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Abstract 

Biofilms are defined as multicellular communities encased by a self-produced 

extracellular matrix. It is now well understood that most bacteria found in natural, 

clinical and industrial settings preferentially attach to surfaces or adhere to each other to 

grow as biofilms, causing serious problems due to their tolerance to conventional 

antibiotics. Previous studies have shown that low dose nitric oxide (NO) can trigger 

Pseudomonas aeruginosa biofilm dispersal by modulating the level of the intracellular 

secondary messenger cyclic dimeric guanosine monophosphate (c-di-GMP). 

Diguanylate cyclase (GGDEF motif) and phosphodiesterase (EAL/HD-GYP motif) 

activities are responsible for the synthesis and hydrolysis of c-di-GMP, respectively. 

Various sensor domains have been found to link environmental cues to modulation of 

GGDEF and EAL/HD-GYP activities, of which PAS and MHYT domains were of 

our interest due to their potentials to bind NO. In P. aeruginosa PAO1, a total 

of 14 proteins containing either PAS-DGC+/PDE or MHYT-DGC+/PDE were thought 

to be responsible for the NO-induced biofilm dispersal and were selected as our targets 

for investigation of their relationships between NO responses and biofilm phenotypes.  

To investigate the response of P. aeruginosa biofilms to NO, a range of NO donors were 

first tested for their efficacies, of which 250µM Spermine NONOate (S150) showed 

outstanding results in dispersing ~60% batch cultured PAO1 biofilms within only 2 hrs. 

S150 was further applied to some cystic fibrosis P. aeruginosa clinical isolates (CF PA) 

biofilms in vitro. The results showed it successfully triggered the dispersal of surface-

attached biofilms formed by 14 out of 17 CF PA strains tested, implying its potential for 

wide applications in clinical settings. However, S150 failed to disperse the non-attached 

cell aggregates formed by 4 CF PA in aqueous medium, suggesting a different 

mechanism might exist for clinical isolates to defend the drugs that requires much more 

attention. In order to facilitate future studies, a quantifying index, Concentration 

Coefficient, was proposed to evaluate the degree of cell aggregation by simply using 

one stacked CLSM image for a certain planktonic culture. This index may become 

widely applied for researchers to compare the cell aggregates more easily and accurately.  

For mechanism studies, gene deletion was applied to 14 candidates for phenotypic 

analysis of mutants. An efficient gene knockout technique that minimizes cloning steps 

was developed and allowed for rapid generation of mutants. Phenotypic assays for 14 
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mutants suggested that PA0861 (RbdA) and PA5017 (DipA) play central roles in P. 

aeruginosa PAO1 for reducing intracellular c-di-GMP levels, enhancing swarming 

motility and triggering biofilm dispersal in response to NO. PA0847 and PA4601 

(MorA) are involved in the regulation of biofilm dispersal and swarming/swimming 

motility, which were suspected to come from localized c-di-GMP pools due to their 

altered motility phenotypes without changes in intracellular levels. PA0285 and PA4959 

(FimX) are responsible for both twitching and swimming motility, which contribute 

greatly to the 3D structures of the biofilms formed. Deleting either of these two proteins 

led to much enhanced biofilm dispersal upon NO treatment, providing insight that the 

deficiency in both Type IV pili and flagella functions may facilitate the elimination of 

P. aeruginosa biofilms.  

In summary, evaluation of a broad range of commercially available NO donors showed 

that S150 was the most effective in dispersing laboratory and clinical P. aeruginosa 

strains in our experimental system. By using S150 and gene-deleted mutants, our 

research suggested several models whereby different proteins may be responsible for 

either coarse-tuning on intracellular c-di-GMP pools or fine-tuning on localized ones in 

response to NO, which collaboratively regulate the motility and biofilm dispersal in 

PAO1. This work has enhanced our understanding of the NO-c-di-GMP-swarming-

dispersal pathway and its regulators in PAO1, shedding light on NO signaling 

mechanisms and providing potential new targets for therapeutic drug design.   
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Chapter 1 - Introduction 

For centuries, microbiologists studied microbial cells only in their planktonic state or 

grown on nutrient agars in laboratories. It was not until 1977 when Harremoës first used 

the word “biofilm” in his publication1. Biofilms can be defined as multicellular 

communities encased in a self-produced extracellular matrix and attached to the 

surfaces2,3. With increasing research on free-swimming cells and biofilm-state cells 

developed, it is now widely understood that most of the bacteria found in natural, 

clinical, and industrial settings, and which cause serious human or medical device-

related infection and water contamination, preferentially attach to surfaces3,4. These 

findings have led to intensive research to identify the mechanisms underlying this 

growth mode, particularly after it was found that they play an important role in tolerance 

towards antimicrobial compounds. In addition, biofilms can provide a heterogenetic 

microenvironment that significantly alters gene and protein expression and phenotypes, 

resulting in strong tolerance to antibiotics mainly due to the existence of persister cells5,6. 

As a consequence, unveiling the knowledge of biofilms should be deemed as urgent as 

discovering new antibiotics. 

Roughly, biofilm development can be separated into five steps: (i) reversible attachment, 

(ii) irreversible attachment, (iii) maturation-1, (iv) maturation-2, and(v) dispersal7, 

among which dispersal is the least understood8. Dispersal is an indispensable stage of 

the biofilm life cycle in which cells return to a planktonic state from biofilm mode 

leading to biological dispersal, bacterial survival, and the spread of diseases8. Such a 

coordinated manner involves many complex regulatory pathways and thus dispersal 

becomes a promising area of research which helps us find out novel ways for inhibition 

and treatment of biofilms in clinical or environmental settings8. 

Although still not fully understood, increasing numbers of studies on biofilm dispersal 

have been published8. One novel strategy for triggering biofilm dispersal involves nitric 

oxide (NO)9, but the mechanism behind this needs further studies. This review aims to 

present some fundamental aspects of biofilm biology, particularly Pseudomonas 

aeruginosa which is extensively used as a model microorganism in biofilm research. 

Their regulatory pathways serve as the basis for dispersal mechanism studies as well as 

the progress in NO-mediated dispersal research. Elucidation of dispersal mechanisms 
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will be of benefits in controlling biofilm and developing new biofilm removal 

techniques. 

1.1 Introduction to biofilm biology 

1.1.1 Extracellular polymeric substance (EPS) of biofilms 

One of the most distinct character differences between biofilm and planktonic cells is 

that biofilms are encased in a complex matrix (as shown in Fig 1.1.1) called extracellular 

polymeric substance (EPS). EPS is estimated to contain up to 97% water, as well as 

polysaccharides, proteins, eDNA, surfactants, lipids, some ions and other accessory 

matrix components. The matrix components of a single biofilm may vary spatially and 

temporarily in response to environmental changes or due to the growth and metabolism 

of the cells inside, while the matrix of different bacteria strains have various 

components. Generally, one or two of the components reach their maximum amounts in 

the biofilm matrix at a specific stage during biofilm development in combination with 

supplemental functions from other components10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.1.1 Typical complex structure of microcolonies in the mature biofilm with an extracellular polymeric 

substances (EPS) matrix composed of polysaccharides, extracellular DNA (eDNA), proteins, fatty acids 

etc. 

 

Although it is extremely hard to provide a complete biochemical profile of most EPS 

samples, especially for carbohydrates due to the diversity in sugar monomers, linkages, 
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and unique structures, we still have some general ideas of the most frequently seen 

components within the majority of biofilm EPS concluded as follows: 

Components Roles involved in biofilms 

 

 

 

 

 

Exopolysaccharides 

a. Adhesion (Initial and long term attachment) 

b. Cell Aggregation (Increase cell density and cell-cell 

signalling) 

c. Biofilm Cohesion (Determine biofilm structure and 

maintain its stability, create hydrated cell-cell interaction 

network, accumulate enzymes and nutrients) 

d. Retention of water (Create a highly hydrated 

microenviroment beneficial for bacteria growth) 

e. Protective barrier (Provide strong tolerance to antibiotics 

and host defences) 

f. Nutrient source (Polysaccharides themselves can be used 

as nutrients and can absorb nutrients from surroundings) 

 

 

 

 

 

 

Proteins 

(1) Adhesion (Binding polysaccharides, facilitate cell–matrix 

or cell–cell interactions) 

(2) Cell Aggregation (Increase cell density and cell-cell 

signalling) 

(3) Biofilm Cohesion (Mediating the mechanical stability of 

biofilms together with polysaccharides) 

(4) Protective barrier (Provide strong tolerance to antibiotics 

and host defences) 

(5) Enzymatic activity (Digestion of exogenous 

macromolecules as nutrient and degrade EPS to release 

cells) 

(6) Structural proteins (cell surface-associated and 

extracellular carbonhydrate-binding proteins) 

 

 

Extracellular DNA 

(eDNA) 

a. Biofilm Cohesion (Influence on the structure of biofilm 

EPS) 

b. Adhesion (Used as adhesin) 

c. Gene exchange (Horizontal gene transfer) 

d. Antimicrobial activities (Contribute to inducible antibiotic 

tolerence) 

 

Lipids Cell components export (Phospholipids) 

Lipopolysaccharides (Crucial for the attachment of some 

strains) 

Biosurfactants (Influence microcolonies formation and biofilm 

structures) 
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Membrane Vesicles 

(MV) 

Cell components export (Send enzymes and nucleic acids into 

the depth of the EPS matrix as “parcel”) 

 

Flagella, pili and 

fimbriae 

Initial attachment (Mediate chemotaxis to enable planktonic 

cells to swim towards nutrients/signals, mediate motility to 

enable bacteria to reach and spread along the surface) 

Dead cells----cell 

detritus 

May have influence on matrix 

 

Table 1.1.1 Main components of EPS and their functions (Adapted from The biofilm matrix11) 

1.1.2. Life cycle of biofilm 

According to a relatively refined division, the development of biofilm goes through 5 

stages (Fig 1.1.2)7,12: 

Stage 1-Initial attachment to the surface 

This step happens when bacteria swim close enough to the surfaces under the control of 

flagella to allow initial attachment. Forces that mediate this non-specific attachment 

include Lifshitz-van der Waals, Lewis acid-base, electrostatic forces and hydrophobic 

interactions8,13. At the end of this stage, cells can be easily removed by fluid shear 

forces13. 

Stage 2- Irreversible attachment to the surface 

After initial attachment, the interaction between cells and substratum transits from a 

weak binding to a strong one. Cell clusters commence their development by using 

pili/fimbriae-mediated motility to propel the locomotion12 as well as producing 

extracellular polysaccharides matrix (involving large amount of enzymes) and adhesins 

located at the surface of the bacterial cells8,13. At the end of this stage, the matrix firmly 

attaches the bacterial mass to the surface and much stronger physical or chemical forces 

are demanded to remove the cells13. 

Stage 3-Early development of biofilm structure (maturation-1) 

The irreversibly attached bacterial cells grow and divide by using the nutrients present 

in the matrix and fluid environment, which leads to the formation of microcolonies that 

can enlarge to form a layer of cell clusters encased inside the EPS covering the 

surface7,14. This stage can be seen as the transition between initial attachment and 
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ultimate mature biofilm structure since biofilm development is an adaptive process 

governed by massive regulatory pathways. Therefore, many experts also put this and 

following maturation-2 stage together as the maturation stage. 

Stage 4- Maturation of biofilm architecture (maturation-2) 

At this stage, biofilms reach their maximum thickness, resulting in the generation of 

complex architecture, channels for nutrients exchange and a redistribution of bacteria 

inside the matrix12. Coordinated differentiation and heteromorphy of cell subpopulation 

also happens during maturation, because different locations of biofilm matrix undergo 

different microenvironment created by cellular juxtapositions during the earliest stages 

of  biofilm formation15. Different cells respond to their specific microenvironmental 

conditions with different phenotypes or growth patterns15. Proteomic analyses and DNA 

microarray techniques have demonstrated that hundreds of proteins and biofilm-related 

genes have different expression levels between biofilm mode and planktonic 

mode7,16,17,18. Under these conditions, a mature biofilm with complicated structure 

gradually develops. 

Stage 5- Dispersal 

At this stage, biofilms release cells to the surrounding for the creation of another biofilm 

formation cycle at a new site8. The result is that the cells originally embedded in the 

matrix revert to the planktonic mode. After dispersal, cells can go on immigrating to the 

new niches and attaching to the new substrates, thus commencing another life cycle8. 

The forces that trigger dispersal can be roughly divided into two classes: (i) internal 

forces initiated by bacteria themselves (active) and (ii) external forces trigger dispersal 

(passive)8. Generally, there are three modes of dispersal recognized so far: (i) Erosion, 

referring to single cells or small clusters of cells continuously releasing from the matrix 

during the whole biofilm formation procedure8; (ii) Sloughing, referring to large 

portions of biofilm suddenly detaching during the later stages19,20 (iii) Seeding dispersal 

(central hollowing), referring to massive single cells or small cell clusters rapidly 

releasing from hollow cavities located inside the biofilm21,22. 
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Fig 1.1.2 Five stages of P. aeruginosa biofilm development: (1) Initial attachment, (2) Irreversible 

attachment, (3) Maturation-1, (4) Maturation-2, and (5) Dispersal 

 

1.1.3. Physiological heterogeneity in biofilm formation 

During the five stages of biofilm formation and dispersal, certain bacteria undergo 

physiological adaptation and express different phenotypes compared to planktonic 

forms. Studies have shown that the differences include extracellular polymeric 

substance production, extracellular organelle production and sometimes distinct cell 

morphology result from different gene/protein expression or post-translational 

modification of various enzymes6. Due to the diffusional processes and cell metabolism 

which cause concentration gradients of nutrients, signalling molecules and bacteria 

waste inside biofilm systems6, bacteria apply structural, chemical and biological 

heterogeneity in order to adapt to these various chemical conditions (Fig 1.1.3). As a 

result, cells in biofilm are not only distinct from planktonic cells, but also different from 

each other both spatially and temporally6. The best studied chemical heterogeneity 

include oxygen and nutrients concentration which decrease gradually from biofilm 

exterior to interior23,24, while on the contrary the metabolic products increase with depth 

into the biofilm6. Moreover, in multispecies biofilm, the waste products from certain 

species can be used as substrate for another species, leading to a maximum concentration 

in the intermediate area of biofilm matrix. The concentration gradients of some other 

solutes such as nitrate, nitrite, carbon dioxide, methane and chlorine dioxide are 

dependent on the spatial organization of bacteria that consume or produce this solute25–

29.  
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Fig 1.1.3 Chemical heterogeneity in the biofilms. The concentration of a metabolic substrate (a) consumed 

in the biofilm decreases with depth into the biofilm and distance away from the source. Conversely, the 

concentration of a metabolic product (b) increases with depth inside the biofilm. A metabolic intermediate 

(c) both consumed and produced within the biofilm shows concentration profiles that have local maxima.  

Apart from displaying different transcriptomic, proteomic profiles as well as physiology 

characteristics between planktonic and biofilm cells6 because of a large reservoir of 

regulatory genes helping bacteria to survive environmental changes, a small percentage 

of variant subpopulation often emerge during the growth of parent strains in a biofilm 

driven by mutation or recombination. This might provide insurance against detrimental 
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environmental changes as diversified population can be more robust than a single parent 

strain6. Provided by a fact that variants constitute 10% or more of a biofilm population 

during the first few days of biofilm formation6, it is likely that both genetic 

rearrangements and natural selection play a part in the accumulation of variants. Also 

increasing the complexity is stochastic gene expression30,31. As this procedure is driven 

by cells themselves, it is independent from environmental affects and can lead to a broad 

distribution of expression levels. To sum up, many different factors cause cells’ 

diversities in biofilm systems and benefit their growth and maintenance.  

1.1.4. Why study biofilms? 

Biofilms are found to appear in fossil records dating back to 3.3-3.4 billion years ago32 

and the structure was similar to ones that exist in the modern environment, but biofilm 

research has only recently begun. It is now demonstrated that most bacteria preferably 

attach to surfaces and the biofilm matrices provide protection, which make them more 

difficult to remove using traditional methods for planktonic cells. The significant 

influence of biofilms on human health and environment make it of high necessity to 

develop new techniques to fight against biofilms.  

1.1.4.1. Device-related infections 

Modern implant medical devices save millions of lives, but there is always a risk of 

surface-associated infection during surgeries (Table 1.1.4.1)33. The bacteria that are 

most frequently related to device infections are staphylococci (particularly S. 

epidermidis and S. aureus), P. aeruginosa and some other opportunistic pathogens 

coming from the environment. The main reasons why medical devices get infected 

easily are:  

• Hydrophobicity and the electrostatic - Different materials will influence the 

interactions between the surface of material and cells33. 

• Bacterial surface proteins33 

• Host molecules - Multiple specific receptors (adhesins) on the cell surface bind to 

host molecules such as fibronectin, fibrinogen/fibrin, collagen, laminin and 

vitronectin33. Namely, host inflammatory molecules facilitate adhesion to various 

host cell types as well as some non-biological surfaces coated with host plasma 

proteins33. 
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Medical devices Associated species 

Central venous catheter S. epidermidis, S. aureus, P. aeruginosa, C. albicans, K. 

pneumoniae etc34–38 

Prosthetic Heart valves 

and cardiac pacemaker 

S. epidermidis, S. aureus, Streptococcus spp., Gram-

negative bacilli, diptheroids, enterococci and Candida 

spp34.  

Urinary Catheters S. epidermidis, Enterococcus faecalis, E.coli, Proteus 

mirabilis, P. aeruginosa, K. pneumoniae and other Gram-

negative bacteria34 

Contact lenses P. aeruginosa, E. coli, S. aureus, S. epidermidis and 

species of Proteus, Serratia, Candida, etc34. 

Artificial hip prosthesis P. aeruginosa, S. aureus, enterococcus spp34. 

Table 1.1.4.1 Devices-related infections and associated bacteria (Adapted from Biofilm: Importance 

and applications34) 

 

Currently in clinical trials, various antibiotic agents are either imbedded in device 

materials to reduce the biofilm formation on their surfaces or applied during surgeries 

to kill bacteria introduced into blood streams34. 

1.1.4.2 Biofilm and Pathogenesis 

Apart from residing on implant medical devices, bacteria themselves are pathogenic and 

by forming biofilms, bacteria are easier to grow and resist medication, which in turn 

causes more serious infections. Below are listed some common diseases caused or 

complicated by pathogens and their biofilms (Table 1.1.4.2). 

 

Human Pathogenesis Associated species 

Cystic Fibrosis S. aureus, H. influenzae, P. aeruginosa34 

Native Valve 

Endocarditis 

Streptococcus, Staphylococcus, Pneumococci, Candida, 

Aspergillus and some Gram-negative species34. 

Otitis Media S. pneumomoniae, Haemophilus influenzae, Moraxella 

catarrhalis, S. epidermidis, P. aeruginosa34 

Chronic Bacterial 

Prostitis 

E. coli, P. aeruginosa and species of Klebsiella, Proteus, 

Serratia, Bacteroides etc34 
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Periodontitis Porphyromonas gingivalis, Fusabacterium nucleatum, 

Peptostreptococcus micros, Eubacterium timidum, E. 

brachy, Pseudomonas anerobicus34 

Table 1.1.4.2 Biofilm-induced pathogenesis and associated bacteria (Adapted from Biofilm: 

Importance and applications34) 

Depending on the organisms involved in the infections, different antibiotic treatments 

can be used. Furthermore, some vaccines are also used to prevent the initial colonization 

34. 

1.1.4.3. Biofilm in industry 

Food industry 

The food processing procedure is often rich in nutrients, wet and warm, which is ideal 

for the attachment of bacteria and the growth of biofilms. Bacteria that hide within the 

biofilm matrix escape from sanitizer, which increases the opportunity of microbial 

contamination. In the dairy industry, improperly cleaned and sanitized equipment and 

air-borne microflora are considered the major reasons for contamination14. EPS 

produced by existing biofilms offer attachment sites to newly arrived bacteria in a 

cleaned system34. As food contamination is closely related to human health and many 

severe diseases, even death, it is of high importance to develop reliable and eco-friendly 

ways to avoid bacteria attachment and biofilm growth. At present, good design of 

equipment, temperature controlling as well as the reduction of nutrients and water are 

effective ways to avoid biofilm formation in food industry. Some alkali agents or their 

combination with sequestrant/chelators are used to clean the potential biofilm growth 

sites and the sanitizers used in food industry are halogens, acids, peroxygens and 

quaternary ammonium compounds34. 

 

Paper industry 

Process water is an ideal medium for microorganisms due to its high nutrient 

concentrations and appropriate temperatures ranging from 25 ℃  to 45 ℃ 39. In the 

production of recycled paper, raw materials are the major sources that introduce bacteria 

into the system39. Volatile compounds produced by microbes (e.g., organic acids, 

sulphur compounds and amine compounds) and the development of biofilms can 

significantly lower the quality of the products39. Furthermore, increased use of recovered 
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paper and the closure of the water circuits lead to higher organic loads and water 

temperatures39. Traditional methods used by paper manufacturers include biocides such 

as chlorine, bromine, isothiazolones and glutaraldehyde as well as dispersants, but these 

reagents may result in increased resistance to biocides among bacteria and some reagents 

might not penetrate biofilm effectively. Furthermore, most biocides themselves cause 

pollution in the environment or have negative influence on paper quality39. As a 

consequence, enzymatic methods that not only reduce biofilm effectively but are also 

environmentally friendly are of the interest. Studies showed that glycosidases and 

lipases are not very efficient for biofilm removal, while commercial proteases such as 

Alcalase or Savinase (both serine type endoproteases) led to a significant reduction of 

proteins from the EPS matrix, which have great potential on an industrial scale40. 

1.1.4.4. Biofilm and environment 

In the environment, some biofilms growing in fast-moving water form filamentous 

structures while some growing in quiescent water form mushroom or mould-like 

structures33. These robust structures cause continuous contamination in hot springs and 

freshwater rivers, and the opportunistic pathogens exist in the water might lead to serious 

human illness if not properly treated. Other scenarios in which biofilms affect water are 

the deterioration of water quality during storage and in distribution systems34, as well as 

dental-unit water systems41,42.  

Biofilm in water distribution system 

Distribution system is of vital importance because even if the water is treated well, it 

can be contaminated due to the biofilms that form in the system such as the walls of 

containers and pipes. Various factors contribute to distribution system biofilm growth, 

such as pipe material, the disinfectants applied, the temperature and the resistance of 

biofilm to the disinfectants34. Disinfectants, when properly used, can be effective in the 

removal of microorganisms, but they can also enhance the amount of easily 

biodegradable substances which serve as nutrient to the biofilm and help 

microorganisms to re-grow34. As a consequence, the disinfectants that can maintain a 

long residual concentration are needed. Currently the most prevalently used 

disinfectants are chlorine, chloramines, ozone and hydrogen peroxide34. 

 

Biofilm and dental unit waterline 
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Dental unit waterlines (DUWL) are an integral part of dental surgery equipment, 

supplying water as a coolant for air turbine and ultrasonic scalers43. Biofilm formation 

is a universal problem in DUWL and great majority of bacteria that have been identified 

from DUWL are ubiquitous43. As aforementioned, contamination of water distribution 

systems may contribute to a low number of bacteria in DUWL but they will flourish to 

biofilms on the lumen surfaces of narrow-bore waterlines in dental units43. Patients as 

well as dentists are both at risk of being infected with opportunistic pathogens by means 

of cross-infection or aerosol formation from the water43. Different actions have been 

taken to control DUWL transmitted infections such as filtration, drying, biocides, sterile 

water delivery systems and the use of disinfectants43.  

1.2 P. aeruginosa biofilm formation and recalcitrance 

Pseudomonas aeruginosa is a gram-negative bacterium notorious for its environmental 

versatility, strong disease-causing ability in particularly susceptible individuals and its 

high resistance to antibiotics. P. aeruginosa has the ability to adapt to and survive in 

many ecological niches, from water and soil to plant and animal tissues by utilizing a 

wide range of organic compounds as food sources, thus helping it to colonize almost 

everywhere, even where nutrients are limited. To increase the harm to human beings, P. 

aeruginosa can produce a number of toxic proteins ranging from toxins that kill host 

cells to degradative enzymes that permanently disrupt the cell membranes and 

connective tissues in various organs, which not only cause extensive tissue damage, but 

also interfere with the human immune system's defence mechanisms causing serious 

disease such as cystic fibrosis complications. At the same time, due to its high capacity 

to resist the antibiotics, it is very difficult to eradicate. P. aeruginosa has long been 

interested in not only for its ability to cause disease and resist antibiotics, but also its 

metabolic capability and environmental versatility. In recent years, due to the boost of 

biofilm research and the fact that P. aeruginosa is a good biofilm former, it has been 

widely used as a model for biofilm research. 

With the advanced technologies in genetic research, the whole genome of P.aeruginosa 

was mapped over a decade ago and it is proved to possess a very large bacterial genome 

(6.3 million base pairs)44. Consistent with its large genome size among the bacterial 

kingdom, P. aeruginosa contains a high proportion of regulatory genes and a large 

number of genes involved in the catabolism, transport, efflux of organic compounds as 

http://www.pseudomonas.com/cystic_fibrosis.jsp
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well as potential chemotaxis systems44. The mapping of P. aeruginosa opened the door 

for scientists all over the world to gain a deeper insight into the mechanisms of P. 

aeruginosa behaviours. 

The structured biofilms produced by P. aeruginosa in standard flow cell system are 

described as ‘mushroom’ shapes and formed in a sequential process involving a non-

motile bacterial subpopulation and a migrating bacterial subpopulation. The non-motile 

bacteria form the “stalks” of mushroom while the migrating bacteria form the “caps” 

part by climbing the stalks and aggregating on the tops. 

 

 

 

 

 

 

Fig 1.2 Mushroom-like 3D structure of P. aeruginosa biofilms observed using CLSM. Image taken from 

Iron and Pseudomonas aeruginosa biofilm formation45 

1.2.1. Early attachment events in P. aeruginosa biofilms 

1.2.1.1. Initial attachment 

Biofilm formation begins by bacteria cells sensing the environmental conditions and 

attaching to surfaces46. Various environmental cues can influence biofilm formation, 

including surface hydration47, nutrients48, pH49, temperature50, osmolarity51, iron45 and 

oxygen46. After sensing the specific environmental conditions that are suitable for 

settling down, the flagella on the bacteria cell surface promote the swimming of 

organisms along the surfaces as if they are scanning for a proper location to attach46, and 

this kind of attachment is called reversible attachment. Flagella mutants of P. aeruginosa 

that lead to dysfunction of flagella synthesis or rotation result in much impaired cell 

attachment on different substratum compared with wild type strain. These indicate that 

both environmental cues and flagella mediated-swimming motility are very important 

in the biofilm initial attachment stage52. 

1.2.1.2. Early attachment events 

Type IV pili-mediated twitching motility 
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Once reversible attachment is established, the cells maintain contact with substratum 

and start irreversibly attachment to develop into 3D structure biofilms. One way for cells 

transiting to this permanent attachment is mediated by Type IV pili. Time-lapse 

microscopy indicated that after initial attachment, P. aeruginosa cells can continue to 

move on the surfaces using twitching motility (extend and retract) which absolutely 

depends on Type IV pili but is ~100 fold slower than swimming mediated by flagella. 

The formation of cell clusters (microcolonies) is the consequence of individual cells 

twitching across the surface towards each other, which can also help to strengthen the 

attachment52,46. 

Production of EPS  

The mechanisms and regulations of biofilm formation of P. aeruginosa cannot be 

separated from its EPS and the characteristics of the bacteria cells per se. The types of 

EPS components of P. aeruginosa are in accordance with those listed in Table 1.1.1. 

Alginate, Pel and Psl are all P. aeruginosa biofilm EPS components, but different strains 

contain different types and quantities of exopolysaccharides. For example, PA14 is a 

naturally Psl-deficient strain, while PAO1 can express all three types. In PAO1, confocal 

laser scanning microscopy showed that mutants deficient in alginate biosynthesis have 

a decreased proportion of viable cells and decrease susceptibility of biofilms to antibiotic 

treatment53, indicating a role of alginate in viability of cells in biofilms54. Also, mutants 

producing only alginate (deficient in both Psl and Pel) lose their ability to form 

biofilms54. Psl is involved in initial attachment of cells. Mutants deficient in Psl showed 

reduced biomass at an early stage of biofilm development and cannot be compensated 

by alginate or Pel. The formation of typical mushroom-like structures requires Psl, while 

the Pel play a role in biofilm cell density and/or the compactness of the biofilm66. Psl 

form a peripheral meshwork covering the cap region of mature mushroom-like 

microcolonies22,55, while Pel, together with eDNA, might play a role in cell-to-cell 

interactions and provide a structural scaffold for the community at early stages of biofilm 

formation56. Furthermore, the deficiency of Psl can enhance the production of Pel, and 

the absence of Pel increases the production of alginate54. Thus, various 

exopolysaccharides produced at different stages in different species interactively 

contribute to the biofilm architectures of P. aeruginosa. 

