBI412
54.1 

CBI412
57.1 

CBI412
44.1 

CBI412
53.1 

CBI412
50.1 

CBI412
60.1 

CBI428
47.1 

CBI438
84.1 

CBI412
56.1 

CBI412
67.1 

CBI427
96.1 

CP004065 AGF2
9257
.1 

AGF29
241.1 

AGF29
244.1 

AGF29
243.1 

AGF29
232.1 

AGF29
229.1 

AGF29
242.1 

AGF29
233.1 

AGF29
236.1 

AGF29
226.1 

AGF27
728.1 

AGF26
642.1 

AGF29
230.1 

AGF29
219.1 

AGF27
780.1 

CP006952 AHC
4071
2.1 

AHC40
728.1 

AHC40
725.1 

AHC4
0726.
1 

AHC40
737.1 

AHC40
740.1 

AHC40
727.1 

AHC40
736.1 

AHC40
733.1 

AHC40
743.1 

AHC42
179.1 

AHC43
259.1 

AHC40
739.1 

AHC40
750.1 

AHC42
128.1 

CP002634 AEB6
1661
.1 

AEB61
676.1 

AEB61
673.1 

AEB61
674.1 

AEB61
683.1 

AEB61
686.1 

AEB61
675.1 

AEB61
682.1 

AEB61
680.1 

AEB61
689.1 

AEB63
349.1 

AEB64
577.1 

AEB61
685.1 

AEB61
695.1 

AEB63
298.1 

CP002627 AEB2
2296
.1 

AEB22
312.1 

AEB22
309.1 

AEB22
310.1 

AEB22
321.1 

AEB22
324.1 

AEB22
311.1 

AEB22
320.1 

AEB22
317.1 

AEB22
327.1 

AEB23
948.1 

AEB25
068.1 

AEB22
323.1 

AEB22
334.1 

AEB23
998.1 

CP002927 AEK8
7262
.1 

AEK87
277.1 

AEK87
274.1 

AEK87
275.1 

AEK87
284.1 

AEK87
286.1 

AEK87
276.1 

AEK87
283.1 

AEK87
281.1 

AEK87
289.1 

AEK88
944.1 

AEK90
099.1 

AEK87
285.1 

AEK87
295.1 

AEK88
995.1 

CP003332 AFJ6
0202
.1 

AFJ602
18.1 

AFJ602
14.1 

AFJ60
216.1 

AFJ602
24.1 

AFJ602
26.1 

AFJ602
17.1 

AFJ602
23.1 

AFJ602
21.1 

AFJ602
29.1 

AFJ618
02.1 

AFJ631
23.1 

AFJ602
25.1 

AFJ602
34.1 

AFJ617
49.1 

CP003838 AFZ8
9151
.1 

AFZ89
167.1 

AFZ89
164.1 

AFZ89
165.1 

AFZ89
176.1 

AFZ89
179.1 

AFZ89
166.1 

AFZ89
175.1 

AFZ89
172.1 

AFZ89
182.1 

AFZ90
717.1 

AFZ91
763.1 

AFZ89
178.1 

AFZ89
189.1 

AFZ90
664.1 
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HE617159 CCF0
3637
.1 