LPSs 
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Lipopolysaccharides (LPS) are large molecules that consist of a lipid and a 

polysaccharide composed of O-polysaccharide chain, outer core and inner core 

(oligosaccharides) joined by a covalent bond. They are found in the outer 

membrane of Gram-negative bacteria. Many studies showed that whether there is O-

polysaccharide chain or not has significant influence on the overall surface charge and 

hydrophobic character of the Gram-negative cell surface, which also results in changes 

in attachment behavior57. The most heterogeneous portion of LPS is the O-antigen that 

confers serum resistance to the organisms. P. aeruginosa possess two chemically and 

immunologically distinct types of LPS termed A and B bands. A-band LPS contains a 

conserved O polysaccharide region with shorter chains mainly composed of D-rhamnose 

and 2-keto-3- deoxyoctonic acid, while B-band structure varies among 20 O serotypes 

of P. aeruginosa58.For example, PAO1 (O5 serotype) subunit comprise two uronic acid 

derivatives and one N-acetylfucosamine residue. Furthermore, B band is significant for 

the cells to attach to hydrophilic surfaces while the loss of A-band has only mild effects 

on attachment57. 

1.2.2. Quorum-sensing and the development of P. aeruginosa biofilms  

Following the initial settling down, the bacteria begin constructing a more robust and 

protective biofilm for them to live in. There are two distinct characteristics in this biofilm 

maturation stage:  

a. EPS synthesis is increased and its structure becomes more complex.  

b. The development of antibiotic tolerance. 

Both these two changes are related to complicated regulatory pathways, of which 

Quorum-sensing (QS) is so far the best known. QS is used to describe intercellular 

signalling pathway in bacteria that involves the synthesis, secretion, and sensing of small 

chemical molecules called autoinducers such as Acyl-homoserine lactone (AHL)8,59. 

When cell density increases, the concentration of autoinducers increases simultaneously 

and after reaching a threshold, autoinducers trigger the transcription of biofilm specific 

genes8. Two P.aeruginosa quorum sensing systems, LasR-LasI and RhlR-RhlI, were 

found to involve in the expression of hundreds of genes (315 upregulated and 38 

repressed)60. The lasI gene produces an extracellular signal called N-(3-

oxododecanoyl)-L-homoserine lactone (3OC12-HSL). The lasR product is a 

transcriptional regulator that responds to sufficient levels of 3OC12-HSL to activate a 

number of virulence genes as well as the rhlR-rhlI system. The rhlI product directs the 

http://en.wikipedia.org/wiki/Polysaccharide
http://en.wikipedia.org/wiki/Covalent_bond
http://en.wikipedia.org/wiki/Bacterial_outer_membrane
http://en.wikipedia.org/wiki/Bacterial_outer_membrane
http://en.wikipedia.org/wiki/Gram-negative_bacteria
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synthesis of another extracellular signal called N-buytryl-L-homoserine lactone (C4-

HSL), which is required for both the activation of virulence genes and the expression of 

the stationary-phase σ factor, RpoS (discussed in next section)61. RhlR is a transcription 

factor that responds to C4-HSL. Both lasI and rhlI mutants can form biofilm on surfaces, 

but lasI mutant microcolonies are thin, undifferentiated and sensitive to antibiotics 

compared to wild type and rhlI mutant36. By adding 3OC12-HSL to lasI mutant the 

biofilm development can be restored36. These all indicate that acyl-HSL mediated QS 

system is of high significance in biofilm architecture and maturation. 

Quorum sensing is related to numerous traits of bacteria activities including surface 

attachment, biosurfactant synthesis, sporulation, competence, bioluminescence as well 

as the production of multiple extracellular virulence factors62–67. Shrout et al showed 

that QS can control early stages of biofilm development through regulation of swarming 

motility under certain nutritional conditions68. Sakuragi et al showed that the 

transcription of the pel operon is greatly reduced in lasI and rhlI mutants while Davies 

et al demonstrated alginate genes algC and algD are induced by 3OC12-HSL and 3OC4-

HSL, thus connecting QS and the transcription of genes responsible for biofilm matrix 

biosynthesis12,69. 

1.2.3. The recalcitrance of P. aeruginosa biofilms 

Resistance means the ability of microorganisms to propagate in the presence of a 

bactericidal or bacteriostatic antimicrobial agent at a concentration that would normally 

inhibit the growth. In contrast, tolerance means that a microorganism can survive in a 

bactericidal concentration of antimicrobial agent, but neither grow nor die. In most 

cases, bacteria in a biofilm employ both resistance and tolerance when facing an 

antimicrobial challenge, and some researchers use ‘recalcitrance’ to describe the 

reduced susceptibility of biofilm cells to antibiotics70. Hence, both the resistance of 

planktonic P. aeruginosa and the tolerance of its biofilms are briefly reviewed here. 

1.2.3.1. Antibiotic resistance in P. aeruginosa 

The notorious characteristic of P. aeruginosa is its high intrinsic resistance to a myriad 

of common antibiotics, including aminoglycosides, fluoroquinolones and β-lactams 

compared to many other pathogens. As such, the eradication of P. aeruginosa has been 

more difficult in different settings, leading to vast research ranging from fundamental 

antibiotic resistance mechanisms to new therapeutic methods.  
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Mechanisms of intrinsic resistance 

First line barrier - Low outer membrane permeability 

The outer membranes of Gram-negative bacteria work as selective barrier against the 

uptake of antibiotics through their different sizes of porin channels71. Compared to E. 

coli,  P. aeruginosa bears a much lower (12-100 times) outer membrane permeability72, 

which is also thought to be the major character that distinguishes P. aeruginosa from 

other Gram-negative species regarding antibiotic resistance73. P. aeruginosa outer 

membrane contains porins that form water channels for diffusion of hydrophilic 

molecules. The only general porin in P. aeruginosa is OprF, which allows for non-

specific diffusion of ionic species and small polar nutrients74, including polysaccharides 

up to 1.5 kDa in size75, and possibly some antibiotics76. Hence, OprF forms a majority 

of small channels and a minority of larger channels in P. aeruginosa outer membrane73. 

In addition to OprF, some specific porins are in charge of passaging certain types of 

antibiotics or antibiotic-sized molecules, such as OprD for delivering carbapenem 

antibiotics, basic amino acids and peptides, while OprB takes up sugars and 

saccharides73,77. Although acting as the first line of defence and decisively reducing 

drug uptake, equilibration of hydrophilic molecules across the outer membrane can be 

reached in seconds78. Therefore, the following secondary mechanisms – efflux pumps 

and inducible enzymatic degradation of antibiotics, play more important roles in 

fighting against different categories of antibiotics. 

Second line barrier – Efflux pumps 

Several efflux systems have been identified to markedly contribute to intrinsic 

antibiotic resistance, such as MexAB-OprM, MexXY-OprM, MexCD-OprJ and 

MexEF-OprN. They belong to prototype RND (resistance-nodulation-division), 

containing a cytoplasmic pump protein, a periplasmic linker protein and an outer-

membrane protein73. MexAB-OprM has the broadest substrate spectrum, removing 

some β-lactams, chloramphenicol, fluoroquinolones, macrolides, novobiocins, 

sulfonamides, tetracycline and trimethoprim, as well as various dyes and detergents79.  

MexCD-OprJ extrudes quinolones, erythromycin, tetracycline, chloramphenicol, and 

expanded-spectrum cephems such as cefpirome80,81. MexEF-OprN transports 

chloramphenicol and quinolones82. MexXY-OprM has a primary role in resisting 
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aminoglycosides and erythromycin83,84. Taken together, these efflux systems decisively 

result in the high resistance of P. aeruginosa to a wide range of antimicrobial reagents.  

Adaptive resistance 

The continuous presence of certain antibiotics or environmental stimulus can induce 

adaptive resistance. β-lactam antimicrobial agents have been most commonly used for 

bacterial infections and prominently contribute to the resistance to β-lactam antibiotics 

among Gram-negative bacteria worldwide85. β-lactam antibiotics inhibit bacterial cell 

wall biosynthesis through binding an acylate active site of penicillin-binding protein 

(PBP), consequently leading to cell lysis and death. However, bacteria can produce an 

enzyme, β-lactamase, to hydrolyse β-lactam ring and deactivate β-lactam antibiotics86. 

P. aeruginosa has an inducible chromosomal AmpC-like β-lactamase encoded by gene 

ampC73. Pre-exposure of P. aeruginosa to some β-lactam antibiotics can induce the 

expression of ampC gene, resulting in the enzymatic inactivation of the including and 

many other β-lactams78. Different β-lactams differ in their inducing abilities. For 

instance, some penicillins and cephalosporins such as ampicillin, amoxicillin, cefazolin 

and cephalothin are both strong inducers and substrates for AmpC β-lactamase. 

Cefoxitin and imipenem are strong inducers but can be difficult to be hydrolysed. On 

the contrary, some β-lactams such as ceftazidime, cefepime, piperacillin and aztreonam 

are weak inducers and weak substrates, and can only be hydrolysed when the enzyme 

is overproduced87. 

Similarly, genes encoding efflux pumps can be overexpressed under the induction of 

certain sub-inhibitory concentrations of antibiotics. For example, MexXY pump can be 

induced by exposure to aminoglycosides, and efflux pump overexpression often leads 

to upregulated multidrug resistance88. 

Acquired resistance: horizontal transfer and mutational resistance 

When the intrinsic resistance of P. aeruginosa to antibiotics has already caused the 

remarkable difficulties in its eradication, acquired DNA elements from the environment 

or other species, such as plasmids, upgrade its barrier. Such external DNA acquisition 

has been found in P. aeruginosa where aminoglycoside modifying enzymes, β-

lactamase and even extended-spectrum β-lactamases were transferred and 

proliferated78.  
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Mutational resistance in common P. aeruginosa strains can happen spontaneously, 

although the resistance frequencies between antibiotics vary ranging from 10-6 to 10-9. 

In a background of hypermutator strains that contain mutations in genes involved in the 

efficient repair of DNA replication errors, the resistance mutation frequency can be 

increased up to 70-fold89. Some key regulatory mutations such as nalB (mexR), nfxB, 

nfxC (mexT) and mexZ cause the overexpression of four main efflux systems, MexAB-

OprM, MexCD-OprJ, MexEF-OprN and MexXY-OprM, respectively90,91. These 

mutations lead to distinct but substantially overlapping multiple antibiotic resistance 

profiles. In contrast, mutation in ampD, an effector of ampC, results in the derepression 

of ampC and thus the hyperproduction of β-lactamase targeting lots of different β-

lactams78. 

Apart from the systematic upregulation of multi-drugs resistance through the 

overexpression of efflux pumps or β-lactamase, certain mutations lead to resistance 

towards specific antibiotics. For instance, mutations in gryA and gryB (gyrase), as well 

as parC and parE (topoisomerase IV) can reduce fluoroquinolone binding affinity92. 

Polycationic antimicrobials pass across the outer membrane by self-promoted uptake, 

and the arnBCADTEF operon can mediate the addition of 4-aminoarabinose to Lipid 

A of LPS, blocking this uptake and leading to the resistance. Some two-component 

regulatory systems, PhoPQ, PmrAB and ParRS, were found to be activated in the 

presence of polymyxins, antimicrobial peptides or colistin and induce arn operon, 

changing the susceptibility to polymyxins and cationic antimicrobial peptides93,94.  

Common treatments and the mechanisms of resistance in P. aeruginosa 

Class Agents Advantages Disadvantages Resistance 

mechanisms 

Penicillin Ticarcillin 

Carbenicillin 

Piperacillin 

Tazobactam 

Synergistic with 

aminoglycosides 

against P. 

aeruginosa 

May induce β-

lactamases in P. 

aeruginosa 

Induced 

chromosomal β-

lactamase, 

overexpression 

of MexAB-OprM 

due to nalB 

mutation, and 

acquired β-

lactamase gene 

externally 
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Cephalosporin Ceftazidime 

Cefoperazone 

Cefepime 

Cefpirome 

Can be used singly 

in P. aeruginosa 

May induce β-

lactamases in P. 

aeruginosa 

Induced 

chromosomal β-

lactamase, 

overexpression 

of MexAB-OprM 

due to nalB 

mutation. For 

cefepime and 

cefpirome, 

overexpression 

of the MexCD-

OprJ due to nfxB 

mutation 

Aminoglycoside Gentamicin 

Tobramycin 

Amikacin 

Synergistic with 

β-lactams against 

P. aeruginosa 

Narrow 

therapeutic/toxic 

ratio; penetrate 

poorly into 

cerebrospinal fluid 

Overexpression 

of the MexXY 

efflux pump due 

to a mutation in 

mexZ; acquired 

modifying 

enzymes gene 

externally 

Quinolone Ciprofloxacin Oral treatment 

accessible 

Contraindicated in 

children under 16 

years of age 

Mutations in 

gyrA/gyrB for 

topoisomerase 

subunit 

inactivation. 

Mutations in 

nalB, nfxB or 

nfxC for 

overexpression 

of efflux pumps 

Polymyxin Colistin Highly active and 

without much 

resistance 

developed so far 

Possible toxicity 

concerns; used 

largely in CF 

patients 

PhoP/PhoQ 

regulatory 

mutations for 

LPS changes 

Carbapenem Imipenem 

Meropenem 

Broad spectrum of 

activity against 

Gram-negative 

bacteria, including 

P. aeruginosa 

May induce β-

lactamases in P. 

aeruginosa; rapid 

development of 

resistance 

Mutation in nfxC 

for reducing 

OprD and 

upregulating 

MexEF-OprN 

Table 1.2.3.1.1. Antibiotics commonly used in the treatment of P. aeruginosa infections and the main 

resistance mechanisms of P. aeruginosa to these drugs. Content adapted from Hancock and Speert, 

Antibiotic resistance in Pseudomonas aeruginosa: mechanisms and impact on treatment73. 
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Alternative non-antibiotic therapeutic options 

Class Agent Mechanism 

Quorum sensing and quenchers 

(QSI) 

Furanone, lyngbyoic acid, cis-

2-dodecenoic acid, iberin, 

PD12, meta-bromo-thiolactone, 

eugenol, 6-gingerol, ajoene, 

macrolide antibiotic 

azithromycin (AZM) 

Virulence and biofilm 

formation of P. aeruginosa 

depend on its quorum sensing 

system. QSIs inhibit the 

production of virulence factors 

such as proteases, pyoverdin, 

chitinase and exoprotease 

Lectin inhibitors Fucose, galactose LecA and LecB bind to the 

fucose-specific and galactose-

specific receptors of the lung 

epithelial cells. This binding 

can be blocked by inhalation of 

competitive inhibitors fucose 

and galactose. 

Iron chelators Gallium (Ga), gallium 

exchanged carboxymethyl 

cellulose, desferrioxamine-

gallium (DFO-Ga) complex and 

gallium maltolate 

Iron is essential for growth and 

the functioning of key enzymes 

involved in protein and DNA 

synthesis, electron transport and 

oxidative stress in P. 

aeruginosa planktonic cells or 

biofilms. Iron analog and iron 

chelators disrupt iron 

metabolism. 

Efflux pump inhibitors Phenyl-arginine-β-

naphthylamide (PAβN) 

Inhibit efflux pump and AmpC 

β-lactamase  

Lactoferrin and 

hypothiocyanite combination 

Lactoferrin + hypothiocyanite CFTR dysfunction prevents 

airway epithelium to transport 

thiocyanate (SCN-). SCN- can 

be oxidized by H2O2 in the 

presence of lactoperoxidase 

(both H2O2 and lactoperoxidase 

secreted at the surface of airway 

surface) to generate 

hypothiocyanite with 

antimicrobial activity. 

Supplement of Lactoferrin and 

hypothiocyanite restores the 

antimicrobial function of 

airways. 

Phage Bacteriophages such as MPK1, 

MPK6 and PAK-P1 

Lytic bacteriophages can target 

and kill bacteria even within the 

biofilms 

Antimicrobial peptides (AMP)  AMP binds to LPS with high 

affinity, causing the 

displacement of divalent cations 

that stabilize the outer 

membrane, self-promoted 

uptake of the destabilizing 

compound across the outer 

membrane, subsequent channel 

formation in cytoplasmic 

membrane and cell death 

Probiotics Probiotic Lactobacillus 

plantarum whole culture or 

culture filtrates 

Affect quorum-sensing signal 

molecules (acyl-homoserine-

lactones), inhibit elastase 
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production and biofilm 

formation 

Vaccines Mice in vivo experiments: 

Vaccines towards flagella, pili, 

alginate, outer membrane 

proteins (OMP) and purified 

type III translocation protein  

 

Preclinical trial: PhoB, type IV 

pilin-exotoxin A toxoid, 

Octavalent O-polysaccharide-

toxin A conjugate, 3-oxo-C12-

HSL-carrier protein conjugates, 

live-attenuated P. aeruginosa 

aroA deletion mutant strain and 

plasmid vaccine harbouring 

oprF. 

 

Stimulates the body's immune 

system to recognize the agent 

during invasion without causing 

harm. Immune system destroys 

the agent, and to further 

recognize and destroy any of the 

microorganisms associated with 

that agent when it encounters 

afterwards 

Nanoparticles Zinc oxide, copper oxide, iron 

(III) oxide, titanium dioxide, 

lanthanum calcium manganate 

(LCMO), ceria (CeO2), gold-

functionalized magnetic, 

silver:gold alloy, dextrose 

reduced gelatin capped-silver 

and NO-releasing silica 

nanoparticles 

Tiny particles of size less than 

1μm with large surface to mass 

ratio. Penetrate through the 

bacteria membrane, causing 

ROS production that damage 

cellular components and 

membrane, inactivation of 

cellular proteins and enzymes 

essential for ATP production 

and DNA replication 

Table 1.2.3.1.2. Non-antibiotic antimicrobial agents as alternative treatments to prevent or solve P. 

aeruginosa antibiotic resistance. Adapted from Chatterjee et al, Antibiotic resistance in Pseudomonas 

aeruginosa and alternative therapeutic options95.  

1.2.3.2. P. aeruginosa biofilm tolerance 

Matrix as barrier 

It has now been agreed in the literature that purely insufficient penetration/diffusion is 

not the major explanation for increased antimicrobial tolerance in biofilms. However, 

this rule may apply to certain antibiotics, and the diffusion limit varies depending on 

bacterial strains and biofilm growth experimental setups70. So far, the most notable 

example showing how failure of antibiotic penetration determines P. aeruginosa 

biofilms tolerance is tobramycin. The possible mechanism might be positively charged 

tobramycin molecule interacts with matrix components, and this hypothesis is 

reinforced by the fact that given enough exposure, tobramycin can eventually penetrate 

through96,97.  

As such, certain EPS components may interact with specific antibiotic. Different P. 

aeruginosa strains may produce Psl, Pel and alginate in their matrices, and eDNA plays 

an important role in EPS structure. Psl was proposed to deactivate antibiotics through 

https://en.wikipedia.org/wiki/Immune_system
https://en.wikipedia.org/wiki/Immune_system
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electrostatic interactions, hence contributing to the resistance to colistin, polymyxin B, 

tobramycin and ciprofloxacin at early stages of P. aeruginosa biofilm development98. 

Pel may provide protection against tobramycin and gentamicin as the gene-deleted 

mutant ΔpelB biofilms were more susceptible to these two antibiotics. It has been 

hypothesized that Pel sequester antibiotics through ionic binding, but the detailed 

mechanisms needs further investigation56. Mulcahy et al suggested that sub-inhibitory 

concentration of eDNA chelates magnesium ion and can create a cation-limited 

environment in EPS. This depletion can activate PhoPQ-PmrAB two component 

system and regulate antimicrobial resistance arn operon in P. aeruginosa. This results 

in up to 2560-fold increased resistance to cationic antimicrobial peptides and 640-fold 

increased resistance to aminoglycosides, but does not influence β-lactam and 

fluoroquinolone resistance99. Chiang et al further proved that eDNA in EPS, acquired 

either endogenously or exogenously, acts as an antimicrobial shield by physically 

binding positively charged aminoglycosides and antimicrobial peptides. In addition to 

serving a physical role, eDNA may also involve in horizontal transfer as the carrier of 

antibiotic gene targeting natural recipients70. 

Physiological heterogeneity - Oxygen depletion and slower metabolism 

Gradients of oxygen, nutrient, waste products and signalling factors due to the complex 

3D structure of biofilms allow for cells experiencing different micro-environments 

within the same biofilm. This results in the physiological heterogeneity with different 

gene expression patterns, metabolic activity and phenotypes, including antimicrobial 

tolerance70. 

Several reports claimed the steep oxygen gradient exists within biofilms of various 

species, with the deep layer cells going through hypoxic state70 and these oxygen-

limited cells are more tolerant to antibiotics. For instance, Borriello et al showed that 

bacterial subpopulations growing in oxygen-replete regions within P. aeruginosa 

biofilms tend to be killed more easily by tobramycin, ciprofloxacin, carbenicillin, 

ceftazidime, chloramphenicol, or tetracycline compared to subpopulations growing in 

oxygen-limited regions100. Similarly, Werner showed that antibiotic-induced cell 

damage were predominantly at the air-biofilm interface where cells possess higher 

protein synthetic activity101. The ability of certain antibiotics (such as β-lactams) to kill 

bacteria has long been linked to bacterial growth rate. Hence, the reduced cell 
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metabolism activity contributed by oxygen limitation may result in selective tolerance 

to some antibiotics.  

Another mechanism may be hypoxia affects multidrug efflux gene expression. For 

example, mexEF-oprN genes are upregulated in oxygen depleted planktonic cells and 

confer a certain degree of antibiotic resistance. Although not examined in biofilm, this 

operon may contribute to antibiotic resistance of biofilm subpopulations in area with 

low oxygen102,103. Meanwhile, another major efflux mexCD-oprJ was shown to be 

transcriptionally upregulated in P. aeruginosa biofilms grown under low oxygen 

conditions104.  

Persister cells are a small number of cells in biofilm that are dormant and non-growing. 

As such, these cells are tolerant to some antibiotics that are effective against actively 

growing cells and stay persistent. Some early statements demonstrated that the majority 

of P. aeruginosa biofilm cells are equally susceptible compared to planktonic cells, and 

the increased tolerance of biofilms to antibiotics relies on the higher amounts of 

persister cells inside105. However, many factors mentioned here proved that antibiotic 

tolerance can be the outcome of the collaboration of many mechanisms in different 

strains under different conditions. Persister cells may be contributing, but are not fully 

responsible for the tolerance. 

Stress responses  

General: Slow growth rate of some cells within the biofilm was thought to be not 

owing to nutrient or oxygen limitation per se, but to a general stress response initiated 

by growth in a biofilm and centrally regulated by σ factor RpoS. Recently, it was shown 

that RpoS is required for the induction of another gene, ndvB106. ndvB expression is 

elevated in biofilms, and encodes a glucosyltransferase enzyme that catalyses the 

synthesis of periplasmic β-(1→3)-cyclic glucans, which physically binds to cationic 

aminoglycosides such as kanamycin and tobramycin. This interaction sequesters these 

antibiotics in the periplasm and prevents them from breaching inner membrane and 

targeting their cellular targets5,107. 

Oxidative: There is one hypothesis highly debated currently, where bactericidal 

antibiotic kills cells by inducing cellular respiration and the production of lethal levels 

of ROS108. These hydroxyl radicals contribute to cell death by oxidising substrates such 
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as deoxyguanosine triphosphate and DNA108,109. Although still at the stage of 

hypothesis, it is logical to assume that tackling antibiotic-induced ROS may be one of 

the mechanisms for biofilm cells to achieve high antibiotic tolerance. For example, even 

sub-inhibitory concentrations of ciprofloxacin uplifts the ROS level and reduces 

cellular viability, but can be partially detoxified by an antioxidant catalase, KatA110. 

However, P. aeruginosa biofilms contain less catalase activity compared to the 

planktonic counterpart, suggesting KatA may contribute to the biofilm tolerance due to 

its antioxidant activity, but is not the prominent factor111. 

Stringent response: Amino acid starvation can increase the number of stalled 

ribosomes carrying deacetylated tRNA molecules, which recruit pppGpp synthesis. 

pppGpp can be converted into ppGpp, and (p)ppGpp interacts with RNA polymerase. 

This procedure can lead to many transcriptional changes such as the downregulation of 

ribosomal protein genes and upregulation of amino acid biosynthetic genes, permitting 

bacterial survival during starvation70. The gradient in biofilms may cause nutrient 

limitation or depletion in a subset of cells, thus triggering a stringent response. It was 

proposed that a stringent response contributes to antimicrobial tolerance in biofilms by 

reducing oxidative stress, as the activation of a stringent response prevents the 

accumulation of pro-oxidant 4-hydroxy-2-alkylquinolines (HAQs)112,113. Furthermore, 

a stringent response can also upregulate antioxidant catalase such as KatA 

abovementioned114. As such, it is very likely a subpopulation in P. aeruginosa biofilm 

go through nutrient starvation and trigger the stringent response, which increases 

antimicrobial tolerance by reducing oxidative stress.   

Efflux pumps in biofilms 

While efflux pumps play a vital role in planktonic cells antibiotics resistance, they can 

also affect antimicrobial tolerance in biofilms. Apart from the four major efflux systems 

mentioned previously, Zhang and Mah identified another biofilm specific multidrug 

efflux pump encoded by PA1874-1877 operon, which is 10 times more highly 

expressed in P. aeruginosa biofilms compared to planktonic cells. While PA1874 does 

not show significant influence on antibiotic resistance, deletion of PA1875, PA1876 

and PA1877 individually all result in an increase in susceptibility to tobramycin, 

gentamicin and ciprofloxacin in biofilms, but the susceptibility of planktonic cells was 

unaffected115.  Additionally, the resistance of P. aeruginosa biofilms to azithromycin 



37 

 

is dependent on the presence of either MexAB-OprM or MexCD-OprJ pumps, 

suggesting the four major pumps may contribute to the tolerance to some specific 

antimicrobial agents116,117.  

Genetic diversity 

Horizontal gene transfer: In addition to taking up eDNA carrying antibiotic resistance 

gene from EPS, cells may conduct conjugation and transfer genes between each other 

within the biofilm community aided by the sessile nature and spatial proximity70. Thus, 

when certain single strains are highly susceptible to some antibiotics, they may acquire 

antibiotic resistance gene from other species in a multi-species biofilm, leading to an 

increased subpopulation resistant to antibiotics and more tolerance of the overall 

biofilm.  

Mutation: Some reports showed that cells in a biofilm accumulate mutations at higher 

rates than planktonic cells, of which contribute to elevated antibiotic resistance. For 

instance, the mutation frequency for ciprofloxacin resistant selection is about 2-log 

higher in P. aeruginosa biofilms cells than in planktonic cells118. Apart from increasing 

mutations towards specific antibiotics, a biofilm lifestyle may increase the emergence 

of hyper-mutable isolates with defeated methyl mismatch repair or DNA oxidative 

repair system119,120. These isolates can increase the mutation within themselves, 

including triggering the formation of antibiotic resistant genotypes.  

Different tolerance patterns within biofilms and their application 

Conventional antimicrobial agents commonly used for killing P. aeruginosa cells, such 

as ciprofloxacin that interfere with replication, or tetracycline, tobramycin and 

gentamicin that interfere with translation, were proved to only target metabolically 

active cells in the outer layer of biofilms121. Meanwhile, the cells in the inner layer 

bearing a lower metabolic activity survive the treatment.  

Notable exceptions were found where P. aeruginosa in the inner layer of biofilm are 

susceptible to some membrane-disrupting antimicrobial agents such as colistin, 

chlorhexidine, EDTA and SDS, and the killing patterns are similar122. In contrast, cells 

in outer layer with high metabolic activity become tolerant to these agents. Colistin-

tolerant subpopulations was found to depend on the pmr-LPS modification system, as 

well as on the mexAB-oprM, mexCD-oprJ, and muxABC-opmB efflux systems, but not 
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mexPQ-opmE. Chlorhexidine-tolerant subpopulations were found to depend on the 

mexCD-oprJ genes, but does not depend on the pmr, mexAB-oprM, mexPQ-opmE, or 

muxABC-opmB genes. Metabolically active cells in biofilms are tolerant to SDS and 

EDTA, but does not depend on any of pmr, mexAB, mexCD, mexPQ, or muxABC genes. 

It was suggested that the active subpopulation in P. aeruginosa biofilms develop 

tolerance to membrane-targeting agents through different genetic determinants in 

correspondence to different compounds122. Furthermore, Pamp et al stated that 

planktonic cells at exponential-phase and stationary-phase exhibited equal sensitivity 

to colistin, highlighting the colistin tolerance is biofilm-specific117, while Koplen et al 

showed that colistin tolerance in biofilms can be enhanced under anaerobic 

conditions123. It has recently been proposed that hypoxia reduces outer membrane 

potential in P. aeruginosa, thereby conferring tolerance to some conventional 

antibiotics that rely on an intact membrane potential for transportation124. As the outer 

layer of biofilms are oxic while the inner one tends to be hypoxic, it is possible that that 

these membrane-targeting antimicrobial agents can be more effective in the slow-

growing biofilm subpopulation as their membrane integrity is already compromised70.  

As such, the combination of conventional antibiotics targeting metabolic active cells in 

the outer layer and the membrane-targeting antimicrobial agents killing metabolic 

inactive cells in inner layer, would significantly elevate the elimination efficacy of P. 

aeruginosa. Pamp et al have shown that by employing ciprofloxacin + colistin and 

tetracycline + colistin combinations, almost all the cells in P. aeruginosa biofilms are 

killed125. Future studies applying different combinations of conventional antibiotics and 

membrane-targeting agents can be carried out for biofilms formed by different P. 

aeruginosa strains, including CF isolates.   

 

1.3 Activities of P. aeruginosa during biofilm dispersal 

The final stage of biofilm life cycle is the detachment of cells from the biofilm and 

release into the environment8. Usually, the terms “detachment”, “dispersal” and 

“dispersion” can all be referred to the cell-detachment phase. This stage is essential for 

bacterial survival as nutrients in biofilms decrease while waste accumulates with time. 

Dispersal is a complex procedure triggered by many environmental signals, signal 

transduction pathways and effectors. Dispersal is not completely separated from the 
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biofilm formation procedures126 as dispersal happens over the course of biofilm 

formation and maturation, so a steady state of biofilm is to some degree a balance 

between new attachment and low level of detachment127. The molecular mechanisms of 

bacterial biofilm dispersal are only beginning to be elucidated and it is a very promising 

and important field that can promote the development of novel drugs targeting genes 

responsible for dispersal to reduce biofilm in a wide range of applications.  

1.3.1. Seeding dispersal – cell death and lysis 

Among the three general modes of biofilm dispersal (Erosion, sloughing and seeding) 

mentioned in 1.1.2, seeding dispersal (also known as central hollowing) has been studied 

extensively in P. aeruginosa biofilms. It is the rapid release of a large number of single 

cells or small clusters of cells from the interior of microcolonies, leaving behind hollow 

cavities inside biofilm colonies19,128. Hollow cavities formed inside P. aeruginosa 

biofilm are lack of  polysaccharide, which involves cells evacuating cell clusters, 

swimming through openings in colony wall and entering bulk liquid7,8. Central 

hollowing in P. aeruginosa appears in sufficiently large cell clusters (>80µm), and is 

proved to be triggered by an increase in colony size129. The mechanism of central 

hollowing is not fully understood, but evidence suggests that cell death and lysis occur 

in the biofilms of P. aeruginosa during the normal course of development130. Similar to 

apoptosis in higher organisms, P. aeruginosa undergoes programmed cell death. Webb 

et al discovered that cell death and lysis mechanisms are related to prophage within the 

genome of P. aeruginosa (Fig 1.3.1.1)130. The genome of P. aeruginosa contains a 

filamentous prophage that is closely related to phage Pf1, which is known to be 

upregulated in P. aeruginosa biofilms16. In Webb’s study, it was demonstrated that a 

double mutant deficient in both Type IV pili and flagella, did not lead to normal cell 

death inside microcolonies while a single mutant did, demonstrating that either Type IV 

pili or flagella is required by cell death130. Both Type IV pili and flagella are reported to 

be the receptors of Pf1131,132, and by adding purified phage to Type IV pili and flagella 

double mutant biofilm was not killed while adding phage to both single mutants caused 

similar killing as wild type130. These data illustrated that Pf1 phage produced by P. 

aeruginosa genome itself is involved in the cell killing in P. aeruginosa biofilms by 

acting on Type IV pili or flagella. Cells that survive bacteriophage lysis benefit from the 

nutrients released from their dead siblings, which promotes their “running away”130,133. 
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This result was strengthened by Kirov et al demonstrating that the amount of 

bacteriophage activity paralleled the degree of cell death in the biofilm134 as well as Rice 

et al proving that deletion of the entire prophage genome from the P. aeruginosa 

chromosome did not lead to cell lysis, central hollowing, or seeding dispersal in 

biofilms135. Furthermore, regarding the proteins involved in cell lysis, two proteins, 

endolysin and holin, are essential for host lysis by phages. Endolysins are muralytic 

enzymes that degrade the cell wall and accumulate in the cytosol fully folded. Holins 

are small membrane proteins making membranes more permeable to the fully folded 

endolysin with specific timing. Once the endolysins are released, murein is destructed 

and cell burst immediately136. Ma et al showed that holins and anti-holins which 

antagonize holin activity, are responsible for cell lysis. P. aeruginosa cidAB gene 

encoding CidA (putative holin) and lrgAB gene encoding LrgA (putative anti-holin) 

control cell death and lysis, as well as the timing of seeding dispersal22. Deletion of 

either cidAB or lrgAB causes increased cell death22. Also, programmed cell death and 

lysis contribute to the formation of the Psl matrix cavity, suggesting that the cell 

autolysis is important for Psl degradation and localization in the microcolonies, which 

in turn cause the release of cells, namely, dispersal22. 

 

 

 

 

 

 

 

 

 

Fig 1.3.1.1. Cell death in microcolonies of mature P. aeruginosa biofilms: confocal micrographs of P. 

aeruginosa 7-days-flow cell-biofilm visualized by using the BacLight LIVE/DEAD viability stain. Images 

taken at the biofilm-substratum interface. Scale bars =50µm. Image courtesy of J.Webb130. 

1.3.2. Matrix enzymatic degradation-disruption of EPS 

P. aeruginosa has a multifactorial system for alginate synthesis, which is beneficial for 

bacteria to settle down and be protected. However, it would also be meaningful to 

remove the alginate when it is no longer useful or even detrimental to the bacteria, such 

as when the detachment of cells from the matrix is needed. P. aeruginosa itself can 
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produce alginate lyase enzyme which is capable of cleaving the bond between two 

uronic acids to yield two shorter alginate polymers, and further action leads to 

continuous depolymerization of the alginate to oligosaccharides. Hence, increased 

expression of alginate lyase promotes the detachment of cells from P. aeruginosa 

biofilms137. 

1.3.3. Production of Rhamnolipids-disruption of integrity 

As mentioned in 1.2.1, rhamnolipids are one category of the components in P. 

aeruginosa biofilm matrix. Rhamnolipids are glycolipidic surface-active molecules 

produced by P. aeruginosa138. They are typically constituted of a dimer of 3-

hydroxyfatty acids linked through a beta glycosidic bond to a mono- or di-rhamnose 

moiety138. Rhamnolipid production mainly relies on three genes: rhlA, rhlB and rhlC, of 

which rhlA and rhlB genes are clustered with rhlR and rhlI from QS regulation 

system139,140. Rhamnolipids have surface-acting properties that decrease the 

adhesiveness of cell-cell, cell-matrix, and cell-surface interactions due to their 

amphipathic nature141. Inactivation of the rhlAB in P. aeruginosa biofilms inhibits the 

central hollowing and cell detachment while over-expression of rhlAB or exogenous 

rhamnolipids in wild-type biofilms increases cell detachment21,142, indicating that 

rhamnolipids play a role in central hollowing in P. aeruginosa biofilms. The mechanism 

of rhamnoloipids induced-central hollowing is not known, but most likely they disrupt 

interactions among various cellular and matrix components within the biofilm colony8. 

1.3.4. Enhanced ability of proliferation-regain of motility 

Motility is of vital importance during the initial and early stage of biofilm development 

(see section 1.2.1.2). In mature biofilms cell motility is suppressed as cells stay stably 

in the matrix, while during the dispersal stage, cells evacuating through cell clusters re-

establish motility7. It can be inferred that motility is also triggered by some mechanisms 

at this stage. For example, Barraud et al found that low concentration of nitric oxide 

(NO) which promotes dispersal, enhancing the swarming motility of cells9. 

1.4 Mechanisms regulating P. aeruginosa biofilm dispersal —

— cyclic dimeric GMP 
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Despite many publications that have described various signal molecules for triggering 

biofilm dispersal, such as D-amino acid, fatty acid and autoinducers in QS system143, 

our interest focus on c-di-GMP, which is involved in many bacterial activities related to 

biofilm formation and dispersal. c-di-GMP is a secondary messenger used in a wide 

variety of bacterial species, but not eukaryotes or archaea, to regulate a variety of 

complex biological processes144. The burst of interest in this molecule in recent years 

led to much progress in understanding how c-di-GMP is regulated, and how c-di-GMP 

regulates. Cellular functions regulated by c-di-GMP include cell-cell signalling, biofilm 

formation, motility, differentiation and virulence144. Generally speaking, an increase in 

c-di-GMP level enhances biofilm formation while a decrease leads to dispersal. Two 

categories of enzymes are involved in the synthesis and degradation of c-di-GMP: 

diguanylate cyclase (DGC) catalyses the formation of c-di-GMP from two GTP, and 

phosphodiesterase (PDE) degrades c-di-GMP to 5’-phosphoguanylyl-(3’-5’)-guanosine 

(pGpG) or 2 GMP (Fig 1.4). There are also many sensor domains linked to DGCs and 

PDEs that have been identified so far. They “translate” environmental signals to changes 

of c-di-GMP level via manipulating DGC and/or PDE activities, which in turn modulate 

the expression of genes that are related to biofilm or planktonic mode of life. So far the 

most studied domains that sense environmental cues as well as connect with DGCs and 

PDEs are PAS domain that can sense gaseous ligands such as NO and O2, BLUF 

domains that sense light143 and MHYT that might sense O2, CO or NO by binding of 

one or two copper ions145–147. With endeavours from scientists all over the world, we 

now have a relatively clear idea about the synthesis, degradation and regulation 

mechanisms of this molecule, although still much remains to be elucidated. This section 

focuses on the regulation mechanisms of c-di-GMP and particularly its connection with 

biofilm. 

 

 

 

 

 

Fig 1.4. One molecule of c-di-GMP is synthesized by the enzyme deguanylate cyclase from 2 molecules 

of GTP, and is broken down by phosphodiesterase to 2 molecules of GMP through an intermediate pGpG.  

1.4.1. Making and breaking of c-di-GMP 

http://en.wikipedia.org/wiki/Second_messenger
http://en.wikipedia.org/wiki/Bacteria
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1.4.1.1. Synthesis of c-di-GMP 

c-di-GMP is synthesized by a group of enzymes possessing a motif with aa sequence 

GGDEF (or its variation) named diguanylate cyclase (DGC). GGDEFs catalyse two 

GTPs into c-di-GMP through a two-step reaction with 5’-pppGpG as intermediate and 

2 molecules of pyrophosphate as by-products148. One of the best studied DGCs is PleD 

from Caulobacter crescentus. Purified PleD acts in a dimer form that converts GTP into 

c-di-GMP, while isolated half site GGDEF domain shows no large conformational 

changes during catalysis149, resulting in much lower activity. This phenomenon applies 

to other isolated GGDEF domains too150. The crystal structure of PleD (Fig 1.4.1.1) 

showed this DGC has an active site (A site) which is involved in a GTP binding, an 

inhibitory site (I site) involved in feedback inhibition as well as a response regulator 

domain, whose phosphorylation leads to the dimerization of GGDEF151,152. The core 

secondary structure of GGDEF domain is a five-stranded central β-sheet surrounded by 

helices (βααββαβαβ), for which the topology is identical and the arrangement is similar 

to adenylate cyclase (AC) that functions as dimer as to the “palm” domain of DNA 

polymerases151. Indeed, GGDEF functionally relates to AC and DNA polymerases in 

that it catalyzes 3′–5′ phosphodiester formation and the signature motif constituting 

active site is located to the central β-hairpin. This additional evidence, as well as the 

dinucleotide nature of c-di-GMP, suggest that GGDEF domains function by two 

domains coming together as homodimers with active site at dimer interface, not GGDEF 

per se153. 

 

Fig 1.4.1.1  Crystal structure of PleD. (a) The monomer includes three domains. The catalytic DGC 

domain is shown in green. Domains D1 (red) and D2 (yellow) show the CheY-like fold. D1 carries the 

phosphoacceptor D53. The GGEEF signature motif is located on the β-hairpin (blue) and constitutes part 

of the active site (A-site) to which a c-di-GMP molecule is bound. Two c-di-GMP molecules are found at 

the D2/DGC interface (I-site). Discounting two additional short β-hairpins (β0, β0’and β3’, β3’’) and the 

N-terminal helix α0, the core secondary structure of GGDEF is (βααββαβαβ)151. (b) The two monomers 
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of the asymmetric unit form a two-fold dimer. The c-di-GMP molecules in the dimer crosslink A and A’ 

from two monomers. Image taken from Structural basis of activity and allosteric control of diguanylate 

cyclase (Chan et al, 2004)151. 

It is supposed that catalytically active GGDEF are regulated by two mechanisms. The 

first one is conformational rearrangement of GGDEF in response to changes in the 

sensory domains linked to GGDEF domain. Apart from PelD, this phosphorylation 

mechanism is also found conserved in P. aeruginosa WspR154, B. burgdorferi Rrp1150, 

P. aeruginosa PvrR155, X. campestris RpfG156 and P. aeruginosa FimX157, suggesting 

that phosphorylation is a common mechanism for GGDEF domain activation.  Another 

mechanism is feedback inhibition (preventing over production of c-di-GMP) that 

requires a four residue motif constituting I site RxxD positioned five amino acids 

upstream of GGDEF motif. A base-intercalated dimer of c-di-GMP can bind to this I 

site leading to the inhibited conformation of protein crystal with coordinating residues 

either coming from regulatory domain or from GGDEF domain in another protein 

monomer157–159. This binding acts by restricting the movement of GGDEF domains, 

which blocks the formation of catalytically active homodimer. Further studies also 

showed that DGCs lacking I sites can still be product inhibited153. 

1.4.1.2. Hydrolysis of c-di-GMP 

c-di-GMP is degraded by another group of enzymes named phosphodiesterase (PDE) 

possessing domains with aa sequences of EAL or HD-GYP. These proteins hydrolyse 

c-di-GMP into linear di-GMP (5’-pGpG) requiring the presence of either Mn2+ or Mg2+ 

but are strongly inhibited by Ca2+ and Zn2+153,160. Subsequently, 5’-pGpG is converted 

into GMP161. The activity of EAL is c-di-GMP specific while the catalytic specificity of 

other phosphoesters are not clear153. 

EAL domain 

Isolated, monomeric EAL domains show PDE activity and degrade c-di-GMP rapidly, 

which lead to the argument that PDEs can function as monomers by some 

scientists162,163. However, the majority of EAL domain PDEs characterized so far form 

dimers or higher-ordered oligomers in vitro164–167 and the dimeric state appears to be 

important to activate PDEs through environmental stimulus153. Thus, we might infer that 

dimer is the functional state of the EAL domains involved in c-di-GMP hydrolysis. All 

structures of EAL domains observed so far display a central barrel composed of 8 β-

strands surrounded by 7 α-helices, with a αβ(β/α)6β secondary structure (a variant of the 
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triosephosphate isomerase (TIM) barrel fold), which is the core structure and is 

invariable. Variations between different EAL domains are seen in helices and loops168. 

This core barrel is essential to ligand binding, with the c-di-GMP binding site located at 

the C-terminal end of the β-strands composing the barrel157. The residues involved in 5’-

pGpG binding located on strands β4, β5, β6 and loops 7 and 8 (Fig 1.4.1.2.1)168. With 

many publications confirming EAL domain uses two-metal catalysis, it is recently found 

that EAL can use three metal catalysis mechanism169. The configurations of EALs 

suggest that they perform nucleophilic attack on the phosphorus with the bridging 

solvent molecule165. The distance between the two active-site metal ions and their 

distances to the hydrolytic solvent molecule are important for the success of in-line 

attack of the phosphorus atom. A tight binuclear metal centre leads to higher activity, 

while when metal ions are further apart, the coordination is not sufficient for the 

activation165. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.4.1.2.1   (A) αβ(β/α)6β core secondary structure of FimX EAL domain (B) FimX EAL domain 

homodimer structure with bound c-di-GMP. The c-di-GMP-bound structure of FimXEAL (colored in grey), 

was superimposed onto the nucleotide-free structure (colored in red).The c-di-GMP binding site of 

FimXEAL is located at the C-terminal end of the β strands composing the barrel157 (C) FimX EAL domain 

structure with bound 5’-pGpG. The interactions between two EAL domains (bound with 5’-pGpG) are 

B 

5’-pGpG 

C 

A 
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mediated by contacts between ahelices1, 2, 6, 7 and loops α1-β1, β5-α5168. Image taken from Structural 

Analysis of the GGDEF-EAL Domain-Containing c-di-GMP Receptor FimX157 and Crystal Structure of 

an EAL Domain in Complex with Reaction Product 5’-pGpG168. 

HD-GYP domain 

An alternative structure in PDEs is HD-GYP. HD-GYP has long been resisting 

crystallization and the first structure of HD-GYP domain of Bd1817 from Bdellovibrio 

bacteriovorus was not enzymatically active170, which hindered the further insight into 

HD-GYP catalysis mechanism. It is not until recently when Bellini et al revealed the 

first enzymatically active crystal structure of an HD-GYP PDE protein PmGH, as well 

as its complex with c-di-GMP and final product GMP (Fig 1.4.1.2.2)171. The study 

showed that the trinuclear Fe centre, buried at the bottom of the cavity formed by two 

claws of open chela, was vital for c-di-GMP binding in PmGH171. By binding the Fe 

centre, c-di-GMP was hydrolyzed into GMP171. Although further studies need to be done 

to confirm the oxidation state of three Fe ions, a model was purposed estimating that the 

oxidation state of three Fe ions showing two peripheral sites occupied by Fe(II) and the 

middle site by Fe(III). Catalysis  might involve redox reaction of these Fe ions172. As 

biofilm per se owns a gradient of oxygen accessibility and the inside part of biofilm 

present anerobic characteristics, we can also infer that redox might be responsible for 

the modulation of c-di-GMP level via changing metal oxidation states. In summary, 

Bellini’s finding of trinuclear Fe centre catalysis is in accordance with the former results 

and predicts from Lovering et al that several conserved residues of HD-GYP group 

around the binuclear metal centre were with the catalytic metals likely to be either Fe or 

Mn170. Further studies need to be done and HD-GYP may show a new perspective of c-

di-GMP controlling system on the basis of redox, perhaps unlike nucleophilic attack as 

EAL. 
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Fig 1.4.1.2.2 (A) Detailed view of the HD-GYP domain of PmGH. The central metal irons are labelled as 

the middle site (M) and the two flanking metal sites as H and G, to reflect their proximity to the HD and 

GYP motifs respectively. (B) View of GMP shown in stick mode bound to PmGH. Bonding interactions 

are represented by dashed lines with distances in Angstroms. (C) View of c-di-GMP bound to a metal 

depleted subunit of PmGH. Fe atoms occupying the middle (M) and HD (H) sites are shown as semi-

transparent spheres as they are not present in the subunit when binding c-di-GMP. Image taken from 

D.Bellini171. 

1.4.1.3. GGDEF and EAL/HD-GYP in tandem 

GGDEF and EAL domains are often found on the same polypeptide chain as parts of 

multi-domain proteins according to genomic analysis. About 1/3 of all GGDEF domains 

and 2/3 of all EAL domains are found on the same polypeptide in tandem153. These 

proteins fall into three main categories based on their catalytic activity: (1) tandem 

domain–containing proteins with both DGC and PDE activity; (2) proteins with only 

one domain active while another one, degenerate and inactive, exhibits a regulatory 

function; (3) both domains are degenerate and might act as c-di-GMP receptors173. 

Although almost half of all GGDEF-EAL proteins have been reported to have intact 

active sites, only a few of them are really bifunctional, i.e., both domains have enzymatic 

activity but only one of them is active under certain circumstance or triggered by specific 

environmental/intracellular signals and they fall in the first category164,174. Examples of 

this group include BphG1 from Rhodobacter sphaeroides whose activity switch 

involves proteolysis164, ScrC from Vibrio parahaemolyticus whose activity switch 

involves protein partners175, MSDGC-1 from Mycobacterium smegmatis176 and Lpl0329 

from Legionella pneumophila177. Recent finding in our group also showed that MorA in 

P. aeruginosa can both synthesize and hydrolyze c-di-GMP. We have described an 

activity switch involving a secondary structure change of a R helix linking GGDEF and 

EAL178. However, despite this, we have illustrated the structure of full length DGC-PDE 

of MorA and confirmed both enzymatic activities, only the relationship between the R 
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helix and the dimerization of the PDE was revealed. Further research on the relationship 

between DGC and R helix, whether there is a regulatory effect between DGC and PDE 

as well as under what conditions does MorA switch between DGC and PDE need to be 

done. Another more commonly found scenario is that one of the two domains is 

enzymatically inactive 153. The inactive domain usually presents new functions, 

including binding (but not processing) the substrate c-di-GMP and protein-protein or 

protein-RNA interactions153. A study showed that the deletion of the enzymatically 

inactive EAL domain in DgcA1 from G.xylinus resulted in the abrogation of DGC 

activity in the protein, suggesting that the inactive domain might have played an 

important structural or regulatory role in maintaining the function of the whole 

protein153. The transmembrane protein LapD in P. fluorescens179 and P. putida180 

belongs to the third group, containing degenerate GGDEF and EAL domains lack of 

catalytic activity, but is capable of binding c-di-GMP via its divergent phosphodiesterase 

domain181. It responds to changes in cellular c-di-GMP levels modulated by the 

availability of inorganic phosphate in the environment and is related to stable cell 

attachment and biofilm formation181,182.  With the alteration in c-di-GMP levels, LapD 

switches between two states: bound off state retards stable biofilm formation and bound 

on state supports cell adhesion179,181. To date, much work has been done to reveal the 

structure and regulatory mechanisms of GGDEF or EAL per se, but little work has been 

done for the GGDEF-EAL tandems. So far, the dual GGDEF-EAL domain crystal 

structures available in PDB are FimX and MorA (Fig 1.4.1.3. C,D178) from P. 

aeruginosa, as well as LapD from P. fluorescence (Fig 1.4.1.3. A,B173). Despite the 

revealed crystal structures, both LapD and FimX showed insufficient catalytic activity 

of both DGC and PDE, while MorA is the only one with activities of both. Therefore, 

the mechanism of MorA regulation might be representative of other DGC-PDE tandems 

that are bifunctional, and might also shed lights on GGDEF-HD-GYP tandem of which 

no structure of full length tandem was revealed to date.  

 

 

 

 

 

 

A 
 

B 



49 

 

 

 

 

 

 

 

 

Fig 1.4.1.3.  (A) Crystal structure of the dual-domain GGDEF-EAL of apo-LapD in P. fluorescens. 

GGDEF (RGGEF) is shown in green while EAL (KVL) is shown in orange. Image taken from Structural 

basis for c-di-GMP-mediated inside-out signaling controlling periplasmic proteolysis173. (B) Model for 

how the conformational change of S-helix upon binding LapG change the whole arrangement of GGDEF-

EAL tandem and c-di-GMP binding. Image taken Structural basis for c-di-GMP-mediated inside-out 

signaling controlling periplasmic proteolysis173. (C) MorA DGC-PDE tandem highlighting PDE TIM 

barrel structure. The active site DDFGTG motif and the a5 helix or R helix are highlighted in blue, the a6 

helix is shown in purple. The H helix (cyan) links the PDE domain (yellow) to the DGC domain (grey). 

Alpha helices and beta sheets are labelled  (Image taken from Formation and dimerization of the 

phosphodiesterase active site of the Pseudomonas aeruginosa MorA, a bi-functional c-di-GMP 

regulator178). (D) Supposed model for MorA regulation and activation of both DGC and PDE activities. 

Key elements of the active states of the PDE domains are the DDFGTG loop and the R helix α5 while the 

hallmark of an active DGC is formation of the nucleotide recognition helix α2’. (Only when DGC is 

homo/hetero- dimerised with another DGC domain) (Image courtesy of C.W.Phippen). 

1.4.1.4. Regulatory sensory domains 

Most prokaryotic signal-transduction systems, also known as two-components signal 

transduction systems, use phosphotransfer schemes. These schemes involve two 

conserved components, a sensory domain that sense environmental stimuli and a 

response regulator protein183. The changes of sensor domains upon receiving 

extracellular signal are subsequently transferred to an associated response regulator 

protein183, resulting in its activation or inactivation183 and in turn perform a variety of 

downstream effects. So far numerous conserved domains have been identified in 

bacteria (Table 1.4.1.4.). 

 

Sensor domains Functions 

PAS FAD, heme, and cinnamic acid binding 

MHYT metal binding 

FliY amino acid binding 

Cache small ligand binding 

GAF cGMP binding, photopigment binding 

HAMP dimerization 

His Kinase 1 

His Kinase 2 

phosphoacceptor, dimerization 

Phosphorylation of His kinase 1 domain 

C 
D 
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Hpt 

BLUF 

Phosphoacceptor 

Light-sensing 

 

Response domains Functions 

GGDEF diguanylate cyclase (c-di-GMP production) 

EAL Phosphodiesterase (c-di-GMP hydrolysis) 

HD-GYP Phosphodiesterase (c-di-GMP hydrolysis) 

REC (CheY) phosphoacceptor 

HTH DNA binding 

AAA σ54-binding ATPase 

Table 1.4.1.4. Conserved domains of the bacterial signal transduction systems (Adapted from 

M.Y.Galperin et al, Novel domains of the prokaryotic two-component signal transduction systems184) 

 

The most common sensory domains that are found combining GGDEF, EAL and HD-

GYP in cytoplasmic c-di-GMP-metabolizing enzymes are REC, PAS and/or GAF153. 

Another important group of signalling proteins consists of membrane-bound sensors that 

combine cytoplasmic GGDEF, EAL/HD-GYP domains with periplasmic/extracellular 

sensory domains, such as MHYT. PAS domain can modulate its activation via binding 

ligands such as heme and FAD that sense O2, NO, CO, redox potential, or photons, 

which in turn enables the proteins response to environmental stimuli185. It is supposed 

that PAS domain might influence GGDEF-EAL tandem conformationally by binding 

NO, which in turn modulates c-di-GMP level and biofilm. Therefore, it is reasonable to 

infer that PAS-GGDEF-EAL should be of vital importance in NO-mediated biofilm 

dispersal. More details of PAS domain and NO sensing are discussed later. 

1.4.2. c-di-GMP receptors 

As a second messenger, c-di-GMP serves to integrate information from multiple 

upstream inputs to influence the rates of synthesis and degradation of itself, and acts on 

multiple downstream targets, thereby expanding the scope of signal transmission. 

Naturally, c-di-GMP must have many receptors in bacteria. But so far, much less was 

known about c-di-GMP receptors than about c-di-GMP metabolizing enzymes due to 

the difficulty in identifying proteins with great diversity in sequence and structures153. 

Several groups of c-di-GMP protein receptors have been identified including PilZ 

domain receptors, I-site receptors, inactive EAL domain receptors and likely HD-GYP. 
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In addition to proteins, two types of riboswitches have also been shown to bind c-di-

GMP153. 

1.4.2.1. PilZ domain 

PilZ is the first identified c-di-GMP receptor originated from P. aeruginosa PA2960 and 

then found in proteins from various bacterial species, such as BcsA from G. xylinus186, 

YcgR from E. coli187, DgrA from C. crescentus188 and PlzC and PlzD from Vibrio 

cholerae189. To date, PilZ appears to have the highest affinities for c-di-GMP compared 

to the majority of other c-di-GMP receptors153. X-ray and NMR studies have 

demonstrated the structure of PilZ (Fig 1.4.2.1.). Moreover, PilZ domain proteins were 

found to exist in different states ranging from monomeric to tetrameric190–193, suggesting 

potentially different downstream transduction modes. Similar to other domains 

associated with c-di-GMP, PilZ has active (c-di-GMP binding) and inactive states (lack 

of c-di-GMP).  