CCF03
653.1 

CCF03
650.1 

CCF03
651.1 

CCF03
662.1 

CCF03
665.1 

CCF03
652.1 

CCF03
661.1 

CCF03
658.1 

CCF03
668.1 

CCF05
138.1 

CCF06
211.1 

CCF03
664.1 

CCF03
675.1 

CCF05
087.1 

CP000560 ABS7
2550
.1 

ABS72
567.1 

ABS72
564.1 

ABS72
565.1 

ABS72
576.1 

ABS72
579.1 

ABS72
566.1 

ABS72
575.1 

ABS72
572.1 

ABS72
582.1 

ABS73
996.1 

ABS75
017.1 

ABS72
578.1 

ABS72
589.1 

ABS73
945.1 

HG51449
9 

CDH
9388
3.1 

CDH93
899.1 

CDH93
896.1 

CDH9
3897.
1 

CDH93
908.1 

CDH93
911.1 

CDH93
898.1 

CDH93
907.1 

CDH93
904.1 

CDH93
914.1 

CDH95
898.1 

CDH94
671.1 

CDH93
910.1 

CDH93
921.1 

CDH95
949.1 

HG32825
3 

CDG
2809
2.1 

CDG28
108.1 

CDG28
105.1 

CDG2
8106.
1 

CDG28
117.1 

CDG28
119.1 

CDG28
107.1 

CDG28
116.1 

CDG28
113.1 

CDG28
122.1 

CDG29
578.1 

CDG30
767.1 

CDG28
118.1 

CDG28
129.1 

CDG29
526.1 

HF563562 CCP2
0175
.1 

CCP20
191.1 

CCP20
188.1 

CCP20
189.1 

CCP20
200.1 

CCP20
202.1 

CCP20
190.1 

CCP20
199.1 

CCP20
196.1 

CCP20
205.1 

CCP21
614.1 

CCP22
630.1 

CCP20
201.1 

CCP20
211.1 

CCP21
563.1 

HG32825
4 

CDG
2441
9.1 

CDG24
435.1 

CDG24
432.1 

CDG2
4433.
1 

CDG24
444.1 

CDG24
446.1 

CDG24
434.1 

CDG24
443.1 

CDG24
440.1 

CDG24
449.1 

CDG25
883.1 

CDG26
897.1 

CDG24
445.1 

CDG24
455.1 

CDG25
832.1 

HE774679 CCG
4812
4.1 

CCG48
140.1 

CCG48
137.1 

CCG48
138.1 

CCG48
149.1 

CCG48
152.1 

CCG48
139.1 

CCG48
148.1 

CCG48
145.1 

CCG48
155.1 

CCG49
624.1 

CCG50
898.1 

CCG48
151.1 

CCG48
162.1 

CCG49
573.1 

AP011541 BAI8
3550
.1 

BAI83
567.1 

BAI83
564.1 

BAI83
565.1 

BAI835
75.1 

BAI835
78.2 

BAI835
66.1 

BAI835
74.1 

BAI835
71.2 

BAI856
18.1 

BAI852
79.1 

BAI864
72.1 

BAI835
77.2 

BAI835
88.1 

BAI852
25.2 

CP004405 AGI2
7375
.1 

AGI27
391.1 

AGI27
388.1 

AGI27
389.1 

AGI274
00.1 

AGI27
403.1 

AGI27
390.1 

AGI27
399.1 

AGI27
396.1 

AGI27
406.1 

AGI28
951.1 

AGI30
086.1 

AGI27
402.1 

AGI27
414.1 

AGI28
900.1 

CP002906 AEP8
9174
.1 

AEP89
190.1 

AEP89
187.1 

AEP89
188.1 

AEP89
197.1 

AEP89
200.1 

AEP89
189.1 

AEP89
196.1 

AEP89
194.1 

AEP89
203.1 

AEP90
802.1 

AEP91
962.1 

AEP89
199.1 

AEP89
210.1 

AEP90
751.1 

AL009126 CAB1
1879
.2 

CAB11
895.2 

CAB11
892.1 

CAB11
893.1 

CAB11
904.1 

CAB11
907.1 

CAB11
894.2 

CAB11
903.1 

CAB11
900.1 

CAB11
910.1 

CAB13
522.1 

CAB14
944.1 

CAB11
906.2 

CAB11
917.2 

CAB13
472.1 

Table B2: Protein ID codes for the ribosomal proteins. Protein ID codes were obtained for each of the ribosomal proteins 

(L1,L2,L3,L4,L5,L6,L23,L24,L29,L30,S2,S4,S8,S13,S16) from each of the 20 genomes using R, as outlined in Appendix A.   
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