 

 

 

 

 

 

 

 

 

Fig 1.4.2.1.  Comparison of overall structure of inactive (lack of c-di-GMP binding) and active (c-di-GMP 

binding) state of PilZ (PA4608) domain in P. aeruginosa. In the inactive form, the c-di-GMP binding side 

of the β-barrel comprising strands β2, β3, β5 and β6 is partially covered by the C-terminal. Binding of c-

di-GMP pushes the C-terminal region away from the β-barrel and causes the unfolding of helix. Image 

taken from Solution structure of the PilZ domain protein PA4608 complex with cyclic di-GMP identifies 

charge clustering as molecular readout190. 

1.4.2.2. GGDEF I-site and Inactive EAL 

Apart from PilZ, there are several other receptors that regulate c-di-GMP level when 

PilZ is not present in vivo. The I-site of inactive GGDEF domain is the most promising 

candidate. Retiring from its active duty, GGDEF often retains the product-inhibiting I 

site that has the capacity to bind c-di-GMP, making the catalytically incompetent 

domains function as a substrate receptor153. Thus, I site not only serves to prevent the 

overproduction of c-di-GMP by DGCs, but also enables proteins that lose the DGC 

c-di-GMP 
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activities to switch their role to c-di-GMP receptors153. Examples include PopA from C. 

crescentus194, SgmT from M. Xanthus195, CdgA  from B. bacteriovorus196, and PelD 

from P. aeruginosa197. Following the same principle, inactive EAL domain that lose 

PDE activities can also retain the ability to bind c-di-GMP. Examples include FimX 

from P. aeruginosa198, LapD from P. fluorescens199 and YkuI from B. subtilis200. 

Although no HD-GYP has been described as c-di-GMP receptor so far, according to its 

nature HD-GYP is also likely to possess similar characteristics153. Whether the binding 

of c-di-GMP to degenerated DGC/PDEs regulates other proteins and phenotypic 

outputs, or they mainly bind c-di-GMP as a way to balance the total intracellular level 

remain unknown so far, which need further investigations. 

1.4.2.3. Riboswitches and other receptors 

In addition to proteins, c-di-GMP has also been found to bind two kinds of 

riboswitches153. Riboswitches are non-coding segments of mRNA which possess 

particular secondary structures and bind small molecules153. In bacteria, riboswitches 

frequently occur in the 5' UTRs of mRNAs. The secondary structures of riboswitches 

change via ligands binding to aptamer part, making the expression platform fold into a 

terminator stem-loop aborting the transcription153,201(Fig 1.4.2.3 A). Hence, the binding 

of c-di-GMP to these riboswitches would regulate the translation of a transcript202. 

Currently there are two categories of riboswitches with a c-di-GMP binding aptamer 

structure found as shown in Fig 1.4.2.3 (B,C). The first group of riboswitch binding c-

di-GMP called GEMM is initially discovered by Breaker et al and belongs to c-di-GMP-

I aptamer consensus203,204. GEMM resides upstream of the DGC and PDE coding 

regions in some organisms and some genes that are controlled by cyclic di-GMP204. 

Another group of riboswitch (Fig 1.4.2.3 C) belonging to c-di-GMP-II aptamer 

consensus was also first discovered by Breaker’s group. It binds c-di-GMP and regulates 

the self-splicing in an allosteric group I ribozyme205. Riboswitch-binded c-di-GMP 

induces folding changes at atypical splice site junctions to modulate alternative RNA 

processing205. 
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Fig 1.4.2.3. (A) The schematic of a riboswitch that controls transcription. When metabolite is not bound 

(-M), the expression platform incorporates the switching sequence into an anti-terminator stem-loop (AT) 

allowing the process of transcription. When metabolite binds (+M), the switching sequence is incorporated 

into the aptamer domain, and the expression platform folds into a terminator stem-loop (T), causing 

transcription to abort. Image taken from Riboswitches: A Common RNA Regulatory Element201. (B) The 

consensus sequence and structural model for class I c-di-GMP aptamer (left) and the c-di-GMP bound 

structure (right, c-di-GMP shown in red). Images taken from An Allosteric Self-Splicing Ribozyme 

Triggered by a Bacterial Second Messenger205 and Structural basis of ligand binding by a c-di-GMP 

riboswitch206 (C) The consensus sequence and structural model for class II c-di-GMP aptamer (left) and 

the c-di-GMP bound structure (right, c-di-GMP shown in red). Images taken from An Allosteric Self-

Splicing Ribozyme Triggered by a Bacterial Second Messenger205 and Structural basis of differential 

ligand recognition by two classes of bis-(3’-5’)-cyclic dimeric guanosine   monophosphate-binding 

riboswitches207 

1.4.3. The specificity of c-di-GMP signalling pathway 

The redundancy of DGC and PDEs in bacteria raised the doubt in the necessity of the 

existence of all these proteins, as bacteria always develop the most economical way to 

metabolize during their evolution. Therefore, it is reasonable to assume that there might 

be accurate selective regulation of c-di-GMP target outputs by individual c-di-GMP-

metabolizing proteins.  

Due to the increasing knowledge we have in c-di-GMP-dependent signalling pathways, 

we now realize that there is a hierarchical logic governing c-di-GMP regulatory systems 

B   c-di-GMP-I aptamer consensus 

C   c-di-GMP-II aptamer consensus 

A 
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with each individual components controlled by specific environmental or intracellular 

stimuli and in turn serves specific targets153. 

1.4.3.1. Regulation of expression of c-di-GMP-related genes 

Differential transcriptional regulation of c-di-GMP-metabolizing proteins directly 

controls c-di-GMP signalling. The general stress sigma factor RpoS directly or indirectly 

controls a large amount of genes under various stress conditions such as depleted 

nutrients, temperature, low pH and osmotic stress, and it is reasonable to suspect RpoS 

might have influence on c-di-GMP related genes. So far RpoS has been found to be a 

powerful control of GGDEF/EAL genes expressions in E. coli (fimbriae and cellulose 

synthesis)208,209, V. cholera (biofilm formation and virulence) 210 and P. putida (biofilm 

formation)211, suggesting a regulation route involving stress response – c-di-GMP – 

biofilm related phenotypes. Although not deeply studied in P. aeruginosa, it is likely 

that this mechanism is a common trait. Some GGDEF/EAL genes exhibit σS dependence 

under more than one stress conditions whereas others show σS control only under one 

specific condition209. Therefore, these genes might be triggered only in one or a few 

specific situations, suggesting the specificity in c-di-GMP-metabolizing proteins 

regulation.  

1.4.3.2. DGCs, PDEs and their targets 

Apart from the regulation of DGC and PDE genes, specific responses of c-di-GMP 

targets to individual DGCs and/or PDEs also largely contribute to the specificity of c-

di-GMP signalling153. Many examples of signalling specificity have been reported in 

various bacteria. One striking example comes from P. aeruginosa, where 

overexpression of the DGC PA2870 significantly increased c-di-GMP levels without 

causing changes in biofilm formation and overexpression of SadC (PA4332) results in 

enhanced biofilm formation without change in c-di-GMP concentration212. Similarly, a 

deletion of the PDE PvrR in P. aeruginosa strain PA14 compromised its virulence and 

biofilm formation but it expressed significant PDE activity212. These studies 

demonstrated that it is the resource of c-di-GMP concentration changes (specificity) over 

the c-di-GMP amount per se that counts for a certain phenotypic change, and that 

intracellular c-di-GMP concentration is not the only reason for the biofilm formation or 

dispersal. So far, 39 genes that contain GGDEF and/or EAL domains have been 

identified in P. aeruginosa PA14 and over-expression of them led to different 
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phenotypes212, which also to some degree shows that different GGDEF/EAL proteins 

are specific to different biofilm formation phenotypes. Although Merrit et al measured 

the total cellular levels of c-di-GMP in ∆roeA and ∆sadC mutants of PAO1 and revealed 

that the intracellular c-di-GMP level was not correlated to different phenotypic biofilm 

outputs (swarming motility and EPS production)213, not all GGDEF/EAL genes in 

PAO1 were tested yet. Therefore, it is also worth knocking out/overexpressing these 

different genes individually and analysing the specific genotypic outputs in PAO1 strain 

background. Additionally, strains in which multi- and/or all DGCs/PDEs are deleted can 

also be very useful in investigating the specificity of c-di-GMP signalling. By comparing 

the biofilm formation in all deletion mutants with individual deletion mutant and wild 

type, we may assign functions to genes/proteins. 

1.4.4. Biofilm and c-di-GMP 

Since the first discovery of c-di-GMP decades ago, important findings of this universal 

bacterial second messenger kept emerging. Not only did the list of bacteria relying on c-

di-GMP signalling grew quickly, but also the phenotypes influenced by c-di-GMP153. 

As shown below, a myriad of phenotypes are regulated by c-di-GMP level (Fig 1.4.4), 

of which how c-di-GMP influences biofilm formation/dispersal through motility and 

EPS is reviewed here in details for the project. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.4.4 Phenotypes regulated by c-di-GMP level in bacteria. Image adapted from Cyclic di-GMP: the 

First 25 Years of a Universal Bacterial Second Messenger153 

c-di-GMP 
c-di-GMP 

Phenotypes activated by c-di-GMP 

1. Sessility 

 

• Biofilm formation 

• Rugose colony morphology 

• Adhesive fimbriae 

• EPS 

• Non-fimbrial adhesions 

 

2. Virulence 

3. Transmission 

4. Survival in host 

5. Environmental persistence 

6. Cell morphology 

• Cell elongation 

• Stalk/holdfast formation 

7. Cell cycle control 

8. Heterocyst development 

9. Photosynthesis 

10. Cell-cell communication 

11. Resistance to detergents 

Phenotypes repressed by c-di-GMP 

1. Motility 

 

• Swimming 

• Swarming 

• Twitching 

• Gliding 

 

2. Virulence 

3. Phage resistance 

4. Heavy metal resistance 

5. Hyphae formation 

6. Entibiotic production 
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1.4.4.1. Regulation of biofilm via motility and sessility transition 

The transition of motile cells to a sessile state involves a drastic lifestyle change, which 

is usually related to later biofilm formation153. A key role of c-di-GMP in the transition 

between motile and sessile lifestyles of Gram-negative bacteria has been discovered and 

the underlying molecular mechanisms are beginning to emerge153. c-di-GMP mediated 

motility-to-sessility transition occurs not only when swimming cells approach a surface 

in the initial stage, but also during biofilm maturation and dispersal. Logically, cell 

motility should be enhanced when accessing the surface, repressed in mature biofilm 

and enhanced again for dispersal153. Apart from swimming, c-di-GMP also regulates 

swarming, twitching and gliding motility which are essential during initial and early 

attachment stages.  

c-di-GMP and fast regulation of flagella 

Swimming capacity conducted by flagella is of vital importance during the initial 

attachment stage. Flagella mediated motility-to-sessility transition requires rotating 

flagella not only to get proximity with surfaces, but also to overcome surface repulsion 

until its successful contact with surfaces and then stop rotating for cells settling down153. 

Flagella are responsive to chemotactic signals, hence posing negative influences on cells 

that intend to settle down as it increases the chance of swimming away from the surfaces. 

Therefore, bacteria should benefit from a mechanism that blocks the chemotactic inputs 

of flagella quickly on the scale of seconds at a posttranslational level during surface 

attachment153. After the permanent attachment occurs, a second, slower mechanism 

might be involved in turning off rotating flagella/flagellum synthesis153. So far the 

mechanisms of these operations have only been described in enteric bacteria, but it might 

shed light on the mechanistic study in P. aeruginosa whose flagella is also playing a 

significant role in initial attachment. 

In enteric bacteria E. coli and S. enterica, flagella rotate either in a counter-clockwise 

(CCW) or a clockwise (CW) direction153. The default direction is CCW but chemotactic 

signals result in changes in rotation direction of one or several flagella from CCW to 

CW, leading to the tumbling of cells. Later the CCW rotation direction resumes and 

propels cells in a new random direction, promoting bacterial proliferation. It has been 

found that c-di-GMP binds to specific receptor that interact with flagella rotor proteins, 
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which then induces a strong CCW bias in flagellar rotation and inhibits spreading due 

to its incompetence of switching swimming direction214,215. This inhibition of motility 

and chemotaxis may assist the sessile life of bacteria by disfavoring migration away 

from a substrate where biofilms might later locate215. Apart from the swimming ability 

in liquid, flagella is also involved in swarming on wet surfaces and high level of c-di-

GMP represses swarming. Similar to flagella rotation in E. coli, it was proved that in P. 

aeruginosa PA14 two stator complexes, MotAB and MotCD, participate in the rotation 

of single polar flagellum. When c-di-GMP level is elevated, the MotAB stator that 

represses swarming motility can displace MotCD from the motor and affect motor 

function and flagella rotation216. The DGCs and PDEs involved in this c-di-GMP – 

swarming regulation pathway include SadC (DGC) and BifA (PDE)217–219. As a result, 

sadC mutation promote surface swarming by increasing the frequency of change of 

swarming directions while bifA results in decreased directional reversal.  

c-di-GMP and transcriptional regulation of flagella behaviour 

In addition to the fast regulation, c-di-GMP can also regulate flagella at a slower 

transcriptional level. Jyot et al have identified the protein FleQ as a c-di-GMP-

responsive transcriptional regulator in P. aeruginosa that directly interact with flhA, 

fliE, fliL, and fleSR promoters, which are involved in flagellar export, flagellar basal 

body MS ring encoding and flagellin synthesis220. Similar regulation was also found in 

other species such as Xanthomonas and V. cholerae where transcriptional regulators can 

bind c-di-GMP and repress flagella related genes221,222. But all these c-di-GMP-

dependent transcription factors only lead to modest control on flagellar genes, indicating 

that additional molecular mechanisms of motility control need to be discovered153. 

c-di-GMP and Type IV pili 

Beyond flagellum-mediated swarming and swimming, another important part of 

motility, type IV pili-mediated twitching in P. aeruginosa is also regulated by c-di-

GMP. The unique ability of Type IV pili to polymerize and retract confers twitching 

motility223,224, which is required both in initial attachment and maturation stage and 

result in a 3D biofilm architecture225.  The biogenesis of Type IV pili and its twitching 

motility are controlled by c-di-GMP, requiring the GGDEF-EAL domain FimX 

response regulator localized at one cell pole226. The GGDEF domain of FimX is 

degenerate, while the EAL domain binds c-di-GMP with high affinity but only exhibits 
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weak PDE activity in vitro. Although not showing DGC activity, the imperfect GGDEF 

domain of FimX might serve to activate phosphodiesterase activity and the function of 

FimX needs the presence of both GGDEF and EAL. The binding of c-di-GMP to EAL 

domain influences its interaction with PilZ protein required for surface pilin expression 

and localization. In this way, the dysfunction of FimX results in a pilus assembly defect 

and the bacterial twitching motility is then impaired227,228. 

1.4.4.2. c-di-GMP and biofilm EPS 

Every component of EPS matrix contributes to the biofilm formation, maturation and 

3D structure. All these components, including various exopolysaccharides, proteins and 

eDNA, can be regulated by c-di-GMP on transcriptional, posttranscriptional and 

posttranslational levels153. 

Alginate, Pel and Psl as c-di-GMP target in P. aeruginosa 

Pel and Psl are the major components of biofilm matrix polysaccharides in non-mucoid 

P. aeruginosa while alginate is mainly overproduced in mucoid strains229. The role of 

Pel and Psl in biofilm formation vary drastically from strain to strain. For example, 

PAO1 relies primarily on Psl while PA14 is more Pel dependent230. Most environmental 

and clinical isolates secrete either Pel or Psl except for some rugose small colony variant 

(RSCV) clinical isolates that express both the Psl and Pel operons simultaneously229.  

So far the relationship between c-di-GMP and Pel has been more developed while c-di-

GMP is likely to be a poor indicator of Psl230. Pel is positively regulated by c-di-GMP 

on transcriptional level likely via a system containing DGC WspR and YfiN producing 

c-di-GMP as well as FleQ as the c-di-GMP receptor. WspR is activated by 

phosphorylation carried out by His kinase WspE, which receives a surface-derived 

signal from the membrane-bound domain protein WspA231,232. WspR clusters form in 

proximity to FleQ, perhaps due to the necessity of controlling localized c-di-GMP 

level153. When in the absence of c-di-GMP, FleQ forms a complex with ATP-dependent 

protein FleN, binding two sites up and downstream of the pel promoter leading to a bend 

of DNA and the inhibition of pel transcription. In contrast, bending is relieved with the 

presence of c-di-GMP which results in the activation of pel transcription233.  

The biosynthesis of the Pel exopolysaccharide is also regulated by c-di-GMP at the 

posttranslational level. In addition to widely known c-di-GMP receptor PilZ, the pel 
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operon encodes another I-site receptor PelD which mediates c-di-GMP regulation of Pel 

polysaccharide biosynthesis by binding to c-di-GMP directly234. Also, some DGCs such 

as RoeA and PDEs such as BifA in P. aeruginosa are involved in c-di-GMP mediated 

regulation of Pel synthesis although the mechanisms remain unclear218,213. 

Alginate is mainly found in mucoid strains isolated from cystic fibrosis patients. Alg44, 

possibly part of large alginate synthase complex, is a c-di-GMP receptor containing PilZ 

domain and is responsible for alginate polymerization or transport235,236. Although the 

mechanism is not clearly elucidated yet, it is supposed that c-di-GMP activates a specific 

protein-protein interaction within the alginate translocation complex by binding the PilZ 

domain of Alg44153. MucR, a membrane anchored DGC is supposed to activate alginate 

production through generation of a localized c-di-GMP pool in the vicinity of Alg44 for 

PilZ to receive c-di-GMP. Thus, more molecular studies are needed to find out the 

specific determinants allowing DGCs to communicate with specific c-di-GMP 

targets153.  

Fimbriae and non-fimbrial adhesins 

Fimbriae are hair-like structures present on the surface of some Gram-negative bacteria. 

Both pili and fimbriae are bacteria surface structures and are structurally similar to each 

other but different in size and functions. An individual pilus is usually 0.5 to 7 nm in 

length and 4 to 6 nm in diameter which is responsible for twitching motility and sexual 

conjugation, while fimbriae are usually 2-10 nm in diameter and 100-5000 nm in length 

which facilitates the adhesion to the surfaces and/or host organisms. In P. aeruginosa, 

five fimbrial gene clusters, cupA,B,C,D,E, have been identified to date. Although 

specific functions of fimbriae remain unknown, all of them have been shown to either 

change adhesive properties of P. aeruginosa or relate to biofilm formation237. The 

expression of all Cup fimbriae genes, except for CupE, are reported to be involved in 

DGC/PDE regulation although the mechanisms remain unknown153. 

Non-fimbrial adhesins also contribute to biofilm formation. Large multi-repeat adhesins 

often participate in biofilm formation by enhancing cell surface adherence and play a 

role in stabilizing the extracellular matrix153. In P. aeruginosa, a putative adhesin CdrA, 

together with its putative outer membrane transporter CdrB regulated under the same 

operon, possess a large non-fimbrial β-helical adhesin238. The expression of gene cluster 

cdrAB is elevated under conditions of high intracellular c-di-GMP238. 
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1.5 Nitric Oxide signalling and biofilm 

Free radical nitric oxide was found to be a crucial signalling molecule with wide-ranging 

functions in the cardiovascular, nervous and immune systems during 1980s and was 

awarded the curious accolade of “molecule of the year” in 1992239. The Nobel Prize in 

Medicine or Physiology in 1998 was awarded to scientists Robert Furchgott, Louis 

Ignarro and Ferid Murad for their discoveries concerning nitric oxide as a signalling 

molecule in the cardiovascular system, which enhanced and expanded the interest in NO 

among scientists from various fields, resulting in an explosion of investigations in its 

signalling pathways. So far, the classical NO signalling (cGMP–PKGs), less classical 

NO signalling (NO binding to cytochrome c oxidase in the mitochondria) and non-

classical NO signalling (NO-mediated posttranslational modifications) have been 

deeply studied in mammals240, but much less is known in bacteria. To date, nitric oxide 

has been found to be a signalling molecule by interacting with proteins in two distinct 

pathways: (1) binding ferrous/ferric-haem in proteins that causes 3D structural changes. 

These signal transduction proteins usually contain an upstream haem-containing sensor 

domain that binds to gaseous ligands, and a downstream effector domain that generates 

an output signal241.(2) binding copper ions in membrane sensor domains, such as MHYT 

that do not contain haem (Fe)145,147. In 2006, Barraud et al for the first time discovered 

that nanomolar scale NO donors led to the biofilm dispersal in P. aeruginosa by 

modulating c-di-GMP level in cells9,242, which triggered our interest in revealing its 

mechanisms. Current evidence showed that NO might be involved in both biofilm 

formation and dispersal though c-di-GMP and/or quorum sensing pathways across a 

wide range of bacteria species. We focus on how nitric oxide modulates biofilm 

dispersal and our insights into P. aeruginosa biofilm might shed light on other species. 

The table below summarizes the dispersal of biofilms from different species involving 

in NO.  

Species NO resource Possible mechanism 
Pseudomonas aeruginosa 25nM to 2.5mM 

SNP9 

NO binds to PAS/MHYT domains upstream of DGC 

and/or EAL, resulting in a decrease of intracellular c-di-

GMP 

Vibrio cholerae 25-500nM SNP243 NO binds to H-NOX domain that regulate HK-RR for 

modulation of intracellular c-di-GMP244,245 

Serratia marcescens 25-500nM SNP243 Unknown 

Escherichia coli 25-500nM SNP243 NO binds to NsrR which controls the transcription of 

motility and biofilm related genes246 

Fusobacterium nucleatum 1-10µM SNP243 Unknown 

Acinetobacter baumannii 200ppm gaseous 

NO247 

Unknown 
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Nitrosomonas europaea 30ppm gaseous 

NO248 

Unknown 

Shewanella woodyii 200µM DETA 

NONOate249 

NO binds to SwH-NOX that upregulates 

phosphodiesterase activity and decrease intracellular c-di-

GMP249 

Vibrio harveyi 100µM DPTA 

NONOate250 

NO binds to H-NOX for the regulation of flagella through 

LuxU/LuxO/LuxR quorum sensing pathway250 

Neisseria gonorrheae >500nM SNP251 Unknown 

Shewanella oneidensis 50µM DPTA 

NONOate252 

Unknown 

Bacillus licheniformis 100-500nM 

SNP243 

Unknown 

Staphylococcus epidermidis 10µM SNP243 Unknown 

Staphylococcus aureus 200ppm gaseous 

NO and 1-

1000µM DETA 

NONOate247,253 

Unknown 

Table 1.5  Effect of Nitric oxide on bacterial biofilms, adapted from Nitric Oxide Regulation of Bacterial 

Biofilms.252 

Apparently, despite NO having been proven to trigger dispersal in biofilms from various 

strains that are closely related to human health, the mechanisms in different strains have 

not been elucidated yet. From Table 1.5, two main pathways, NO-H-NOX and NO-PAS, 

are proposed to influence intracellular c-di-GMP level or quorum sensing. However, the 

studies into them, especially NO-PAS, is only in its infant. 

1.5.1 NO-haem-H-NOX pathway 

The structure of H-NOX 

In prokaryotic organisms, H-NOX serves as NO receptor through its haem binding site. 

It was originally identified in a bioinformatics search for sequence homologs in bacteria 

to sGC in mammalian cells. Once NO binds to the ferrous haem cofactor of sGC, the 

cyclase domain is activated and starts converting GTP to cyclic GMP, the secondary 

messenger signalling events254. So far, it is known that over 250 bacterial species across 

many phyla possess H-NOX domain, including Proteobacteria, Firmicutes, 

Bacteroidetes, Cyanobacteria, and Thermotogae. Certain bacterial classes such as 

Actinobacteria or Bacilli, however, do not contain H-NOX domains but are still 

involved in NO signalling, suggesting the existence of other NO sensors.  

H-NOX has one subfamily found in facultative anaerobes that exhibits strict 

discrimination between O2 and NO, making it a selective receptor that can coordinate 

low nanomolar NO in the presence of 1000-fold excess O2 in aerobic environment. 

Another subfamily from obligate anaerobes is capable of binding both O2 and NO with 

high affinity255. These suggest that H-NOX can adapt to different demands of bacterial 
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respiratory systems and perform different abilities. H-NOX domains are composed of a 

helical N-terminal subdomain and a C-terminal subdomain as shown below in Fig 1.5.1 

(A). The haem cofactor is deeply buried between the two subdomains and the central 

iron is coordinated axially to a conserved His residue on α-helix F241,256. 

H-NOX/c-di-GMP pathway 

Among the H-NOX domains discovered so far, the majority (~76%) of bacterial H-NOX 

domains are encoded as freestanding proteins and the others (~24%) are encoded as part 

of transmembrane methyl-accepting chemotaxis proteins (MCP)255. Freestanding H-

NOX domain genes are frequently found involved in diverse signalling pathways, of 

which the most common one is histidine kinase (HK) – response regulator (RR). Another 

category of proteins frequently found linked to H-NOX contains DGCs and PDEs. 

Additionally, some RRs in H-NOX operons also contain HD-GYP (PDE) and GGDEF 

(DGC). These suggest that within different species, it is very likely that H-NOXs are 

closely linked to biofilm regulation. Carlson et al showed that in L. pneumophila, 

lpg1096 encodes a H-NOX and the adjacent lpg1097 encodes a GGDEF-EAL tandem. 

NO binding to H-NOX directly inhibits the DGC activity in lpg1097, resulting in 

reduced biofilm formation. The assays were done by observing biofilm formation 

phenotype and the in vitro diguanylate cyclase assays257. In contrast, the H-NOX-

DGC/PDE tandem (HaCE) from Shewanella woodyi is capable of both the synthesis and 

degradation of c-di-GMP. Unliganded H-NOX activates the DGC while NO/H-NOX 

does not; instead NO/H-NOX activates PDE. The switch from DGC to PDE activity in 

HaCE is then proved to be triggered by NO binding H-NOX, which consequently 

reduces intracellular c-di-GMP level and biomass249,258. The assays were done by 

observing biofilm formation phenotype, UV−visible spectrum for the detection of Fe2+-

NO complex of H-NOX and in vitro steady-state kinetics analysis of diguanylate cyclase 

or phosphodiesterase activity with Fe2+-NO or Fe2+-unligated form of H-NOX249. 

Interaction between NO and haem bound H-NOX 

So far the most deeply studied H-NOX structure is from Thermoanaerobacter 

tengcongensis due to its well-revealed crystal. However, due to the limitation on direct 

structural determination of unliganded H-NOX and liganded NO/H-NOX, site-directed 

mutagenesis was adopted to mimic the conformational changes. One model proposed is 

NO binding occurs at the open-coordination site of the 5-coordinate Fe(II), forming a 
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transient 6-coordinate complex. Upon binding, the NO association severely weakens the 

bond between the Fe(II) and histidine on α-helix F, leading to the dissociation of 

histidine and the formation of a Fe(II)-NO complex255 as shown below in Fig 1.5.1 (B).  

In the inactive (unliganded) state, the haem is held by the coordination of the iron to the 

histidine on α-helix F. The formation of Fe(II)-NO complex and the subsequent 

dissociation of the histidine release the haem, allowing it to adopt a more planar 

geometry. Tight van-der-Waals contacts with residues such as isoleucine in N terminal 

(I5) and proline in C terminal (P115) are responsible for transferring the conformational 

haem relaxation to an upward shift and rotational displacement of the entire N-terminal 

subdomain with respect to α-helix F255,259. Although there is a lack of direct evidence, it 

is deduced that the regulation of H-NOX on its associated effectors (including HK-RR 

and DGC/PDE) probably comes from this rotational displacement relative to α-helix F, 

as the effector domains conceivably share the interaction surfaces with H-NOX 

including α-helix and part of N-terminal subdomain255. 
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Fig 1.5.1. (A) X-ray crystal structure of Thermoanaerobacter tengcongensis (Tt) H-NOX (PDB 1U55). 

(B) NO/H-NOX activation model and the haem geometry transition from Fe(II)-His to Fe(II)-NO 

complex. In the unliganded H-NOX state, the haem is highly distorted due to the van-der-Waals 

interaction between P115 and I5 with two of the haem pyrroles. Initial formation of a six-coordinate Fe(II)-

NO complex weakens the Fe-His bond and releases His. Formation of the 5- coordinate Fe(II)-NO 

complex allows relaxation of the haem into a more planar geometry. Contacts between the N-terminal 

helix and the haem, in particular through I5, trigger an upward rotational displacement of the N-terminal 

subdomain relative to the C-terminal subdomain. Image taken from Nitric Oxide-Sensing H-NOX 

Proteins Govern Bacterial Communal Behaviour255, A structural basis for H-NOX signaling in Shewanella 

oneidensis by trapping a histidine kinase inhibitory conformation259 and Nitric oxide signaling in brain: 

potentiating the gain with YC-1260. 

 

 

1.5.2. NO-heme-PAS pathway 

Among haem-based sensors, PAS domains occur in proteins from all kingdoms of life 

and are widely utilized by bacteria to sense environmental changes such as NO molecule 

and transfer signals for adaptation. Examples of signal transduction proteins that are 

linked to PAS often include histidine kinases (HK), methyl-accepting chemotaxis 

proteins (MCP) and DGC/PDE in bacteria, which in turn can modulate c-di-GMP 

levels185. Understanding if NO binding to PAS domain can alter the enzymatic activities 

of DGC/PDEs that are greatly linked to biofilm formation/dispersal is one of the core 

targets in revealing NO-induced biofilm dispersal mechanisms.  

The structure of PAS domain 
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The PAS domain was first discovered as a conserved structure in Drosophila protein 

period and single-minded as well as vertebrate aryl hydrocarbon receptor nuclear 

transporter, therefore it was named Per-Arnt-Sim or PAS261,262. PAS domains can be 

found as one or several copies within a single protein, and approximately 1/3 of PAS 

containing proteins possess two or more PAS domains185. Sequenced identities for PAS 

domains are low and lack universally conserved residues263, with only a common trait 

of PAS domain containing a conserved core structure - a single antiparallel, five-

stranded β-sheet arranged in order 2-1-5-4-3 with intervening α-helices creating a pocket 

on the β-sheet for ligand binding (Fig 1.5.2.1.)264. Signals originated by binding 

molecules within the conserved core generate structural changes predominantly within 

the β sheet and then propagate via α-helical and coiled-coil linkers to the covalently 

attached effector domains264
. To date, high-resolution structures of more than sixty 

individual PAS domains have been deposited in Protein Data Bank (PDB)185. 

 

 

 

 

 

 

 

 

Interaction between NO and haem bound PAS 

The most important characteristics of the PAS domain family is that they can bind to a 

chemically diverse range of small molecules and then perform a variety of functions 

within signal transduction proteins185. It is now clear that NO binds to PAS containing a 

cofactor ferrous/ferric haem. The interaction between NO and the haem in PAS domain 

has not been extensively studied, but the primary principle of how NO binds to Fe-haem 

in PAS domain should be similar to how NO binds to haem in H-NOX proteins. 

Therefore, it is not reviewed here, but instead, one of our research interests. Two types 

of haem-PAS binding have been identified: b-type haem ligates through a conserved 

histidine residue265–267 and c-type haem covalently bound through a bi-cysteine ligation 

site presented on the surface of the PAS domain (outside PAS core)268,269. The following 

Fig 1.5.2.1.  Topology of a core 

structure of PAS domain with β-

strands arranged in the order of 2-1-5-

4-3. Image taken from Structure and 

mechanism of the essential two-

component signal-transduction system 

WalKR in Staphylococcus aureus520. 
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figures show the structure of b-type (Fig 1.5.2.2 A and B) and c-type (Fig 1.5.2.2 C and 

D) haem binding PAS in Alphaproteobacteria and Geobacter sulfurreducens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.5.2.2. b-type and c-type heme binding structure. (A) Overall domain architecture and of PAS domain 

bound to heme b. (B)Drawing of protein interactions with the heme b cofactor in PAS marked with dotted 

lines or wedge lines (conserved Histidine residue marked in red circle). (C) Overall domain architecture 

and of PAS domain bound to heme c. (D)Drawing of protein interactions with the heme c cofactor in PAS 

marked with dotted line or wedge lines. Image taken from J.T.Henry et al, Ligand-binding PAS domains 

in a genomic, cellular, and structural context185.  

Despite the detailed studies on PAS domain structures and its frequent occurrence 

upstream of GGDEF and EAL domains, it is surprising that the research on how PAS 

modulates DGC and EAL seems very little, to our knowledge. Furthermore, so far there 

is no direct evidence from the perspective of either crystallography or enzymatic kinase 

that shows NO binding to PAS domain alters the downstream DGC/PDE activities thus 

influencing biofilms. Several but very limited studies on how PAS binding to other 

cofactors manipulates DGC/PDE might shed light on the unknown pathway for NO. Qi 

et al found that the cytoplasmic protein AxDGC2 in Acetobacter xylinum regulates 

cellulose synthesis through modulating intracellular c-di-GMP level. AxDGC2 contains 

one PAS domain and one GGDEF-EAL tandem, of which PAS domain binds a flavin 

A 
B 

C D 
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adenine dinucleotide (FAD) cofactor noncovalently. The authors showed that the 

oxidized form FAD increases the DGC catalytic activity270. Chang et al showed that the 

binding of O2 to the ferrous haem reduced the PDE enzymatic activity of AxPDEA1 in 

Acetobacter xylinum271. An et al showed that in Pseudomonas aeruginosa RbdA, a 

mutation in the PAS domain is critical for biofilm dispersal, but the authors did not show 

the link between PAS and GGDEF/EAL and c-di-GMP272. Hence, there is much to study 

in the future to unveil the detailed structural regulation on NO-PAS-GGDEF/EAL 

domains and c-di-GMP. Our group is looking into the crystal structure of MorA in P. 

aeruginosa which possesses 4 PAS domains and a GGDEF+EAL domain. If the crystal 

structure of whole protein and its change upon binding NO can be obtained, it will surely 

be of significant importance to explain how NO-PAS-GGDEF/EAL works at a structural 

level and shed light to other similar structures. 

1.5.3. NO-copper-MHYT pathway 

In addition to binding Fe, NO also interacts with copper atoms using three different 

ways: (1) acts as a ligand for copper atoms (2) engages in redox chemistry and (3) 

couples with the unpaired electron on Cu2+ by an unpaired electron273. Model of MHYT 

domain (Fig 1.5.3) indicates that its conserved residues could coordinate one or two 

copper ions, thus is assumed to be able to sense NO145. MHYT domains are also linked 

to downstream GGDEF and EAL domain in MucR147 and NbdA146 in P. aeruginosa. 

What is the crystal structure of MHYT? How NO interacts with copper in MHYT? How 

this interaction modulates the structure of MHYT and how this modulation influence 

GGDEF/EAL domain which in turn affects c-di-GMP level? All these questions are 

waiting to be answered and have been one of the research directions in our group. 
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Fig 1.5.3.   A model of the membrane orientation of the MHYT domain. Image taken from M.Y.Galperin 

et al, MHYT, a new integral membrane sensor domain145 

1.5.4. Nitric Oxide donors 

NO is a free radical with a complex chemistry characteristic, endowing its involvement 

in various biological actions. The most studied actions of NO are in the cardiovascular 

and nervous system, while the research of NO and biofilm has just begun. As with the 

concentration requirement that provide protective effects in cardiovascular and nervous 

system, the NO concentrations that induce biofilm dispersal are relatively low (in a 

window of picomolar to nanomolar). Higher concentrations lead to a completely 

different effect- rather than working as a signal molecule, it will become highly 

cytotoxic especially under conditions of oxidative stress239. Here I review some 

prevalently used NO donors; despite their usage being majorly based on clinical trials 

or just at experimental stage, it may be helpful for us to find the best NO donor for 

biofilm dispersal research. 

1.5.4.1. Organic Nitrates and Nitrite Esters 

The conventional organic nitrate and nitrite esters such as nitroglycerin, amyl nitrite and 

isosorbide dinitrate have been widely used for their cheap, effective and rapid 

application in cardiovascular diseases (Fig 1.5.4.1.a, b, c)274,275. The basic mechanism 

of NO release from these kinds of NO donors is the activation of nitrate ester moieties 

(-ONO2) to liberate NO by some endogenous pathways275. The limitations of this class 

of agents include potentially adverse hemodynamic effects, drug tolerance, lack of 

selectivity, and limited bioavailability274. Most importantly, all of organic nitrate esters 

are prodrugs that require enzymatic metabolism to generate bioactive NO274. Therefore, 

although widely used in human or animals, it might not be a suitable class of NO donor 

for microorganism. Since the enzymes involved have not been specifically 

characterized, probably it is worth trying these agents in biofilm to see the outcomes. 

Another clinically relevant NO donor in current use is sodium nitroprusside (SNP) (Fig 

1.5.4.1.d). The mechanism of NO release from SNP is complex and has not yet been 

fully elucidated. SNP can remain stable in aqueous environment without light exposure 

for up to 6 months and does not release NO spontaneously in the physiological 

environment; instead, it requires either light or a reducing agent276. SNP has been used 
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in our group but performed inconsistently, at least for P. aeruginosa biofilms (data not 

shown). Hence, different NO donors may be needed to replace SNP in future work. 

 

 

 

 

 

 

 

 

 

 

Fig 1.5.4.1. Structures of some conventional organic nitrate and nitrite esters (a, b, c) and SNP (d). 

 

1.5.4.2. S-Nitrosothiols 

S-nitrosothiols (general formula RSNO) are a class of naturally occurring NO donors 

that release NO and nitrosonium (NO+) spontaneously from the moiety (-SNO)274. 

However, the effect of these compounds is based on NO as NO+ does not activate 

guanylate cyclase274. Members of this class of agents include S-nitroso-glutathione 

(GSNO), S-nitroso-N-acetylpenicillamine (SNAP), S-nitroso-albumin, S-nitroso-N-

acetyl-L-cysteine, S-nitroso-N-valerylpenicillamine (SNVP) etc (Fig 1.5.4.2.)277,278. S-

Nitrosothiols are not used in clinical trials currently but only in animal experiments and 

laboratory studies239. Much of the early investigations of S-nitrosothiols in 

cardiovascular system concentrated on GSNO which is generally used as a powerful 

antiplatelet agent275. The benefit of GSNO is that its by-products are nontoxic compared 

to cyanide produced by SNP275. S-Nitroso-N-acetylpenicillamine (SNAP) is a synthetic 

S-nitrosothiol highly sensitive to trace copper catalysed decomposition. The limitation 

of S-nitrosothiols is their unpredictable stability in solution resulting in half-lives vary 

from milliseconds to hours depending on the R-group, pH and solvent275. So far, NO 

donors belonging to this category that have been tested in our group are GSNO and 

SNAP, showing the ability to reduce established biofilms (unpublished data). Further 

optimisation of their concentrations applied in biofilm dispersal is needed. 
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Fig 1.5.4.2. Structures of selected S-nitrosothiols 

1.5.4.3. Diazeniumdiolates (NONOates) 

Diazeniumdiolates have been recognized and synthesized since 1960279. However, 

attentions has been focused on from 1990s when their NO donor properties were 

considered in biological settings280. These compounds consist of a diolate group [N(O-

)N=O] bound to a nucleophile adduct via a nitrogen atom280.The half-lives of a range of 

NONOates vary from seconds to hours281, but due to their NO release follows the simple 

first-order kinetics281, the rate can be accurately predicted. The most frequently studied 

NONOates include diethylamine NONOate (DEA/NO), spermine NONOate (SPER/NO 

or S150), Proli NONOate (PROLI/NO), V-PYRRO/NO and JS-K etc (Fig 1.5.4.3.). Up 

to now, NONOates have not been used clinically and have only been tested in 

experimental models for cardiovascular disease research. The most outstanding feature 

of this class of compounds for biofilm studies is that instead of biologically 

decomposition, they decompose spontaneously in solution at physiological pH and 

temperature to generate up to 2 molar equivalents of NO of which the rate is dependent 

on the structure of the nucleophile239,282. This spontaneous reaction significantly reduces 

the requirement on specific enzymes for triggering NO release, resulting in its potential 

wide applications in both eukaryotic and prokaryotic cells. Thus, further research about 

their applications in biofilm dispersal is of high interest.  
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Fig 1.5.4.3 Structures of selected diazeniumdiolate (NONOate) 

1.5.4.4. NO hybrid drugs - NO-Nonsteroidal anti-inflammatory (NO-NSAIDs) 

Hybrid NO donor drugs belong to a broad and novel group of compounds that covers a 

range of established drugs which are structurally modified to incorporate NO-containing 

molecules239.  

The high efficacy and low cost of NSAIDs make drugs such as aspirin becoming 

invaluable in a number of clinical fields. However, prolonged use of aspirin leads to 

serious side effects in the gastrointestinal tract, which causes ~16000 deaths each year 

in the USA239. NO has a number of effects in the gastrointestinal tract that could 

counteract the loss of protective prostanoids caused by aspirin283, leading to the idea of 

incorporating NO-releasing moieties into aspirin (also called nitroaspirins). This brought 

up the studies of incorporating different NO moieties into different NSAIDs. Currently 

NO-NSAID compounds adapted from aspirin to contain a nitrate group are the NicOx 

compounds, including NCX4016, NCX4018, NCX4215 and NCX4050etc (Fig 

1.5.4.4.)239,284. The majority of nitroaspirins share the same NO donor moiety and the 

mechanism of NO release, hence, it is reasonable for scientists to consider new NSAIDs 

agents with nitrates groups. As a result, paracetamol285, flurbiprofen286, naproxen287, 

mesalamine288, gabapentin289, predisolone and other steroids290 with nitrate groups came 

into notice. On the other hand, replacement of nitrate groups with other moieties such as 



72 

 

furoxan291,292, S-nitroso-293 and diazeniumdiolate294 on different NSAIDs has also been 

described. 

 

Fig 1.5.4.4. Structures of selected nitric oxide-releasing aspirins 

 

1.5.4.5. Biofilm-targeted NO donor 

Biofilm-targeted prodrugs appear as ideal NO donors for biofilm since they release NO 

only after the reaction with a bacteria-specific enzyme. This characteristic can be 

important and beneficial in clinical trials if applied, as these drugs can localise NO 

releasing to biofilm infection sites and minimise the exposure of host tissues to NO. 

Yepuri et al for the first time designed cephalosporin-3′-diazeniumdiolate (DEACP) 

NO-donor prodrug which selectively releases NO upon contact with the bacterial 

enzyme β-lactamase295. By growing the PAO1 biofilms supplied with the sub-

inhibitory concentration of imipenem to induce β-lactamase expression, it is shown that 

DEACP can reduce biofilm significantly at concentrations ranging from 10 µM to 100 

µM, thus making it a very promising biofilm-specific NO donor. The mechanism of NO 

release from DEACP is shown below (Fig 1.5.4.5.)295. 
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Fig 1.5.4.5.  Proposed mechanism of β-lactamase-triggered NO release and biofilm dispersion 

bycephalosporin-3’-diazeniumdiolates. Image taken from Synthesis of cephalosporin-3’-

diazeniumdiolates: biofilm dispersing NO-donor prodrugs activated by β-lactamase295 
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Aims of the project 

I. Sodium nitroprusside has been proved to effectively release NO for decreasing 

intracellular c-di-GMP in P. aeruginosa and dispersing its biofilms. However, SNP 

needs light exposure or reducing agent to release NO and produces cyanide as a side-

product. Hence, it might not be the best NO donor candidate for biofilm treatment 

in human. Many new NO donors have been found during the last few decades but 

little studies have been done for their applications on bacteria signaling, especially 

biofilm dispersal. Thus, my first task is to find out a different and efficient NO donor 

for triggering P. aeruginosa biofilms dispersal.  

(1) 7 NO donors were chosen to disperse PAO1 WT biofilm at different 

concentrations. 

(2) The most effective donor is then applied to CF PA clinical isolates 

biofilms/cell aggregates for dispersal assays. 

II. In total 39 genes that encode GGDEF and/or EAL domain212 and 54 genes that 

encode PAS/MHYT domain are found in P. aeruginosa PAO1, among which 13 

contain both PAS/MHYT and GGDEF/EAL (Table below) as well as a BdlA 

containing only PAS but is supposed to interact with another PDE named DipA296. 

GGDEF and EAL domains are responsible for the synthesis and hydrolysis of c-di-

GMP respectively, while PAS may potentially bind NO and regulate the activities 

of GGDEF/EAL domains. Therefore, these 14 genes may participate in NO sensing 

and intracellular c-di-GMP level modulation, which lead to biofilm 

formation/dispersal. My second aim is to delete these 14 genes in P. aeruginosa 

PAO1, look into mutants’ phenotypes when treated with NO and compare with WT 

for picking out the most prominent NO sensor(s) for biofilm dispersal. 

 Gene Name PAS MHYT DGC PDE DGC+PDE 

1 PA0285 -- + -- GGDEF ESL GGDEF+ESL 

2 PA0575 -- + -- GGDEF EAL GGDEF+EAL 

3 PA0861 RbdA + -- GGDEF ELL GGDEF+ELL 

4 PA1181 YegE + -- GGDEF ELL GGDEF+ELL 

5 PA4601 MorA + -- GGDEF EAL GGDEF+EAL 

6 PA5017 DipA + -- ASNEF EAL ASNEF+EAL 

7 PA5442 -- + -- AGDEF EAL AGDEF+EAL 

8 PA4959 FimX + -- GDSIF EVL GDSIF+EVL 

9 PA0847 -- + -- GGDEF -- GGDEF 

10 PA0290 -- + -- GGEEF -- GGEEF 

11 PA0338 -- + -- GGEEF -- GGEEF 

12 PA1727 MucR -- + GGDEF EAL GGDEF+EAL 

13 

14 

PA3311 

PA1423 

NbdA 

BdlA 

-- 

+ 

+ 

-- 

AGDEF 

-- 

EAL 

-- 

AGDEF+EAL 

-- 
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(1) Develop an efficient gene knockout method to delete 14 genes in a relatively 

short time period. 

(2) In vivo intracellular c-di-GMP levels measurement of PAO1 WT and mutants 

with/without NO. 

(3) Mutants’ biofilms dispersal assay with NO. 

(4) Colony morphologies and growth curves measurement for 14 mutant strains. 

(5) Motility assays (swimming, swarming, twitching) for 14 mutant strains 

with/without NO. 

(6) Biofilm EPS components determination (total exopolysaccharides and total 

protein) for 14 mutant strains. 

N.B. (4), (5) and (6) were tested for their close relationship with biofilm formation and 

potential regulation pathways under the control of c-di-GMP  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Hypothetical mechanism of NO influencing DGC/PDEs that modulate intracellular c-di-GMP levels 

and biofilm related phenotypes  



76 

 

Chapter 2 - Materials and Methods 

2.1. Bacterial strains and culture media 

Strains and plasmids Genotype or phenotypesa Source or 

reference 

E.coli   

S17-1(λpir) TpR SmR recA, thi, pro, hsdR-M+RP4: 2-Tc:Mu: Km Tn7 Biomedal 

corp. 

DH5α  

 

spuE44 ∆lacU169(ɸ80lacZ∆M15) hsdR17 λpir recA1 

endA1 gyrA96 thi-1 relA1 

Lab 

collection 

   

P.aeruginosa   

PAO1 Wild-Type 297 

PAO1 KO mutants 

∆pa0285  PAO1 mutant (pa0285::aacCl); GmR This study 

∆pa0290 PAO1 mutant (pa0290::aacCl); GmR This study 

∆pa0338 PAO1 mutant (pa0338::aacCl); GmR This study 

∆pa0575 PAO1 mutant (pa0575::aacCl); GmR This study 

∆pa0847 PAO1 mutant (pa0847::aacCl); GmR This study 

∆pa0861 PAO1 mutant (pa0861::aacCl); GmR This study 

∆pa1181 PAO1 mutant (pa1181::aacCl); GmR This study 

∆pa1423 PAO1 mutant (pa1423::aacCl); GmR This study 

∆pa1727 PAO1 mutant (pa1727::aacCl); GmR This study 

∆pa3311 PAO1 mutant (pa3311::aacCl); GmR This study 

∆pa4601 PAO1 mutant (pa4601::aacCl); GmR This study 

∆pa4959 PAO1 mutant (pa4959::aacCl); GmR This study 

∆pa5017 PAO1 mutant (pa5017::aacCl); GmR This study 

∆pa5442 PAO1 mutant (pa5442::aacCl); GmR This study 

   

PAO1 KO mutants with c-di-GMP reporter gfp vector 

PAO1 Tn7CdrA::gfp PAO1 WT with mini-Tn7-PcdrA-RBSII-gfp(Mut3)-T0-T1;GmR;TetR This study 

∆pa0285 Tn7CdrA::gfp PAO1 mutant (pa0285::aacCl) with mini-Tn7-PcdrA-RBSII-gfp(Mut3)-T0-T1;GmR;TetR This study 

∆pa0290 Tn7CdrA::gfp PAO1 mutant (pa0290::aacCl) with mini-Tn7-PcdrA-RBSII-gfp(Mut3)-T0-T1;GmR;TetR This study 

∆pa0338 Tn7CdrA::gfp PAO1 mutant (pa0338::aacCl) with mini-Tn7-PcdrA-RBSII-gfp(Mut3)-T0-T1;GmR;TetR This study 

∆pa0575 Tn7CdrA::gfp PAO1 mutant (pa0575::aacCl) with mini-Tn7-PcdrA-RBSII-gfp(Mut3)-T0-T1;GmR;TetR This study 

∆pa0847 Tn7CdrA::gfp PAO1 mutant (pa0847::aacCl) with mini-Tn7-PcdrA-RBSII-gfp(Mut3)-T0-T1;GmR;TetR This study 

∆pa0861 Tn7CdrA::gfp PAO1 mutant (pa0861::aacCl) with mini-Tn7-PcdrA-RBSII-gfp(Mut3)-T0-T1;GmR;TetR This study 

∆pa1181 Tn7CdrA::gfp PAO1 mutant (pa1181::aacCl) with mini-Tn7-PcdrA-RBSII-gfp(Mut3)-T0-T1;GmR;TetR This study 

∆pa1423 Tn7CdrA::gfp PAO1 mutant (pa1423::aacCl) with mini-Tn7-PcdrA-RBSII-gfp(Mut3)-T0-T1;GmR;TetR This study 

∆pa1727 Tn7CdrA::gfp PAO1 mutant (pa1727::aacCl) with mini-Tn7-PcdrA-RBSII-gfp(Mut3)-T0-T1;GmR;TetR This study 

∆pa3311 Tn7CdrA::gfp PAO1 mutant (pa3311::aacCl) with mini-Tn7-PcdrA-RBSII-gfp(Mut3)-T0-T1;GmR;TetR This study 

∆pa4601 Tn7CdrA::gfp PAO1 mutant (pa4601::aacCl) with mini-Tn7-PcdrA-RBSII-gfp(Mut3)-T0-T1;GmR;TetR This study 

∆pa4959 Tn7CdrA::gfp PAO1 mutant (pa4959::aacCl) with mini-Tn7-PcdrA-RBSII-gfp(Mut3)-T0-T1;GmR;TetR This study 

∆pa5017 Tn7CdrA::gfp PAO1 mutant (pa5017::aacCl) with mini-Tn7-PcdrA-RBSII-gfp(Mut3)-T0-T1;GmR;TetR This study 

∆pa5442 Tn7CdrA::gfp PAO1 mutant (pa5442::aacCl) with mini-Tn7-PcdrA-RBSII-gfp(Mut3)-T0-T1;GmR;TetR This study 

   

PA08 P. aeruginosa clinical isolates from Southampton General hospital CF patients Sputum 

samples 

from 72 

patients 

with CF 

(median 

age at 

informed 

consent 21 

years, range 

17-62; UK 

NHS 

Research 

Ethics 

Reference 

08/H0502/1

26 

PA10 P. aeruginosa clinical isolates from Southampton General hospital CF patients 

PA15 P. aeruginosa clinical isolates from Southampton General hospital CF patients 

PA20 P. aeruginosa clinical isolates from Southampton General hospital CF patients 

PA21 P. aeruginosa clinical isolates from Southampton General hospital CF patients 

PA26 P. aeruginosa clinical isolates from Southampton General hospital CF patients 

PA30 P. aeruginosa clinical isolates from Southampton General hospital CF patients 

PA37 P. aeruginosa clinical isolates from Southampton General hospital CF patients 

PA39 P. aeruginosa clinical isolates from Southampton General hospital CF patients 

PA44 P. aeruginosa clinical isolates from Southampton General hospital CF patients 

PA49 P. aeruginosa clinical isolates from Southampton General hospital CF patients 

PA55 P. aeruginosa clinical isolates from Southampton General hospital CF patients 

PA56 P. aeruginosa clinical isolates from Southampton General hospital CF patients 

PA57 P. aeruginosa clinical isolates from Southampton General hospital CF patients 

PA58 P. aeruginosa clinical isolates from Southampton General hospital CF patients 

PA66 P. aeruginosa clinical isolates from Southampton General hospital CF patients 

PA68 P. aeruginosa clinical isolates from Southampton General hospital CF patients 

   

PAO1 Transposon mutants 

PW1520 (∆Tn0285 A) PAO1 with Transposon ISlacZ/hah inserted after nt 1716 of pa0285; TetR Tn library298 

PW1521 (∆Tn0285 B) PAO1 with Transposon ISphoA/hah inserted after nt 956 of pa0285; TetR Tn library298 

PW1532 (∆Tn0290 A) PAO1 with Transposon ISphoA/hah inserted after nt 131 of pa0290; TetR Tn library298 

PW1531 (∆Tn0290 B) PAO1 with Transposon ISphoA/hah inserted after nt 496 of pa0290; TetR Tn library298 

PW1627 (∆Tn0338 A) PAO1 with Transposon ISphoA/hah inserted after nt 585 of pa0338; TetR Tn library298 
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PW1626 (∆Tn0338 B) PAO1 with Transposon ISlacZ/hah inserted after nt 929 of pa0338; TetR Tn library298 

PW2061 (∆Tn0575 A) PAO1 with Transposon ISphoA/hah inserted after nt 2494 of pa0575; TetR Tn library298 

PW2060 (∆Tn0575 B) PAO1 with Transposon ISphoA/hah inserted after nt 1900 of pa0575; TetR Tn library298 

PW5581 (∆Tn0575 C) PAO1 with Transposon ISlacZ/hah inserted after nt 1586 of pa0575; TetR Tn library298 

PW2543 (∆Tn0847 A) PAO1 with Transposon ISphoA/hah inserted after nt 1026 of pa0847; TetR Tn library298 

PW2544 (∆Tn0847 B) PAO1 with Transposon ISphoA/hah inserted after nt 988 of pa0847; TetR Tn library298 

PW2570 (∆Tn0861 A) PAO1 with Transposon ISphoA/hah inserted after nt 706 of pa0861; TetR Tn library298 

PW2569 (∆Tn0861 B) PAO1 with Transposon ISlacZ/hah inserted after nt 1168 of pa0861; TetR Tn library298 

PW3133 (∆Tn1181 A) PAO1 with Transposon ISlacZ/hah inserted after nt 1757 of pa1181; TetR Tn library298 

PW3134 (∆Tn1181 B) PAO1 with Transposon ISphoA/hah inserted after nt 2959 of pa1181; TetR Tn library298 

PW4044 (∆Tn1727 A) PAO1 with Transposon ISphoA/hah inserted after nt 946 of pa1727; TetR Tn library298 

PW4043 (∆Tn1727 B) PAO1 with Transposon ISlacZ/hah inserted after nt 487 of pa1727; TetR Tn library298 

PW6568 (∆Tn3311 A) PAO1 with Transposon ISphoA/hah inserted after nt 1548 of pa3311; TetR Tn library298 

PW6567 (∆Tn3311 B) PAO1 with Transposon ISlacZ/hah inserted after nt 1578 of pa3311; TetR Tn library298 

PW6569 (∆Tn3311 C) PAO1 with Transposon ISphoA/hah inserted after nt 1850 of pa3311; TetR Tn library298 

PW8754 (∆Tn4601) PAO1 with Transposon ISlacZ/hah inserted after nt 2905 of pa4601; TetR Tn library298 

PW9347 (∆Tn4959 A) PAO1 with Transposon ISphoA/hah inserted after nt 961 of pa4959; TetR Tn library298 

PW9346 (∆Tn4959 B) PAO1 with Transposon ISlacZ/hah inserted after nt 1158 of pa4959; TetR Tn library298 

PW5475 (∆Tn5017 A) PAO1 with Transposon ISphoA/hah inserted after nt 890 of pa5017; TetR Tn library298 

PW9424 (∆Tn5017 B) PAO1 with Transposon ISphoA/hah inserted after nt 1059 of pa5017; TetR Tn library298 

PW9425 (∆Tn5017 C) PAO1 with Transposon ISphoA/hah inserted after nt 1557 of pa5017; TetR Tn library298 

PW10194 (∆Tn5442 A) PAO1 with Transposon ISphoA/hah inserted after nt 1561 of pa5442; TetR Tn library298 

PW10193 (∆Tn5442 B) PAO1 with Transposon ISlacZ/hah inserted after nt 1418 of pa5442; TetR Tn library298 

PW10195 (∆Tn5442 C) PAO1 with Transposon ISphoA/hah inserted after nt 881 of pa5442; TetR Tn library298 

   

Plasmids   

pPS856 ApR, GmR; 0.83-kb blunt-ended SacI fragment from pUCGM 299 

pEX100T ApR; oriT+ sacB+ gene replacement vector 299 

pCdrA::gfp  pUCP22Not-PcdrA-RBSII-gfp(Mut3)-T0-T1, AmpR GmR 300 

 

Routine overnight cultures were grown in lysogeny broth (LB) medium with shaking at 

37°C, 120rpm for 15 hrs from a single colony on fresh overnight agar plates. Purchased 

P. aeruginosa transposon mutants from Washington library were selected on Cetrimide 

agar with tetracycline at a final concentration of 60g/ml and propagated in LB broth 

with tetracycline at a final concentration of 5g/ml as suggested by Washington library. 

Gene-deleted PAO1 KO mutants were selected on Cetrimide agar with gentamicin at a 

final concentration of 30g/ml. PAO1 WT with c-di-GMP gauging vector was selected 

on Cetrimide agar with tetracycline (75g/ml). Gene-deleted PAO1 mutants with c-di-

GMP gauging vector were selected on Cetrimide agar with both gentamicin and 

tetracycline at final concentration of 30g/ml and 75µg/ml respectively. Biofilms were 

grown in standard M9 minimal medium containing 48 mM Na2HPO4, 22 mM KH2PO4, 

9 mM NaCl, 19 mM NH4Cl, 2 mM MgSO4, 100M CaCl2, 20mM glucose according to 

Cold Spring Harbor Protocols301.  

2.2. Primers  

Primer Sequence (5’→3’) 
KO mutants generation and sequencing  

∆pa0285  
PA0285-up-F ATGCCCCGGG CCTGACCGACAATCTCGAC 

PA0285-up-R ATGCGAATTC GTTCCAGATCTCTCCGCTC 

PA0285-dn-F ATGCAAGCTT AGTCACCGAAAGCGCGG 

PA0285-dn-R ATGCCCCGGG TCAGTCTTCCGGCAGCG 

SeqPA0285-F GTAACTGCCACCAGTTGC 
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SeqPA0285-R CCATCCAGGCTTCTGAG 

  

∆pa0290  

PA0290-up-F ATGCCCCGGG GCGAATGGTCTACGTCAGC 

PA0290-up-R ATGCGAATTC CAGGAACGCCAACGGTATC 

PA0290-dn-F ATGCAAGCTT GCGACCTGTTCGGGC 

PA0290-dn-R ATGCCCCGGG TCAGCCCACGACGATG 

SeqPA0290-F GTATCGCTCGGCAACTG 

SeqPA0290-R CCTTTCTGGCGAGTTACC 

  
∆pa0338  
PA0338-up-F ATGCCCCGGG GTGCGGCGCTTACGC 

PA0338-up-R ATGCGAATTC CTCGGGATGGATGATGC 

PA0338-dn-F ATGCAAGCTT CCTGTTCGGCCACTCC 

PA0338-dn-R ATGCCCCGGG TCAGCAACAGGCCACG 

SeqPA0338-F CAAGGTGAAGTGGCTGC 

SeqPA0338-R CTCCAGCGTGTTCATCG 

  
∆pa0575  
PA0575-up-F ATGCCCCGGG GATCATCATCCTGGCACG 

PA0575-up-R ATGCGAATTC GGACGATGGGAAGACCG 

PA0575-dn-F ATGCAAGCTT GCCGAGGATTGCGG 

PA0575-dn-R ATGCCCCGGG CACCGTGAGCTGCATG 

SeqPA0575-F GACGAGTGACGAACGAAC 

SeqPA0575-R GTTGCCATCAGATAAGGAC 

  
∆pa0847  
PA0847-up-F ATGCCCCGGG CCGTCGCCGAGGAC 

PA0847-up-R ATGCGAATTC GTCGTAGCTGGCATCCC 

PA0847-dn-F ATGCAAGCTT CGCGCCATGCAGAG 

PA0847-dn-R ATGCCCCGGG CGCCCAGGCGGTAG 

SeqPA0847-F GGAACTTATCCATGCGGTTG 

SeqPA0847-R GTGGCTGAACTGCTGCATC 

  
∆pa0861  
PA0861-up-F ATGCCCCGGG ATGAGGCAGAACCGGACTC 

PA0861-up-R ATGCGAATTC AGCTCGATGGCGCG 

PA0861-dn-F ATGCAAGCTT GGTTGCCAACCTGGCC 

PA0861-dn-R ATGCCCCGGG CTACCGGAGGTTCTGTCCC 

SeqPA0861-F CAGCCACTAGACTCCTACTG 

SeqPA0861-R CAGTCGACGATCAGTTGC 

  
∆pa1181  
PA1181-up-F ATGCCCCGGG TTCGCGTGCTCTGGG 

PA1181-up-R ATGCGAATTC AGGCCATCGGCAGGTAC 

PA1181-dn-F ATGCAAGCTT CTTCGAGCTGACCGAGACG 

PA1181-dn-R ATGCCCCGGG TCAGCCCAACTCCTGGC 

SeqPA1181-F CTGAGCCTGGACGATTC 

SeqPA1181-R CTGCACATGAGTTCGCAG 

  
∆pa1423  
PA1423-up-F ATGCCCCGGGTCACCGATGCCAATGAG 

PA1423-up-R ATGCGAATTCCGTGTTCCTGGTGGACG 

PA1423-dn-F ATGCAAGCTTGCCGAGCAGACCAACC 

PA1423-dn-R ATGCCCCGGGGAGGGTGCGCGAGAAC 

SeqPA1423-F CGAAGACAGGGATGAGC 

SeqPA1423-R GCTACATCGGTTACCTGC 

  

∆pa1727  
PA1727-up-F ATGCCCCGGG CCATCCTGGCGTCCTACAC 

PA1727-up-R ATGCGAATTC AGCCACAGCGGGTCG 

PA1727-dn-F ATGCAAGCTT GCCTGGAGCCCAGCC 

PA1727-dn-R ATGCCCCGGG TCAGGCGACGCTGGC 

SeqPA1727-F GAGCAAGATTCCGCCTG 

SeqPA1727-R TTGCTCATGCGAGCCATC 

  
∆pa3311  
PA3311-up-F ATGCCCCGGG CGTCGACGGCTACGTG 

PA3311-up-R ATGCGAATTC GCAGCGATGCCCAG 

PA3311-dn-F ATGCAAGCTT GGTGGCGGTCAACTGC 

PA3311-dn-R ATGCCCCGGG GCACCAGCTCGCAATG 
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SeqPA3311-F CCATTGAAGCAACTCCTG 

SeqPA3311-R CTCAAGGATCTCGATACC 

  
∆pa4601  
PA4601-up-F ATGCCCCGGGTTCGCGGACTCTACGACAG 

PA4601-up-R ATGCGAATTCAACTCGCTACGGGTCTCG 

PA4601-dn-F ATGCAAGCTTATCCTGATGAGTGACGTCGC 

PA4601-dn-R ATGCCCCGGGTCAGCCCTCGTTGAACATG 

SeqPA4601-F GACAAAGTGCCTCGAC 

SeqPA4601-R GTCAAATCACGGCTGAAC 

  
∆pa4959  
PA4959-up-F ATGCCCCGGG CACGTACGACGGCGAAC 

PA4959-up-R ATGCGAATTC GTTCTCGACTTTCTTCAGCAG 

PA4959-dn-F ATGCAAGCTT GAGGTGCTCCTGCGC 

PA4959-dn-R ATGCCCCGGG GGTCCTGGACGAAGGAG 

SeqPA4959-F GTTCGAATACCGCTCG 

SeqPA4959-R TGGACGGCATCCTCTAC 

  
∆pa5017  
PA5017-up-F ATGCCCCGGG CGACTACCCTCTGCGC 

PA5017-up-R ATGCGAATTC GTGCCGTAGGCTTCGC 

PA5017-dn-F ATGCAAGCTT GCCGATCGGCAAGTG 

PA5017-dn-R ATGCCCCGGG CCATGGCGATCACCG 

SeqPA5017-F CAATCGGCATAATGCACC 

SeqPA5017-R CAGAACCATGGCTCTCG 

  

∆pa5442  
PA5442-up-F ATGCCCCGGG ATGACCGTCCATGTCGAG 

PA5442-up-R ATGCGAATTC CGAACACCAGCACCTGC 

PA5442-dn-F ATGCAAGCTT CGGCGCAACTGGAGC 

PA5442-dn-R ATGCCCCGGG TCAACGAGCCTGGCG 

SeqPA5442-F GTCGTTGAGGGAGTTCAG 

SeqPA5442-R GACCAATCGGGATAGCAG 

  
Gm cassette  
Gm-F ATGCGAATTC GAATTGACATAAGCCTGTTCGG 

Gm-R ATGCAAGCTT GAATTGGCCGCGG 

  

Transposon mutant PCR confirmation 

PW1520 (∆Tn0285 A) ATGAGCCCCCGCCTGAG 

PW1521 (∆Tn0285 B) ATGAGCCCCCGCCTGAG 

PW1532 (∆Tn0290 A) ATGGACGACCTAACCGGCA 

PW1531 (∆Tn0290 B) TCAGGCGACGCTGGC 

PW1627 (∆Tn0338 A) TTTCCCCGCAAGCGTATAGAC 

PW1626 (∆Tn0338 B) TTTCCCCGCAAGCGTATAGAC 

PW2061 (∆Tn0575 A) CCACGGTATCGACGTCGC 

PW2060 (∆Tn0575 B) CCACGGTATCGACGTCGC 

PW5581 (∆Tn0575 C) CCACGGTATCGACGTCGC 

PW2543 (∆Tn0847 A) ATGGAACCGTCGCCGAG 

PW2544 (∆Tn0847 B) TCAGGCTGGCGCCTG 

PW2570 (∆Tn0861 A) ATGAGGCAGAACCGGACTCTC 

PW2569 (∆Tn0861 B) ATGAGGCAGAACCGGACTCTC 

PW3133 (∆Tn1181 A) ATGTTCAGTGGCAAAACCGAC 

PW3134 (∆Tn1181 B) ATGGCGAGATCATCGGCAC 

PW4044 (∆Tn1727 A) TCAGGCGACGCTGGC 

PW4043 (∆Tn1727 B) TCAGGCGACGCTGGC 

PW6568 (∆Tn3311 A) CGTCGACGGCTACGTG 
PW6567 (∆Tn3311 B) ATTGGCAAGGCCTGCG 

PW6569 (∆Tn3311 C) CGTCGACGGCTACGTG 
PW8754 (∆Tn4601) AACCAGGAAGAACTGGCGC 

PW9347 (∆Tn4959 A) GAAAACCATCCGCCTGCTG 

PW9346 (∆Tn4959 B) GAAAACCATCCGCCTGCTG 

PW5475 (∆Tn5017 A) TCAGTGCAGGGTGCGG 

PW9424 (∆Tn5017 B) ATGAAAAGTCATCCCGATGCC 

PW9425 (∆Tn5017 C) ATGAAAAGTCATCCCGATGCC 

PW10194 (∆Tn5442 A) TCAACGAGCCTGGCGC 

PW10193 (∆Tn5442 B) TCAACGAGCCTGGCGC 

PW10195 (∆Tn5442 C) ATGACCGTCCATGTCGAGC 

  
ISphoA/hah CGGGTGCAGTAATATCGCCCT 

ISlacZ/hah GGGTAACGCCAGGGTTTTCC 
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N.B. Italic nt with underlines are restriction enzyme cutting sites. 

2.3. Biofilm experiments 

2.3.1. Microtiter plate biofilm batch culture  

This method was adapted from George O’Toole302. The optical densities of P. 

aeruginosa overnight cultures in 10ml LB were measured in a spectrophotometer at a 

wavelength of 600nm using plain LB broth as blank. The overnight culture was diluted 

into fresh M9 media with an initial inoculum of OD600nm 0.01 and 100l per well was 

inoculated into microtiter plates. The plates were incubated statically for the desired time 

at 37°C. To avoid edge effect and evaporation, the edge wells were filled with 200µl 

sterile PBS to maintain humidity (see Fig 2.3.1) and the plates were placed in a 

humidified environment by placing wet towels at the bottom of sealed plastic boxes in 

the incubator.  

 

 

Fig 2.3.1 Arrangement of wells filled with PBS and bacteria culture in microtiter plates. Wells highlighted 

in grey are filled with 200µl PBS; wells highlighted in yellow represent 6 technical replicates for each 

bacteria strain. 

For NO treatments and dispersal assay, after biofilms were incubated for the desired 

time periods, spent media was pipetted out and the wells were washed twice with sterile 

PBS. 150l plain M9 media pipetted into each well was used as control, while 150l 

M9 media with different NO donors at different concentrations in each well were used 

as experimental groups. After desired time of treatment, the liquid was shaken 

vigorously onto a stack of blue roll to get rid of all loosely attached bacterial cells. Wells 
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were washed twice with sterile PBS and stained with 120l 0.1% (w/v) crystal violet 

(CV) for 15 mins. After staining, the plates were washed twice and dried overnight. CV 

was then dissolved in 120l 30% (v/v) acetic acid for 30 mins and the liquids were 

transferred into a clean new microtiter plate. The optical density was measured at 584nm 

in a plate reader using 30% (v/v) acetic acid as a blank. 

2.3.2. 6 well plate biofilm assay 

This method was adapted from E. R. Hendry et al303.  The optical densities of P. 

aeruginosa overnight cultures in 10ml LB were measured in a spectrophotometer at a 

wavelength of 600nm using plain LB broth as blank. Overnight cultures were diluted 

into fresh M9 media with an initial inoculum OD600nm 0.01 and plates were inoculated 

with 4ml inoculum per well. Plates were left at room temperature statically for 1 hr to 

allow for initial attachment. Then the plates were incubated for 96 hrs at 30℃ with 

shaking at 50rpm to facilitate biofilm formation and media changed every 24 hrs. For 

NO treatments, spent media was pipetted out and the wells were washed twice with 

sterile PBS. 4ml plain M9 media pipetted into each well was used as control, while 4ml 

M9 media with different NO donors at different concentrations in each well was used as 

experimental groups. After desired treatment time, spent media was pipetted out of each 

well and wells were washed with PBS twice. Spent media can be subjected to CFU 

counts for bactericidal tests. 

For crystal violet staining of total biomass, 1ml 0.1% (w/v) CV was added into each 

well for 15 mins incubation at room temperature. CV was pipetted out and each well 

was washed with PBS twice. The plates were dried overnight before dissolving CV in 

1ml 30% (v/v) acetic acid. The optical densities of solutions were measured in a 

spectrophotometer at a wavelength of 550nm.  

For CFU quantification of total biomass, biofilms in each well were scraped off using a 

sterile cell scraper (Falcon, Corning) and dissolved in 3ml sterile PBS. Biofilms in PBS 

were vortexed for 30 s and serial dilutions were made for CFU count of living cells (see 

2.5.2 for CFU determination). 

2.3.3. Confocal laser scanning microscope imaging for biofilm in 

MatTek plates 
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MatTek plates are Poly-D-Lysine treated glass bottom culture dishes producing high-

resolution microscopic images of cultures growing in standard-size disposable plastic 

petri dishes. In this study P35G-1.5-14-C plates (From MatTek Corporation, dish 

diameter 35mm, coverslip diameter 14mm, coverslip thickness 0.170 +/- 0.005 mm) 

were used for batch-cultured biofilms.  

For PAO1 WT as well as its KO/Tn mutants: The optical densities of overnight cultures 

in 10ml LB were measured in a spectrophotometer at 600nm using plain LB broth as 

blank. The overnight cultures were diluted into fresh M9 media with an initial inoculum 

OD600nm 0.01 and 3ml were inoculated into each plate. Plates were left at room 

temperature statically for 1 hr to allow for initial attachment and then placed under 

desired temperature (22℃, 30℃ and 37℃). Plates were shaken at 50rpm to create shear 

force facilitating biofilm formation. Spent media was changed with fresh M9 every 24 

hrs until the desired culturing time.  

For CF PA clinical isolates:  Instead of diluting overnight cultures into M9 to a final 

OD600nm~0.01 and directly incubating this high density cells in MatTek plates, the same 

amount of cells were first incubated in MatTek for 2 hrs to allow for initial attachment. 

After 2 hrs, unattached cells were discarded and fresh M9 was added to MatTek plates 

for incubation. This modification was due to the fact that all those PA clinical isolates 

were a result of selection and adaption from the first bacteria invading CF lungs and the 

initial cell density that caused biofilm formation would not be high. All the plates for 

PA clinical isolates were incubated at 37℃, consistent with body temperature.  

Before observation under confocal microscope, the spent media was pipetted out and 

wells were washed twice with 0.85% (w/v) NaCl. 3µl ingredient A and 3µl ingredient 

B from LIVE/DEAD® BacLight Bacterial Viability Kits (Invitrogen) were added into 

1ml 0.85% (w/v) NaCl and mixed thoroughly as dye. 250µl dye was added to each well 

and biofilms were stained in dark for 20 mins. After the dye was pipetted out and the 

wells washed with 0.85% (w/v) NaCl once, the liquid was pipetted out and 1ml 80% 

glycerol was added onto the surface of biofilms carefully to prevent drying out and 

damage from laser heating. Wavelengths 488nm and 561nm laser were used for SYTO-

9 and Propidium iodide respectively. At least 3 image stacks were taken from random 

locations in each plate and the biofilms were analysed using COMSTAT304. 

2.3.4. Initial attachment and early stage biofilm formation  
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The optical densities of P. aeruginosa overnight cultures in 10ml LB were measured in 

a spectrophotometer at a wavelength of 600nm using plain LB broth as blank. The 

overnight culture was diluted into fresh M9 media with an initial inoculum of OD600nm 

0.01 or 0.1 as initial inoculum. 100l of diluted culture per well was inoculated into 

microtiter plates. The plates were incubated statically for 3 hrs for initial attachment or 

24 hrs for early stage biofilm formation at 37°C. For testing the inhibition effect from 

NO donors, desired concentrations of donors were added with the initial inoculum. After 

incubation with/without NO donors, the spent media was shaken vigorously onto a stack 

of blue roll to get rid of all loosely attached bacterial cells. Wells were washed twice 

with sterile PBS and stained with 120l 0.1% (w/v) crystal violet  for 15 mins. After 

staining, the plates were washed twice and dried overnight. CV was then dissolved in 

120l 30% (v/v) acetic acid for 30 mins and the liquids were transferred into a clean 

new microtiter plate. The optical density was measured at 584nm in a plate reader using 

30% (v/v) acetic acid as a blank. 

2.4. Preparation of NO donor/NO scavenger solution 

Sodium nitroprusside (SNP), S-Nitroso-N-acetyl-DL-penicillamine (SNAP), S-

Nitrosoglutathione (GSNO), MAHMA NONOate (NOC-9), PROLI NONOate, 

Spermine NONOate (S150), Diethylamine NONOate sodium salt hydrate (DEA 

NONOate) and Carboxy-PTIO potassium salt (PTIO) were purchased from Sigma 

Aldrich, UK. All chemicals were first dissolved in fresh M9 media and filter-sterilized 

as stock solutions and then diluted to desired concentrations. During preparation 

procedures, all solutions were kept on ice before use and SNP was additionally kept in 

the dark.  

2.5. Planktonic cells assays 

2.5.1. Growth curve of P. aeruginosa 

Overnight cultures were diluted into fresh, sterile LB media until an OD of 0.001. 100µl 

of diluted initial inoculums were inoculated into each well of a microtiter plate. The 

plates were placed in a 37°C shaking plate reader (BMG LABTECH FLUOSTAR) 

automatically measuring the OD584nm values every 15 mins. 100µl fresh LB was used as 

blank. 
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2.5.2. CFU count of viable cells on agar 

Traditional method of serial dilution and measuring CFU count on agar plates was 

laborious. The modified Miles and Misra method was used here305. Briefly, serial 

dilutions were made from the cultures in 1ml PBS (1:10, 100µl culture into 900µl PBS) 

to the desired concentration. Diluted cell cultures were vortexed and at least three 10l 

drops were inoculated onto agar plates. Plates were then incubated at 37°C overnight 

before counting and viable cells were determined as CFU/ml. 

2.5.3. Growth inhibition test 

To test if certain types of NO donors inhibit the growth of P. aeruginosa, a modified 

method from Robert J Barnes306 was used. 100µl overnight cultures were added into 

10ml fresh sterile LB media and incubated at 37°C, 200rpm until an OD600nm around 

0.45, indicating that P. aeruginosa growth was in the middle of log phase to determine 

the initial CFU counts. Then stock solutions of NO donors (1mM for S150 and 10mM 

for SNP) were added into the culture making a desired final concentration, and the tubes 

were incubated for another desired time (2 hrs or 24 hrs) at 37°C, 200rpm. For the 

untreated controls, the same amount of PBS was added. Final CFU counts were 

determined as 2.5.2. 

2.5.4. Bactericidal test of SNP and S150 

To test the toxicity of SNP and S150 to planktonic P. aeruginosa cells, a modified 

method from Robert J Barnes was used306. 1ml overnight cultures were centrifuged at 

4000×g for 30 mins to harvest the cells in micro-centrifuge tubes, washed twice in sterile 

PBS and re-suspended in 1ml PBS. Dilutions of the cells were made to the desired 

CFU/ml in PBS (~106/ml for SNP and ~104/ml for S150) for treatments. Stock solutions 

of NO donors (1mM for S150 and 10mM for SNP) were added into the diluted culture 

making desired final concentrations and the tubes were incubated at 37°C for the desired 

time (2 hrs or 24 hrs). For the untreated controls, the same volumes of PBS were added. 

Final CFU counts were determined as 2.5.2. 

To test the toxicity of SNP and S150 to P. aeruginosa biofilm cells in 6 well plates, 

biofilms were set up as described in 2.3.2 and incubated for 96 hrs at 30℃. For NO 

treatments, spent media was pipetted out and the wells were washed twice with sterile 

PBS. 4ml plain M9 media pipetted into each well was used as control, while 4ml M9 
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media with SNP/S150 at different concentrations in each well were used as experimental 

groups. After desired treatment time (2 hrs and/or 24 hrs), all 4ml of spent media in each 

well was pipetted out into a sterile 10ml falcon tube and vortexed for CFU determination 

of planktonic cells. The remaining biofilms were washed twice and scraped off for CFU 

determination as described in 2.3.2. 

To test the toxicity of SNP and S150 to P. aeruginosa biofilm cells in microtiter plates, 

biofilms were set up as described in 2.3.1 and incubated for 24 hrs at 37℃. For NO 

treatments, spent media was pipetted out and the wells were washed twice with sterile 

PBS. 150µl plain M9 media pipetted into each well was used as control, while 150µl 

M9 media with SNP/S150 at different concentrations in each well were used as 

experimental groups. After desired treatment time (2 hrs and/or 24 hrs), all 150µl of 

spent media in each well was pipetted out into a new microtiter plate for OD 

measurement and serial dilution for CFU counts. The remaining biofilms were 

determined using crystal violet stain. 

2.6. Motility assays 

The motility assay methods were modified from M. Harunur Rashid et al307. Standard 

swimming, swarming and twitching plates were made as follow. For plates containing 

SNP, sterilized 10mM SNP stock solution was added to media at temperature below 

60°C to the desired concentrations (1µM, 10µM, 100µM) before pouring the plates. 

2.6.1. Swimming  

Media used for swimming assay was tryptone broth [10g/liter tryptone + 5g/liter NaCl] 

containing 0.3% (wt/vol) agarose. Media were autoclaved at 121℃ for 20 mins and 

cooled down to 60℃ before pouring. Each petri dish was filled with 20ml media and 

dried in safety cabinet with constant flow for 20 mins. The surfaces of swim plates were 

inoculated from a single colony on fresh overnight agar plates with a sterile toothpick. 

The plates were then wrapped with Parafilm to prevent dehydration and incubated at 

30°C for 18 hrs. Image of each plate was taken using G:BOX and GeneSnap software 

with upper white light source and 5 s exposure time. ImageJ software was used to 

measure the swimming areas on agar plates by adjusting the over/under threshold of the 

images to define and calculate the target areas. 

2.6.2. Twitching 
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Media used for twitching assay was LB broth solidified with 1% (wt/vol) agar. Media 

were autoclaved at 121℃ for 20 mins and cooled down to 60℃ before pouring. Each 

petri dish was filled with 20ml media and dried in safety cabinet with constant flow for 

1 hr. The bacteria were stab-inoculated from a single colony on fresh overnight agar 

plates with a sterile toothpick to the bottom of the petri dish. After incubation at 37°C 

for 24 hrs, the zone of twitching motility at the agar/Petri dish interface was measured. 

Image of each plate was taken using G:BOX and GeneSnap software with upper white 

light source and 5 s exposure time. ImageJ software was used to measure the maximum 

distance from inoculation point to the edge of twitching zones by adjusting the 

over/under threshold of the images. 

2.6.3. Swarming  

Swarming patterns varies hugely across different species and even among the different 

strains within the same species. Dae-Gon Ha et al used 0.5-0.8% M8 medium agar 

supplemented with glucose and casamino acid for P. aeruginosa swarming assay and 

PAO1 WT resulted in a pattern as below308. In this assay, I used the same medium as 

described by Rashid et al which consisted of nutrient broth, glucose and 0.5% agar, 

resulting in the swarm pattern very similar to that seen by Dae-Gon Ha. 

 

 

 

 

 

 

Media used for swarming assay contained 0.5% (wt/vol) agar with 8g/liter nutrient 

broth, to which 5/liter glucose was added. Media were autoclaved at 121℃ for 20 mins 

and cooled down to 60℃ before pouring. Each petri dish was filled with 20ml media 

and dried in safety cabinet with constant flow for 40 mins. 3µl overnight culture 

(OD600nm 1.1-1.3) was inoculated on the surface of agar and plates were incubated at 37

℃ for 20-22 hrs. It has now been widely accepted that swarming assays lack consistency 

and reproducibility. Multiple factors were reported to affect the results hugely, even 

PAO1 WT swarm pattern on M8 

medium-supplemented agar. Image 

taken from Dae-Gon Ha et al, Plate-

based assay for swarming motility in 

Pseudomonas aeruginosa308 
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within different batches for the same strain. Even if all the medium compositions were 

kept the same, namely, the same pH and agar concentration, the freshness of the bacterial 

culture, thickness of the plate, plate pouring temperature and humidity (drying time) as 

well as the location within the same incubator would all affect different batches of 

swarming plates in the same hand309. Therefore, one strain was inoculated per plate and 

several strains including one WT were inoculated onto the same batch of plates 

resourced from the same bottle of agar for comparison. Image of each plate was taken 

using G:BOX and GeneSnap software with upper white light source and 5 s exposure 

time. ImageJ software was used to measure the swarming area on agar plates by 

adjusting the over/under threshold of the images to define and calculate the target areas.  

2.7. DNA manipulation procedure 

2.7.1. Isolation of genomic DNA from P. aeruginosa  

P. aeruginosa chromosomal DNA was obtained using Wizard® Genomic DNA 

Purification Kit (Promega, US) according to the manufacturer’s protocol. For cell lysis, 

1ml overnight culture of P. aeruginosa was centrifuged for 2 mins at 16,000g. The 

supernatant was discarded and 600μl Nuclei Lysis Solution was gently mixed with the 

pellet by pipetting. The sample was incubated for 5 mins at 80°C. After cooling to room 

temperature, 3μl of RNase Solution was added to the sample and mixed. The sample 

was then incubated at 37°C for 60 mins and cooled to room temperature. For protein 

precipitation, 200μl of Protein Precipitation Solution was added and vortexed before 

incubating on ice for 5 mins, then centrifuged at 16,000g for 3 mins. For DNA 

precipitation and rehydration, the supernatant from last step was mixed with 600l room 

temperature isopropanol and then centrifuged for 2 mins at 16,000g. The supernatant 

was decanted and 600l room temperature 70% ethanol was added. After the same 

centrifugation step, the pellets were air dried and then rehydrated in 100μl of rehydration 

solution for 1 hr at 65°C. Concentration of resulting DNA was determined following 

manufacturers instruction Nanodrop2000 spectrophotometer based on light absorbance 

optical density at 260nm. 

2.7.2. Routine PCR 

Routine procedures were employed and modified according to Molecular Cloning : a 

laboratory manual310 and the manufacturer’s protocol. Briefly, 50µl PCR reaction was 
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applied containing DNase free H2O, 10ng low complexity DNA or 20ng genome DNA, 

1×Phusion High-Fidelity buffer, 200µM dNTPs, 0.5µM FWD primer and 0.5µM REV 

primer, 1.5% DMSO and 1 unit of Phusion High-Fidelity DNA Polymerase (New 

England Biolabs, UK) for DNA fragment amplifications. Annealing time and extension 

time were decided based on types of template DNA and the length of target fragments. 

Primers were designed according to NEB Tm calculator and were all purchased from 

Eurofins (Ebersberg, Germany). PCR products were checked through gel 

electrophoresis. 

2.7.3. Overlap extension PCR  

This protocol was modified by Choi et al for generating a ‘mutant fragment’ containing 

5’-flanking region and 3’-flanking region amplified from gene of interest with a 

Gentamicin resistance gene (Gm cassette) in the middle311. 

➢ 1st round PCR 

Generate 5’-flanking, 3’-flanking regions and Gm cassette following routine PCR 

procedures.  

➢ 2nd round PCR 

A 50µl PCR reaction was set up containing DNase free H2O, 50ng of purified 5’-

flanking, 50ng of 3’-flanking regions and 50ng of Gm cassette prepared during 1st round 

PCR, 1× Phusion High-Fidelity buffer, 200µM dNTPs, 1.5% DMSO and 1 unit of 

Phusion High-Fidelity DNA Polymerase. Cycle conditions were 98°C, 3 mins followed 

by 3 cycles of 98°C for 30 s, 65°C for 30 s and 72°C for 30 s without primers. The third 

cycle was paused at 15 s of the 72°C extension procedure, each of the primers 

PAXXXX-up-F and PAXXXX-dn-R (XXXX represents gene number) were added to a 

final concentration of 0.5µM, and the cycle was then finished by another 15 s at 72°C. 

The PCR was finished by another 30 cycles of 98°C for 10 s, 65°C for 30 s, 72°C for 

2.5 mins and a final extension at 72°C for 5 mins. PCR products were checked through 

gel electrophoresis. 

2.7.4. Gel electrophoresis procedure 

Routine procedures were employed and modified according to Molecular Cloning : a 

laboratory manual247 and  the manufacturer’s protocol. Briefly, 1% (w/v) agarose gel in 

1×TAE buffer and 1kb ladder (Promega, US) were applied. 1µl PCR product, 1µl NEB 



89 

 

purple loading dye and 4µl DNase free H2O were mixed together and loaded into each 

well in all experiments. DNA fragments were stained using Gel red (Biotium, UK) 

2.7.5. Gel extraction for PCR product 

When the PCR products showed more than one band on the gel, QIAquick Gel 

Extraction Kit (Qiagen, Hilden, Germany) was used for extracting the DNA fragments 

of interest. Briefly, the DNA fragments were excised from the gel and the gel slices were 

weighed in micro-centrifuge tubes. 3 volumes Buffer QG were added to 1 volume gel 

and incubated at 50°C until gel slices were completely dissolved. 1 gel volume of 

isopropanol was added and mixed thoroughly. The samples were applied to the 

QIAquick column and centrifuged at 17900×g for 1 min. The flow-through was 

discarded and the columns were placed back into the same tube. The procedure was 

repeated until all the samples passed through the column. 750µl Buffer PE was added to 

the column, centrifuged for 1 min and the flow-through discarded. The column was 

centrifuged at 17900×g once more to remove the residual wash buffer, 50µl Buffer EB 

(10 mM Tris·Cl, pH 8.5) was added and centrifuged for 1 min to elute DNA into a clean 

micro-centrifuge tube. Concentration of resulting DNA was determined following 

manufacturers instruction for Nanodrop2000 spectrophotometer based on light 

absorbance optical density at 260nm. 

2.7.6. Simple PCR purification procedure 

When the PCR products showed only one clear band on the gel, QIAquick® PCR 

Purification Kit was used to clean up DNA less than 100bp for further research.  

According to manufacturer’s protocol, 5 volumes Buffer PB were added to 1 volume of 

the PCR reaction and mixed thoroughly. Samples were applied to the QIAquick column 

and centrifuged for 1min at 17900×g to bind DNA to the column. The flow-through was 

discarded, 750µl buffer PE was then added and centrifuged for 1 min at 17900×g to 

wash DNA. Residual washing buffer was removed by centrifuging for another 1 min 

and 30µl Buffer EB (10mM Tris·Cl, pH 8.5) was added and centrifuged for 1 min to 

elute DNA into a clean micro-centrifuge tube. Concentration of resulting DNA was 

determined following manufacturers instruction for Nanodrop2000 spectrophotometer 

based on light absorbance optical density at 260nm. 

2.7.7. Restriction enzyme digestion 
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20µl reaction containing 10 units of restriction enzyme (for double digestion, 10-20 units 

for each enzyme and total enzyme volume less than 2µl), 2µl CutSmart® buffer and 

500ng target DNA was applied for DNA digestions. Samples were digested for 2 hrs 

and enzymes were heat inactivated at temperatures according to manufacturer’s 

protocol. All restriction enzymes and CutSmart® buffer were purchased from New 

England Biolabs, UK. For preventing recircularization and re-ligation of linearized 

cloning vectors, 1µl Shrimp Alkaline Phosphatase (NEB, UK) was added to the reaction 

after 2 hrs digestion and incubated at 37°C for another 1 hr for heat inactivation during 

vector digestion. The digestion products were then checked on gel. 

2.7.8. Ligation of gene specific amplicons from PCR and digestion 

After PAXXXX-up (5’-flanking region of target genes, XXXX represents gene 

numbers), PAXXXX-dn (3’-flanking region of target genes) and Gm cassette were 

amplified and properly digested, the following 10l reactions with different molar ratios 

were used for three-way sticky end-ligation under room temperature, overnight. T4 

DNA ligase and ligase buffer were purchased from NEB, UK. 

 2:1 1:1 1:2 1:4 

PAXXXX-dn 2l 1l 1l 1l 

PAXXXX-up 2l 1l 1l 1l 

Gm 1l 1l 2l 4l 

Buffer 1l 1l 1l 1l 

T4 ligase 0.5U (0.5l) 0.5U (0.5l) 0.5U (0.5l) 0.5U (0.5l) 

H2O 3.5l 5.5l 4.5l 2.5l 

2.7.9. Ligation of vectors and inserts 

Insert:vector molar ratios of 1:1, 2:1, 3:1 and 5:1 were used for ligating insert (‘mutant 

fragment’, PAXXXX-up-Gm-PAXXXX-dn) with vector. After the constructed inserts 

and vector were properly digested, 20 l reactions containing 25ng vector, 

corresponding inserts, 1U T4 ligase and 2 l ligase buffer were used for blunt end-

ligation under room temperature, overnight. 

 1:2 1:1 2:1 4:1 8:1 

PAXXXX-up-Gm-

PAXXXX-dn 
0.5 l 1 l 2 l 4 l 8 l 

vector 1 l 1 l 1 l 1 l 1 l 
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T4 ligase buffer 1 l 1 l 1 l 1 l 1 l 

T4 ligase 
0.5U 

(0.5l) 

0.5U 

(0.5l) 

0.5U 

(0.5l) 

0.5U 

(0.5l) 

0.5U 

(0.5l) 

H2O 7 l 6.5 l 5.5 l 3.5 l 0 l 

2.8. Making competent E. coli DH5/S17-λ cells 

The method was adapted from Rubidium Chloride Method312. E.coli DH5/S17-λ cells 

were inoculated from a frozen stock into 2ml LB broth and cultured overnight in a 

shaking incubator at 37°C. 300l overnight culture was diluted 1:1000 into 300ml fresh 

LB, incubated in a shaking incubator until OD600nm was ~ 0.4 (log phase).  Then the 

culture was transferred to a centrifuge bottle, chilled on ice for 15 mins and cells were 

pelleted by centrifugation at 3000rpm for 15 mins at 4°C. After centrifugation, liquid 

was decanted and the cells re-suspended by gently pipetting in 100ml chilled RF1 buffer 

(100mM RbCl, 50mM MnCl2, 30mM K acetate, 10mM CaCl2, 15% wt/vol glycerol) 

until no clumps were visible. The mixed cells and RF1 buffer was then chilled on ice for 

60 mins and centrifuged at 3000rpm for 15 mins at 4°C. Liquid was decanted and cells 

were gently re-suspended in 24ml chilled RF2 buffer (10mM MOPS, 10mM RbCl, 

75mM CaCl2, 15% wt/vol glycerol). The cells/RF2 buffer mixtures were incubated on 

ice for 15 mins and then 200l was distributed into chilled 1.5ml micro-centrifuge tubes 

and stored at -80°C. 

2.9. Transformation of vectors into E. coli DH5/S17-λ 

competent cells 

4l of ligation products were added into 40l competent cells thawed on ice in sterile 

1.5ml micro-centrifuge tubes. The sample was gently mixed by flipping the mixture and 

chilled on ice for 15 mins. Cells were heat shocked for 45 s in 42°C water bath and 

chilled on ice for 3 mins. 200l fresh LB broth was added into tubes and incubated at 

37°C for 1 hr with 200rpm shaking. 200l cells were plated on desired antibiotic 

selective agar plates and incubated at 37°C for 24 hrs. 

2.10. Conjugation of vectors into P. aeruginosa 

The method was adapted from Claire A. Woodall313. Overnight cultures of E.coli S17-λ 

with correct vectors were grown at 37℃ with antibiotics. P. aeruginosa PAO1 WT 
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overnight cultures were grown at 42℃ to suppress restriction systems targeting foreign 

DNA. Overnight cultures of E. coli and P. aeruginosa were mixed 1:1 and pipetted onto 

0.45µm filter membranes (MF-Millipore Membrane Filter, mixed cellulose esters, 

Thermo Scientific, UK). A vacuum pump was used to evacuate the liquid on filter 

membranes and bacterial cells were left very close to each other. The filter membranes 

were carefully removed and put onto the surface of LB agars with the bacteria side 

upward. The plates were incubated at 37℃ for 4-5 hrs and then filter membranes were 

removed into 1ml sterile PBS buffer. All cells on membranes were washed off into 

buffer by vigorous vortex and plated onto cetrimide agars with desired antibiotics for 24 

hrs incubation at 37℃. 

2.11. EPS extraction and quantification 

The method was modified from Robert J. Barnes et al314. Overnight cultures of P. 

aeruginosa were diluted into fresh M9 media until a final initial inoculum with OD600nm 

0.01. 25ml of diluted cultures were inoculated into tissue-culture treated dishes 

(Corning, UK, D×H 100mm×20mm). After inoculation, dishes were left statically under 

room temperature for 1 hr to allow for initial attachment before being moved into 30℃ 

incubator shaking at 50rpm. Media was changed after 24 hrs and biofilms were cultured 

for 48 hrs. After culturing, plates were washed with sterile 0.85% NaCl twice to get rid 

of loosely attached cells. Biofilms were scraped off the dishes by cell scrapers and re-

suspended into universal tubes with 3ml sterile PBS. Tubes were vortexed 30 s to fully 

disturb biofilms and 100µl were taken for serial dilution and CFU counts. The remaining 

bacterial suspensions were centrifuged at 4000×g for 40 mins at 4℃ and the supernatants 

were transferred to clean tubes. For soluble polysaccharide and protein measurement, 

the supernatants were directly subjected to analysis. For insoluble polysaccharide and 

protein measurement, 2ml 0.85% NaCl and 12µl 37% formaldehyde (Sigma-Aldrich, 

UK) were added to the cell pellets after centrifugation. The mixtures were vortexed and 

incubated at 4℃ for 1 hr, after which 2ml of 1M NaOH and 0.5ml of MQ H2O were 

added. The mixtures were further incubated at 4 ℃  for another 3.5 hrs and then 

centrifuged at 4000×g for 40 mins under 4℃. Supernatants were transferred into clean 

conical centrifuge tubes and frozen at -80℃. Frozen samples were placed in freeze-dryer 

to remove all the liquid and formaldehyde. Dried samples were re-dissolved in 3ml 

sterile MQ water and 80µl concentrated H2SO4 was added to neutralize NaOH 
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background. A mixture of all EPS extraction reagents and 80µl concentrated H2SO4 was 

used as blank control. The polysaccharide contents were measured by the phenol-H2SO4 

method. Briefly, 2.5ml of concentrated H2SO4 and 0.5ml 5% phenol were added to 1ml 

of sample and incubated at room temperature for 10 mins. The absorbance of the 

solutions were measured at 492nm and compared to a glucose standard curve. The 

protein contents were measured by the Coomassie (Bradford) Protein Assay kit (Thermo 

Scientific). 1ml sample was mixed with 1ml working reagent and incubated at room 

temperature for 10 mins. The absorbance was measured at 595nm and compared to a 

bovine serum albumin standard curve. In this study, the concentrations of glucose 

standards were selected as 1µg/ml, 2.5µg/ml, 5µg/ml, 10µg/ml, 25µg/ml, 50µg/ml, 

100µg/ml, 250µg/ml and 500µg/ml. The concentrations of protein standards were 

selected as 25µg/ml, 125µg/ml, 250µg/ml, 500µg/ml, 750µg/ml, 1000µg/ml, 

1500µg/ml and 2000µg/ml.  

2.12.  Chemiluminescence-based NO detection  

The chemiluminescence-based method was modified from Piknova et al315. Only free 

NO gas was detected by chemiluminescence. After NO donor is injected into the system, 

free NO gas will be purged from the reaction vessel by an inert carrier gas into the 

chemiluminescence analyser, where it reacts with O3 to form nitrogen dioxide (NO2) in 

its activated state as below: 

NO + O3 → NO2
* + O2 

Deactivated NO2
* emits a photon as below: 

NO2
* → NO2 + hv (photon) 

which can be collected by a photomultiplier tube equipped with a long pass filter, 

detecting only emissions above 600nm. The intensity of emitted light reflects the 

concentration of NO in the reaction vessel proportionally and after calibration original 

NO amount can be calculated315. In this study, CLD 88Y (EcoPhysics, Duernten, 

Switzerland) NO analyser was used where O3 was derived from O2 in normal 

atmospheric conditions. NO standards were prepared by converting sodium nitrite 

solution to NO using tri-iodide (I3
-) solution as below: 

                                      NO2
—
 + H+            HNO2 
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                         2I
—
 + 2HNO2 + 2H+ → 2NO + I2 + 2H2O 

A mixture of KI, I2 and glacial acetic acid were used to generate I3 solution. The standard 

curve was achieved as follow: For I3 solution, 500mg Potassium iodide (KI) and 

379.8mg crystalline iodide (I2) were dissolved in 10ml MQ water to make final 

concentrations of 301.2 mM and 137.8 mM respectively. The solution was kept from 

light. This solution was mixed with glacial acetic acid in a 2:7 ratio thoroughly by 

stirring on magnet plate for 30 mins achieving a brown color. CLD 88Y was connected 

correctly according to manufacturer’s protocol and the system was allowed to warm up 

to 60℃ with a stable baseline. The carrier gas input line from the gas tank was connected 

appropriately to reaction vessel. After the carrier gas flow was started, 7.5ml I3 solution 

was placed into the reaction vessel. The gas flow rate was adjusted until I3 solution 

bubbled gently but did not over-flow. 100μM sodium nitrite (NaNO2) standard solution 

was prepared and diluted to 5µM, 7.5µM, 10µM, 15µM and 20µM in MQ water. Using 

a well-washed gas-tight Hamilton syringe 50μl of each concentration of standards was 

injected into the I3 solution. Total amount of NO gas released were 

50µl×5µM=250pmol, 50µl×7.5µM=375pmol, 50µl×10µM=500pmol, 

50µl×15µM=750pmol, 50µl×20µM=1000pmol. 3 biological replicates were performed 

and the tracings were recorded at a frequency of 4 Hz by PowerChrom® software (eDAQ 

Pty LtD, Australia) to calculate the areas. For NO donors test, the system was set up as 

described, 9.5ml of M9 medium was added into the system instead of I3 solution and 

incubated at 37℃. 500µl of stock NO donor solutions were added into 9.5ml M9 by a 

well-washed syringe to make a final desired concentration. For light exposure tests on 

SNP, consistent cold light source from the maximum lightning of Photonic PL®3000 

was applied to avoid increasing sample temperature. Foil paper was used to wrap the 

whole system when light was forbidden in the tests. 3 biological replicates were done 

and the peaks were recorded by PowerChrom®. Data was plotted by Origin 9 and the 

areas under peaks were related to the total volume of NO release. Areas were calculated 

from 0 min to 90 mins for all the samples and compared against areas under standards. 

2.13  c-di-GMP gauging reporter fluorescence measurement  

The method was modified from Morten T. Rybtke et al300 and Wout Overkamp et al316. 

A c-di-GMP responsive promoter (CdrA promorter) was infused into GFP expression 

plasmid with a tetracycline marker on the backbone. The GFP fluorescence levels reflect 
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the levels of reporter plasmids expression and thus reflect the relative amounts of 

intracellular c-di-GMP that induce the GFP expression.  c-di-GMP reporter was first 

introduced into E. coli S17-λ competent cells and transformed into P. aeruginosa as 

described previously in 2.8 and 2.9. All strains with reporter were checked on agars 

containing tetracycline (30µg/ml for E. coli and 75µg/ml for P. aeruginosa). Overnight 

cultures of P. aeruginosa::gfpC strains were first grown in LB broth supplied with 

75µg/ml Tet and then diluted into 10ml of M9 media with 75µg/ml Tet to a final OD600nm 

0.001, making the positive control groups. For NO treatment groups, the same bacterial 

initial inoculum was applied and S150 was added to a final concentration of 25µM after 

22 hrs incubation and another 2 hrs for treatment. All cultures in M9 were grown in 37℃ 

at 180rpm prior to analysis. In addition, the P. aeruginosa strains without reporter were 

grown without Tet under the same condition with/without S150 as negative controls for 

the measurement of background fluorescences. After culturing, all tubes were vortexed 

vigorously for 30 s before 100µl of bacterial cultures were inoculated into each well of 

Greiner CELLSTAR® 96 well plates with black polystyrene flat bottom for 

fluorescence intensity and CELLSTAR® 96 well plates with clear polystyrene flat 

bottom for cell density. Fluorescence was measured as arbitrary fluorescence intensity 

units (FIU) from the top of plates using a 485-nm sharp-cut excitation filter and a 520-

nm sharp-cut emission filter with a gain of 1500 on BMG LABTECH FLUOSTAR plate 

reader. OD values were measured at 584nm. Plain M9 and M9 with 75µg/ml Tet were 

used as medium blanks. Relative fluorescence unit (RFU) values are arbitrary 

fluorescence intensity units normalized by cell density and were used to analyse relative 

GFP levels. The calculation used to resolve the levels is as follow for both control and 

treatment groups:  

(
GFPreporter − GFPmedium

ODreporter − ODmedium
) − (

GFPwt − GFPmedium

ODwt − ODmedium
) 

where GFPreporter was the level of fluorescence intensities of the P. aeruginosa strains 

with reporter, GFPwt was the level of fluorescence intensities of the P.aeruginosa 

strains without reporter, GFPmedium was the level of fluorescence intensity in the 

medium. Same definitions were applied to OD. 

PAO1 WT with c-di-GMP reporter plasmids was also tested for biofilm formation in 

MatTek plates as described in 2.3.3. Biofilms were grown under 22℃, 30℃ and 37℃ 

with/without 75µg/ml tetracycline for 3 d and subjected to CLSM. 
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2.14.   HPLC  

This HPLC based quantification of cyclic di-GMP from P. aeruginosa was adapted from 

Ankita B Roy et al317.  

➢ Extraction of c-di-GMP from P. aeruginosa cells 

Overnight culture was diluted into LB broth 1:100 and grown to mid-exponential phase 

at 37℃ with 220rpm shaking. The OD600nm was determined by spectrophotometer and 

2ml of bacterial culture at OD600nm~0.9 was obtained. The culture was centrifuged (4℃, 

16000×g, 2 mins) and the supernatant was discarded. The cell pellet was washed twice 

with 1ml ice-cold PBS (4℃, 16000×g, 2 mins) and the supernatant was discarded. The 

cell pellet was re-suspended in 100μl ice-cold PBS and incubated at 100℃ for 5 mins 

followed by addition of ice-cold ethanol (-20℃) to a final concentration of 65%. The 

mixture was vortexed vigorously for 15 s. Samples were centrifuged (4℃, 16000×g, 2 

mins) and the supernatant was removed carefully into a clean micro-centrifuge tube. The 

extraction steps were repeated from the same bacterial culture twice and the extracts 

pooled from 3 volumes of sample were combined into one tube. Cell pellets were 

retained and stored at -20℃ while the combined supernatants containing c-di-GMP were 

subjected to vacuum concentration. After concentration, the dried c-di-GMP samples 

should be white pellet and can be stored at -80℃ or dissolved in nanopure water and 

subjected to HPLC directly. All extraction steps were manipulated on ice to prevent the 

degradation of c-di-GMP.  

➢ HPLC  

Samples were passed through Spectra SYSTEM P4000 HPLC for separation using a 

reverse-phase C18 column (Agilent, Polaris 3 C18-A, 150×4.6mm) at a flow rate of 

0.5ml/min. Two solvents were used for eluting c-di-GMP. Solvent A contained 10mM 

ammonium acetate in nanopure water without adjusting pH. Solvent B contained 10mM 

ammonium acetate in 100% methanol without adjusting pH. The elution gradient of two 

solvents was as follow: from 0 to 9 min, 1% B+99% A; from 9 to 14 min, 15% B+85% 

A; from 14 to 19 min, 25% B+75% A; from 19 to 26 min, 90% B+10% A; from 26 to 

40 min, 1% B+99% A. Under this experimental condition the peaks were usually 

observed at 16-17 mins. Extracted c-di-GMP from P. aeruginosa as described above 

was re-dissolved in 200µl nanopure water and vortexed for 1 min until all white pellets 

dissolved. The solution was centrifuge at 18,000×g, 4℃ and the supernatant was filtered 
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through 2µm syringe filter (Upchurch Scientific, catalog number: B-100) into a new 

micro-centrifuge tube. 150µl sample was pipetted into autosamplers (Thermo scientific) 

and 50µl was injected into HPLC per time. Commercially purchased c-di-GMP (Sigma-

Aldrich) dissolved in nanopure water was used as standard for comparison. The standard 

curve was generated with final concentrations of 1, 2, 5, 10, 20pmol/µl of commercial 

c-di-GMP and for each batch of HPLC assay, a standard was included along with 

extracted c-di-GMP to determine peak location due to systematic errors. 2 technical 

replicates were performed for each sample and solvents were freshly made each time.  

2.15.  Cell aggregates assays 

For cell aggregates culture in 6 well plates: The optical densities of P. aeruginosa 

overnight cultures in 10ml LB were measured in a spectrophotometer at a wavelength 

of 600nm using plain LB broth as blank. Overnight cultures were diluted into fresh M9 

media with an initial inoculum OD600nm~0.01 and plates were inoculated with 4ml 

inoculum per well. Plates were incubated at 37℃ with 50rpm shaking for 24 or 48 hrs. 

Image of each plate was taken using G:BOX and GeneSnap software with upper white 

light source and 5 s exposure time. 

For CLSM images: The optical densities of P. aeruginosa overnight cultures in 10ml 

LB were measured in a spectrophotometer at a wavelength of 600nm using plain LB 

broth as blank. Overnight cultures of P. aeruginosa were diluted into 10ml of fresh M9 

in universal tubes to an OD600nm~0.005 or 0.01 as initial inoculums. Cell aggregates were 

then incubated at 37℃ for 24 hrs with 120rpm or 180rpm shaking. After incubation, the 

bacterial cultures were gently homogenized by inverting the tubes 4-5 times and 200µl 

was pipetted into a new micro-centrifuge tube using 1ml tips cut at the top to avoid 

disturbing the aggregates. 1µl of both ingredients A and B from LIVE/DEAD® 

BacLight Bacterial Viability Kits were added to 200µl of bacterial culture and mixed by 

flipping the tubes. Cells were stained in dark for 20 mins. Double sided adhesive tapes 

were cut to leave a ~4mm×4mm hole and stuck to microscope slides. ~50µl stained cell 

culture was dropped into the hole and a coverslip was placed on the top of liquid drop 

and also stuck to the rest of the tape. In this way, bacterial cultures were locked on the 

slide inside of the hole with certain degree of moving freedom to minimize the effect of 

external pressure on aggregates. The slides were then subjected to CLSM and at least 3 

points were selected from each slide. For SNP treatment, desired concentrations of SNP 
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were added with initial inoculum and exposed to light for 30 mins before incubation, 

while for S150 treatment planktonic cultures were first incubated for 22 hrs and another 

2 hrs after the addition of desired concentrations of S150.  

2.16. CF sputum collection and P. aeruginosa isolation 

Sputum samples from 72 patients with CF (median age at informed consent 21 years, 

range 17-62; UK NHS Research Ethics Reference 08/H0502/126) were obtained by CF 

physiotherapist-assisted sample expectoration318,319. Isolation of P. aeruginosa from 

sputa was carried out by Dr. R Howlin after the samples were transferred to University 

of Southampton microbiology group on ice. Samples were digested using Mucolyse 

(Pro-Lab Diagnostics) containing dithiothreitol and phosphate buffer for 15 mins at 37 

°C, followed by culture on P. aeruginosa-specific cetrimide agar (Sigma-Aldrich). 

Multiplex PCR was used to confirm P. aeruginosa as previously described by De Vos 

D et al320.  Individual colonies were isolated for overnight culture and purified aqueous 

cultures were frozen at -80 °C. 

2.17. The calculation of concentration coefficient based on 

Gini Index and Lorenz curve 

A novel method for determining cells aggregation levels based on the concept of Gini 

index was developed and described below. 

In 1912 Corrado Gini first presented an index, now known as the “Gini Index” and 2 

years later he introduced his index and its relation to the Lorenz curve321. The Gini Index 

is now widely and majorly used in the measurement of income inequality in a group of 

residents. Gini coefficient (G) and Lorenz curve as well as their calculation formula322 

are shown as below in Fig 2.17.1.  
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With a population portion of 0 to 100%, the income of each resident can be defined as 

x(t) (t=0 to 1). x(t) is then rearranged into a sequence of values with non-decreasing 

order (i.e. x(t1)≤ x(t2) when t1<t2) prior to the calculation of another variable - 

cumulative income y(t), which is defined and calculated as  

y(t) = ∫ 𝑥(𝜏)𝑑𝜏
𝑡

0
 

The figure curve of y(t) on Cartesian coordinate is called Lorenz curve. As a result, the 

area in B is 

                    B = ∫ 𝑦(𝑡)𝑑𝑡
1

0
 

Since both horizontal and vertical axis were presented as portion and the maximum is 1 

(100%), the area (A+B) = 0.5. Gini Index can then be calculated as 

 G =  A/(A+B) = 2A = 1-2B 

As can be seen, a perfectly equal income distribution would be the one in which every 

person has the same income, reflecting on the graph as y(t) = t. A perfectly unequal 

distribution would be the one in which one person has all the income and everyone else 

has none, reflecting on the graph as y(t) = 0% for all t < 1 and y(1) = 100%. G = A/(A+B) 

value is between 0 and 1 or can be expressed as a percentage. The higher the G, the more 

unequal the income distribution is. 

In summary, Gini coefficient can be used as an index to measure the income distribution 

in a defined group of people. This concept is quite similar to cell distribution in a defined 

CLSM image divided into certain number of pixels. Therefore, a novel index – 
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concentration coefficient (CC) was developed to depict the cell distribution due to the 

fact that limited pixel number can only generate Lorenz fold line instead of traditional 

Lorenz curve, resulting in different calculation formula for the discrete Gini coefficient. 

A CLSM image of cell aggregation can be first divided into a certain number pixels with 

the brightness positively correlate to the amount of cells in each pixel, which is 

equivalent to the income of a single resident in Gini Index. CC can then be calculated to 

measure the inequality of cell distribution, namely, the degree (level) of cells 

aggregation. CC and Lorenz fold line are shown in Fig 2.17.2. 

Due to the limited pixel number in a defined CLSM image, the formula to calculate 

discrete Gini Index is explained as below: 

1. Suppose a CLSM image is divided into N pixels with the quantity of bacteria cells 

in each pixel defined as Xi, where i = 1,2,3,...,N. Without losing generality, Xi should 

be rearranged into a sequence of values with non-decreasing order 

   X1≤ X2≤  ……  ≤ XN-1≤XN  

Data from each pixel are usually not in a progressive increasing order and a computer 

program was developed to rearrange the order. 

2. Another variable - accumulative number Yi, is defined and calculated as  

            Yi  = ∑  𝑖
𝑘=1 Xk   

Apparently the total amount of all quantities in the image is T = YN .  

3. Lorenz fold line is then generated which is equivalent to the Lorenz curve at 

continuous variables. Similar to the calculation of area B below Lorenz curve, the 

Sum of all Accumulative Number Yi (S) is introduced here, i.e. 

          S = Y1 + Y2 + …… + YN 
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The calculation of two extreme situations (perfectly equality and perfectly inequality) in 

CC are shown as below using N=10 as an example.  

1. The maximum value of S occurs when each of the 10 pixels contains the same 

amounts of cells, i.e. X1 = X2 = …… = XN = T/N, Yi locates at diagonal line.  

then     Yi = i ×
𝑇

𝑁
   

and      S = 
𝑁×(𝑁+1)

2
×

𝑇

𝑁
 =

𝑇×(𝑁+1)

2
 

2. The minimum value of S occurs when 9 of the pixels contain no cell and 1 pixel 

contains T cells, i.e. 

X1 = X2 = …… = X9 = 0  and   X10 = T 

Then Y1= Y2 = …… = Y9 = 0  and   Y10 = 100%T 

As a result, S = T, which is different from normal Gini coefficient where the area B=0 

(see Fig 2.17.1) 

3. For most common situations, Yi should locate at Lorenz Fold Line and CC value 

should be 

CC = 
[𝑇×

(𝑁+1)

2
−𝑆]

[𝑇×
(𝑁+1)

2
−𝑇]

 = 
(𝑁+1−2×

𝑆

𝑇
)

(𝑁−1)
 

Thus, 0 ≤ CC ≤ 1. When the cell number in each pixels is equal, CC = 0; when all the 

cells in one image are concentrated in one pixel, CC = 1.  
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Chapter 3 – Determining the optimal NO donor for P. 

aeruginosa biofilm dispersal 

3.1 P. aeruginosa PAO1 WT CFU to OD value 

The initial inoculum plays a significant role in batch-cultured biofilm formation 

characteristics and life cycles. Therefore, it is important to control the initial inoculum 

cell numbers to ensure the consistency of each experimental replicate in biofilm 

research. However, it is impossible to measure CFU for inoculation each time as the 

observation of colonies usually requires overnight culture on agar plates. Consequently, 

cell optical density (OD value) is performed to quickly determine the number of cells. 

In order to standardise inoculum cell concentrations, CFUs were taken at different OD 

values so that cell mass can be correlated with OD (Figure 3.1). CFUs were calculated 

as described in methods 2.5.2 for 7 time points along with the cell growth up to OD 

0.965 (within exponential phase) and were related to OD values. Linear regression 

analysis was performed with a final R2 value of 0.9823 permitting determination of the 

OD corresponding to CFU.  

 

 

 

 

 

 

 

 

 

 

Fig 3.1. The linear relationship between CFU and OD600nm value for PAO1 WT 

3.2. Biofilm formation in MatTek plates 
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Previous studies in the lab have determined that an inoculum of OD600nm 0.01 was the 

optimal condition for growing biofilm in MatTek plates. According to Fig 3.1, an 

OD600nm~0.01 is equivalent to 5.5×107 cfu/ml which would be used as a standardised 

inoculum for all future work. Here, two different factors, temperature and time, were 

tested for their influences on PAO1 biofilm formation and structure. 
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Fig 3.2.1. P. aeruginosa PAO1 WT biofilms formation in MatTek plates at 22℃ after 1d, 2d, 3d, 4d, 5d.  

Initial inoculum was OD600nm 0.01 in M9 medium and MatTek dishes were shaken at 50rpm in 22℃ 

incubator. 3 fields of view (technical replicates) were chosen randomly from each dish for CLSM and 3 

biological replicates were performed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.2.2. P. aeruginosa PAO1 WT biofilms formation in MatTek plates at 30℃ after 1d, 2d, 3d, 4d, 5d.  

Initial inoculum was OD600nm 0.01 in M9 medium and MatTek dishes were shaken at 50rpm in 30℃ 
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incubator. 3 fields of view (technical replicates) were chosen randomly from each dish for CLSM and 3 

biological replicates were performed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.2.3. P. aeruginosa PAO1 WT biofilms formation in MatTek plates at 37℃ after 1d, 2d, 3d, 4d, 5d.  

Initial inoculum was OD600nm 0.01 in M9 medium and MatTek dishes were shaken at 50rpm in 37℃ 

incubator. 3 fields of view (technical replicates) were chosen randomly from each dish for CLSM and 3 

biological replicates were performed.  
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Fig 3.2.4. Biomasses of biofilms at (A) 22℃, (B) 30℃, (C) 37℃ from 1-5 days. Biomass was calculated 

using COMSTAT304. Data represent data means of n=3 of 3 biological replicates. Biomasses of biofilms 

were compared to one day younger biofilms for investigation of biofilm development under each culture 

temperatures with Welch T-test. ** represented 0.01<p<0.05, *** represented p<0.01 

Fig 3.2.1-3.2.3 showed representative CLSM pictures of biofilms grown at different 

temperatures and at time periods ranging from 1 d to 5 d. As shown in Fig 3.2.1, from 

3-5d, incubation at 22 ℃  resulted in biofilms containing thick 3D-structured 

microcolonies heterogeneously distributed and attached to the surface while the rest of 

surfaces rarely had bacteria attached, suggesting the microenvironment and the 

heterogeneity of the coated coverslips had a marked influence on the biofilm structure. 

As shown in Fig 3.2.4 (A), total biomass increased significantly from day 2 to day 3 

(16.6 fold, p<0.01) and standard deviations were very high due to this heterogeneity. 

As shown in Fig 3.2.2 and Fig 3.2.4 (B), biofilms cultured at 30℃ formed a uniform, 

homogeneous monolayer on which several microcolonies developed as mushroom 

structures. Typical biofilm life cycle was shown in biofilms at 30℃ over 5 d – biomass 

C 

A B 
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kept increasing steadily from day 1 to day 3 reaching its maximum (p<0.01 between 

neighbouring time points) indicating the maturation stages, and kept decreasing from 

day 3 to day 5 (p<0.05 between neighbouring time points) potentially due to the 

dispersal.  

Fig 3.2.3 and Fig 3.2.4 (C) showed that at 37℃, biomasses were generally less than at 

30℃ with no substantial three dimensional microcolonies formed on top of the base 

layer, or irregular cell aggregates compared to 22℃. Biomass significantly increased 

from day 1 to day 2 (60 fold, p<0.05) and decreased from day 4 to day 5 (9.1 fold, 

p<0.05). Furthermore, when performing rinses before staining, it was noted that biofilms 

under 37℃  were more brittle and easily disrupted by mechanical shear force from 

pipetting. In summary, 30℃ is regarded as the optimal temperature for biofilm culture 

in MatTek plates and 2-3 d can be used to observe maturation stages biofilm in future 

work.  
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3.3.  Optimisation of 7 NO donors 

Sodium nitroprusside (SNP) has been widely used as an NO donor for P. aeruginosa 

biofilm dispersal and similar effects were also found in other species such as N. 

gonorrhoeae251 and S. aureus323. However, the chemical nature of SNP provides certain 

disadvantages in its use, such as light-induced NO release and cyanide production, 

which constrain its utilizations in certain settings. During the last decade there has been 

a steady increase in the production of novel NO donors. Therefore, different kinds of 

new and commercially accessible NO donors were tested in this study to find an 

alternative. Their half-lives at 37℃, pH ~7.4 are shown below in Table 3.3. 

SNP <2mins 

SNAP 6hrs 

GSNO 1-3hrs 

PROLI NONOate 1.8secs 

MAHMA NONOate (NOC-9) 1min 

Spermine NONOate (S150) 39mins 

DEA-NONOate 2mins 

Table 3.3. Different half-lives of selected NO donors. 

Due to various NO releasing mechanisms of different donors, the optimal working 

concentrations for triggering biofilm dispersal might be different. In this study, the 

efficacies of 7 donors in M9 medium at 9 concentrations (1μM, 2.5µM, 5μM, 10μM, 

25μM, 50μM, 100μM, 250μM and 500μM) and 7 treatment time periods (1 hr, 2 hrs, 4 

hrs, 6 hrs, 8 hrs, 12 hrs, 24 hrs) were tested for their abilities to disperse P. aeruginosa 

biofilms under 37℃ using a high-throughput screening microtiter plates assay.  

 

 

 

 

 

 



109 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3.1. Biofilm dispersal test on 

SNP using microtiter plate assay. 7 

time points and 9 concentrations were 

applied. Data represent data means of 

n=6 of 3 biological replicates. ** 

represented 0.01<p<0.05, *** 

represented p<0.01 
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Fig. 3.3.2. Biofilm dispersal test on 

SNAP using microtiter plate assay. 7 

time points and 9 concentrations were 

applied. Data represent data means of 

n=6 of 3 biological replicates.  ** 

represented 0.01<p<0.05, *** 

represented p<0.01 
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Fig. 3.3.3. Biofilm dispersal test on 

GSNO using microtiter plate assay. 7 time 

points and 9 concentrations were applied. 

Data represent data means of n=6 of 3 

biological replicates. ** represented 

0.01<p<0.05, *** represented p<0.01 
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Fig. 3.3.4. Biofilm dispersal test on 

PROLI-NONOate using microtiter plate 

assay. 7 time points and 9 concentrations 

were applied. Data represent data means 

of n=6 of 3 biological replicates. ** 

represented 0.01<p<0.05, *** 

represented p<0.01 
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Fig. 3.3.5. Biofilm dispersal test on 

MAHMA-NONOate using microtiter 

plate assay. 7 time points and 9 

concentrations were applied. Data 

represent data means of n=6 of 3 

biological replicates. ** represented 

0.01<p<0.05, *** represented p<0.01 
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Fig. 3.3.6. Biofilm dispersal test on 

SPERMINE-NONOate using microtiter 

plate assay. 7 time points and 9 

concentrations were applied. Data 

represent data means of n=6 of 3 biological 

replicates. ** represented 0.01<p<0.05, 

*** represented p<0.01 
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Fig. 3.3.7. Biofilm dispersal test on DEA-

NONOate using microtiter plate assay. 7 

time points and 9 concentrations were 

applied. Data represent data means of n=6 

of 3 biological replicates. ** represented 

0.01<p<0.05, *** represented p<0.01 
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Among these results, 250 and 500µM SNP reduced biomass by approximately 63% after 

24 hrs, while 250 and 500µM S150 reduced biomass up to 60% after 2hrs and 68% after 

4 hrs (Fig 3.3.8). However, to minimise the potentials that NO causes stress response 

rather than the desired signalling effects in cells,  24 hrs 250µM SNP and 2 hrs 250µM 

S150 treatments were chosen for future work.  

 

 

 

 

 

 

 

 

 

3.4. Evaluation of the specificity of NO-mediated biofilm 

dispersal using SNP and S150 

As shown in Fig 3.3.8, 250µM was chosen to be the optimal concentration for both SNP 

and S150 to trigger biofilm dispersal. However, for SNP this concentration was much 

higher than the 500nM reported previously by Barraud et al9,242 where milimolar range 

SNP was suspected to have toxic effect. Furthermore, NONOates should generate 2mol 

of NO per mole of compounds while SNP should only generate 1mol306. Hence, 250µM 

S150 would produce 2 times of NO compared to 250µM SNP. This led to the possibility 

that dispersal triggered by 250µM SNP and S150 was due to cell death. To determine 

the dispersal observed was not a result of the toxicity effect of high concentration NO, 

bactericidal tests on SNP and S150 were carried out. To determine whether the biofilm 

dispersal effect was from NO release of SNP and S150 or other mechanisms such as the 

side product/chemical characteristics of NO donors, NO scavenger was applied to 

eliminate the NO released from NO donors for observing if the biofilm dispersal effect 

was influenced. 

Fig 3.3.8. Comparison of the 

efficiencies between SNP and S150 on 

triggering PAO1 WT biofilm 

dispersal. Data represent data means 

of n=6 of 3 biological replicates. ** 

represented 0.01<p<0.05, *** 

represented p<0.01 
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3.4.1. NO scavenger test 

The widely used PTIO was chosen as NO scavenger for the S150 experiments. A 

previous study has shown that the dispersal effect of SNP came from NO by using PTIO9 

so it was not re-evaluated here. 

 

 

 

 

 

 

 

 

 

 

Fig 3.4.1.  (A) 2 hrs S150 treatment on pre-established 24 hrs biofilms with or without PTIO. Biofilms 

with only PTIO was included to eliminate the potential side effect of PTIO (B) Picture of microtiter plate 

with PTIO. Data represent data means of n=6 of 3 biological replicates. One tailed t-test was applied and 

** represented 0.01<P<0.05, *** represented P<0.01. 

As shown in Fig 3.4.1 (A), 250µM S150 triggered dispersal after a 2 hrs contact time 

(62.54%, p<0.01). The addition of PTIO in combination with S150 did not elicit 

dispersal (and even resulted in 33% increase, p<0.01). For control + PTIO a larger 

increase (46.8%, p<0.01) was observed. In Fig 3.4.1 (B) the colour of S150+PTIO 

turned yellow while the wells with only bacteria culture and PTIO remained purple, 

indicating S150 was reacting with PTIO. In summary, it can be concluded that it was 

the NO released from S150 that triggered dispersal and the increase of biofilm with 

PTIO might be due to the inhibition of endogenous NO release from nitrite reductase in 

the bacteria itself9. 

3.4.2. Bactericidal tests 

Toxicity of SNP and S150 were tested on (I) planktonic cells in 0.85% (w/v) NaCl after 

2 and 24 hrs treatment; (II) 96 hrs biofilms in 6 well plates and their dispersed planktonic 

cells by CFU counts; (III) 24 hrs biofilms in microtiter plates by crystal violet staining 

and CFU counts for dispersed planktonic cells. 

A 
250µM S150+300µM PTIO 

Control+PTIO 

250µM S150 

Control 
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Fig 3.4.2. Bactericidal tests on planktonic and biofilm cells for SNP and S150. (A) Planktonic cells 

bactericidal tests after 2 hrs SNP treatment. (B) Planktonic cells bactericidal tests after 24 hrs SNP 

treatment. (C) 6 well plate biofilm bactericidal test after 24 hrs SNP treatment. (D) OD values of crystal 

violet staining for residual biofilms in microtiter plates after 24 hrs SNP treatment. (E) CFU counts of 

dispersed planktonic cells in microtiter plates after 24 hrs SNP treatments. (F) Planktonic cells bactericidal 

tests after 2 hrs S150 treatment. (G) 6 well plate biofilm bactericidal test after 2 hrs S150 treatment. (H) 

OD values of crystal violet staining for residual biofilms in microtiter plates after 2 hrs S150 treatment. 

(I) CFU counts of dispersed planktonic cells in microtiter plates after 2 hrs S150 treatment. Data represent 

data means of n=6 of 3 biological replicates. One tailed t-test was applied and ** represented 0.01<p<0.05, 

*** represented p<0.01. 

As shown in Fig 3.4.2 (A) and (B), SNP surprisingly enhanced planktonic cell growth. 

After 2 hrs 10 and 100µM SNP increased the CFU up to 2 fold (p<0.01) while after 24 

hrs 500µM SNP increased CFU up to 90 fold (p<0.01). Similar results occurred in (F) 

where 100µM, 250µM and 500µM S150 enhanced planktonic cells number 2.19, 1.45 

F G 

H I 
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and 4.26 fold respectively after only 2 hrs (p<0.01). The mechanism of this increase is 

unknown, but it proved that SNP and S150 do not elicit a toxic effect on the planktonic 

cells with the concentrations applied in these experiments.  

As shown in Fig 3.4.2 (C) and (G), CFU from the scraped remaining biofilms in 6 well 

plates did not show reduction after the addition of SNP and S150 when compared to 

control, which was contradictory to the significant dispersal effect in microtiter plates 

as shown in (D) and (H) or Fig 3.3.8. CFU for remaining biofilms in 6 well plates even 

increased after the addition of SNP (p<0.01). Potential explanations are (1) More biofilm 

was left after the addition of SNP; (2) Cell density inside biofilm increased after the 

addition of SNP; (3) Wash step did not flush away all loosely attached planktonic cells 

and those cells were counted into biofilm cells; (4) Scraped biofilms were not entirely 

washed into NaCl for CFU.  

To eliminate the possible technical errors affecting the results, further tests were carried 

out using CFU from microtiter plates for dispersed planktonic cells and crystal violet 

staining for remaining biofilm in each well. Plates were shaken vigorously to get rid of 

loosely attached cells before CV staining. As shown in Fig 3.4.2 (D), increasing SNP 

concentrations resulted in statistically significant reductions in OD584nm values following 

CV staining, indicating biofilm dispersed more when treated with higher concentration 

of SNP (0.01<p<0.05 between neighbouring concentrations). However, the 

corresponding results in (E) showed that different concentrations of SNP led to similar 

increase in planktonic CFU (p>0.05 between neighbouring concentration from 10-

500µM SNP). For example, 10µM and 500µM SNP reduced biofilm CV staining by 

19.5% and 71.07% respectively and the OD values were significantly different (p<0.01), 

but the corresponding planktonic cell CFU counts were not significantly different 

(p>0.05). Hence, data here indicated that although SNP did not pose toxicity effect to 

cells, the increase of planktonic phase cells were not all coming from the dispersed 

biofilm phase cells. Considering the 24 hrs treatment time, one possible explanation was 

planktonic cell replication. However, same amount of M9 medium with SNP was added 

to the same amount of biofilms in each well so the cell replication result from medium 

should be the same, while more dispersal resulted in more planktonic cells. Combining 

these two factors, the increase of planktonic cells from 500µM SNP should still be 

significantly higher than 10µM SNP, which is contradict to the results shown in (E). 
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As shown in (H) and (I), 250µM S150 reduced biofilm in microtiter plates up to 71.2% 

(p<0.01) while the CFU counts for the planktonic cells suspension increased 15.26 fold 

(p<0.01) within only 2 hrs. Cell replication for PAO1 WT in M9 minimal medium within 

only 2 hrs should not result in such an obvious increase in planktonic CFU. Hence, S150 

did not demonstrate toxicity towards cells, and the remarkable planktonic CFU increase 

indicated they might be majorly contributed by dispersed biofilm phase cells. 

Considering the results in Fig 3.4.2 (A), (B) and (F) where SNP and S150 enhanced 

planktonic cells, as well as the results in (E) where increased planktonic cells were not 

convinced to come from dispersed biofilm phase cells and replication, SNP and S150 

were supposed to be facilitating planktonic cell growth. Despite the mechanism for this 

cell growth enhance was not clear, “increased planktonic cell number” cannot be used 

as statistical evidence of NO-induced dispersed biofilms in future work. 

3.4.3. Initial attachment and early stage biofilm formation prevention 

Apart from triggering dispersal, the prevention of initial attachment and early stage 

biofilm formation is also important for decreasing biofilms. High levels of c-di-GMP 

enhance biofilm formation by activating EPS production and inhibiting motility324, 

therefore lowering intracellular c-di-GMP level might also prevent the formation of 

early stage biofilms by adding NO at the initial inoculation point. 3 hrs initial attachment 

and 24 hrs biofilm formation with added S150/SNP were performed as described in 

2.3.4. 
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Fig 3.4.3. (A) 3 hrs initial attachment of PAO1 WT with SNP (initial inoculum OD600nm 0.01); (B) 3hrs 

initial attachment of PAO1 WT with SNP (initial inoculum OD600nm 0.1); (C) 24 hrs early stage biofilm 

formation of PAO1 WT with SNP (initial inoculum OD600nm 0.01); (D) 24 hrs early stage biofilm 

formation of PAO1 WT with SNP (initial inoculum OD600nm 0.1). (E) 3 hrs initial attachment of PAO1 

WT with S150 (initial inoculum OD600nm 0.1). Data represent data means of n=6 of 3 biological replicates. 

One tailed t-test was applied and ** represented 0.01<p<0.05, *** represented p<0.01. 

SNP did not prevent surface attachment when initial inoculum was OD600nm~0.01 (Fig 

3.4.3 A, p>0.05), and even increased attachment with an initial inoculum of OD600nm~0.1 

(Fig 3.4.3 B, p<0.01). Potential reason for the increase might be the instant stress 

response of cells to NO or the increased cell inoculum. However, as shown in Fig 3.4.3 

(C) and (D), after 24 hrs the early stage biofilm formation significantly decreased after 

the addition of SNP above 1µM (up to ~88% with 100µM, p<0.01) regardless of 

inoculum cell number. Therefore, low doses SNP can prevent early stage P. aeruginosa 

biofilm formation with a longer (24 hrs) treatment time. As shown in (E), 100µM S150 

was able to significantly reduce surface attachment as determined by CV staining, with 

C D 

E 3hrs initial attachment with S150 
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250µM further decreasing initial attachment by 42.7% (p<0.01) relative to untreated 

controls. Therefore, S150 can effectively prevent biofilm formation from an initial stage. 

3.4.4. Inhibition or dispersal? 

When treating 24 hrs old pre-established biofilms in microtiter plates as shown in Fig 

3.3.1, 100µM SNP caused a reduction of 44.2% (p<0.01) in biomass with a treatment 

time of 24 hrs. However, if mixing 100µM SNP with planktonic cells when they are 

inoculated into microtiter plates, biofilm formation was significantly inhibited (~88%) 

within 24 hrs as shown in Fig 3.4.3 (C). Similarly, 250µM S150 reduced 24 hrs old pre-

established biofilms in microtiter plate by ~60% (p<0.01) within 2 hrs. However, if 

mixing 250µM S150 with planktonic cells when they are inoculated into microtiter 

plates, initial attachment was significantly inhibited (42.7%, p<0.01). Therefore, it was 

uncertain whether the reduction of biofilm biomass was the authentic dispersal of pre-

established biofilms, or more likely to be a prevention of biofilm formation by 

planktonic cells. As these two procedures involve different mechanisms, additional 

assays were required to confirm what concentrations cause a reduction of pre-established 

biofilms, namely, dispersal.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4.4  (A) 24 hrs SNP treatments for pre-established 24 hrs biofilms. Comparisons of CV OD staining 

value (residual biofilm mass) between treatment groups and 24 hrs pre-established biofilm or 48 hrs 

biofilm control were shown. Bars in blue represent the CV OD value (residual biofilm mass) were 

significantly less than 48 hrs biofilm control but not 24 hrs pre-established biofilms. Bars in red represent 

A B 
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the CV OD values that were significantly less than both 48 hrs and 24 hrs biofilms. (B) 2 hrs S150 

treatments for pre-established 24 hrs biofilms. Comparisons of CV OD staining value (residual biofilm 

mass) between treatment groups and 24 hrs pre-established biofilm or 26 hrs biofilm control were shown. 

Bars in blue represent the CV OD value (residual biofilm mass) were significantly less than 26 hrs biofilm 

control but not 24 hrs pre-established biofilms. Bars in red represent the CV OD values were significantly 

less than both 26 hrs and 24 hrs biofilms. Data represent data means of n=6 of 3 biological replicates. One 

tailed t-test was applied and ** represented 0.01<p<0.05, *** represented p<0.01. 

For our future work on dispersal mechanisms studies, it is crucial to decide the 

concentrations of NO donors that generate efficient dispersal rather than prevention. For 

a dispersal effect in SNP treatment, a significant reduction of biomass should be found 

after the 24 hrs treatment compared to 24 hrs old pre-established biofilms. If a biomass 

was found to be only less than 48 hrs biofilm (24 hrs old pre-established + 24 hrs further 

incubation in M9 corresponding to SNP treatment time) but not 24 hrs old pre-

established biofilm, it might be defined as only inhibiting biofilm regrowth or a 

combination of inhibition and dispersal effect. Similar comparisons were applied to 

S150 between treated biofilms and 24 or 26 hrs old biofilms (24 hrs pre-established + 2 

hrs treatment). From Fig 3.4.4 (A) it could be concluded that at least 50µM of SNP 

should be used to definitely lessen pre-established 24 hrs biofilm (p<0.01), while 10-

50µM SNP might be inhibiting new biofilm formation more than triggering dispersal. 

From Fig 3.4.4 (B) it could be concluded that at least 100µM of S150 should be used to 

definitely lessen pre-established 24 hrs biofilm within 2 hrs (p<0.01), while 10-100µM 

S150 might be inhibiting new biofilm formation more than triggering dispersal. Hence, 

250µM SNP and S150 are suitable for future work as NO donors triggering dispersal. 

3.5. SNP and S150 treatments on different stages of biofilms 

All microtiter plate biofilm assays performed from section 3.3 to 3.4 were targeting 24 

hrs old pre-established biofilms. However, longer incubation time in the microtiter plates 

may lead to the increase of total biomass within a biofilm cycle as shown in the MatTek 

system (Fig 3.2.1-Fig 3.2.3). Therefore, it was important to investigate whether biofilm 

biomass and biofilm maturation stages affect the efficacies of NO donors. Here, 1-5 d 

PAO1 WT biofilms were cultured in microtiter plates for treatments. 
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Fig. 3.5  250µM SNP (A) and 250µM S150 (B) treatment on 1-5 d biofilms in microtiter plates. The 

percentages of biomass reduction after treatments were shown in the bar charts and the representative 

pictures taken from crystal violet stained plates were shown. Data represent data means of n=6 of 3 

biological replicates. One tailed t-test was applied and ** represented 0.01<p<0.05, *** represented 

p<0.01. 

As shown in Fig 3.5, both SNP and S150 can significantly reduce biofilms grown for 1-

5 d. The dispersal effect of both donors reached the maximum for 1 d biofilm (>70%, 

p<0.01) and gradually decreased for 2-3 d biofilms reaching the minimum (39.71% for 

SNP and 47.56% for S150, p<0.01). After this point, no difference was observed for 4-

5 d biofilms. On the other hand, from 1-3 d, biofilms in the microtiter plates kept 

growing (up to 1.7 fold, p<0.01) while from 3-5 d the total biomass kept the same 

B 
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(p>0.05), which was similar to the life cycle of biofilms from initial attachment to 

maturation stage. In summary, efficacies of the NO donors changes depending on the 

stage of the biofilm life cycle and this was consistent between both NO donors SNP and 

S150. Hence it was suggested that the biofilms development stages, cells phenotypic 

changes inside of biofilms or the biomass itself might have influence on the efficacies 

of NO donors.  Also, by comparing efficiencies of S150 and SNP towards different 

stages of biofilms shown as bar charts in Fig 3.5 A and B, the efficacy of S150 was 

constantly higher than SNP for different stages of biofilms, indicating that S150 might 

be more efficient than SNP in different settings.  

3.6. Chemiluminescence test for SNP and S150 

SNP is supposed to generate 1 mole of NO per mole of compound while NONOates 

generate 2 mole of NO per mole of compound306. Hence, 250µM S150 and 500µM SNP 

should release equal amount of NO when fully degraded. Indeed, comparable percentage 

reductions in biofilm biomass were observed between 250µM S150 (60% within 2 hrs) 

and 500µM SNP (63.77% within 24 hrs) in Fig 3.3.8. However, the same achievement 

took different contact times for S150 and SNP, leading to the suspicion that SNP releases 

NO much slower than S150 in these experimental settings despite the fact that the half-

life of SNP is much shorter than S150. Therefore, chemiluminescence tests were 

conducted to directly record NO release curves from SNP and S150. Furthermore, as it 

was reported SNP can only release NO after exposure to light, NO release from SNP 

with fixed external light source (cold light source) and in dark (foil paper) were 

compared. Gas phase chemilluminescence is a sensitive method accessible for 

quantification of low NO concentrations. Only free NO gas can be detected by 

chemiluminescence so chemicals should be converted into free NO before 

quantification. NO signals were recorded and total amount of NO was calculated as 

described in 2.12.  
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Fig 3.6  (A) Representative NO release curves from CLD tests of 5µM S150, 5µM SNP and plain M9, (B) 

Standards using 5µM, 7.5µM, 10µM, 15µM, 20µM NaNO2 to generate NO. (C) Standard curve generated 

using NO gas amount as Y axis and areas under the peak as X axis. One mole of NaNO2 releases one mole 

of NO. (D) NO amount (nmol) released from 10ml 5µM S150/SNP. Data represent data means of 3 

biological replicates and one tailed T-test was applied to compare S150 and SNP. ** represented 

0.01<p<0.05, *** represented p<0.01. (E) Representative NO release curve from 500µM SNP 

with/without cold light source at 37℃ in M9 media. 3 biological replicates were performed. 
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The precision of NO gas quantification on CLD was confirmed by linear regression 

curve in Fig 3.6 (D) (R2=0.9998) after area calculation of 3 biological replicates of 

standards (Fig 3.6 C). From Fig 3.6 (A) it could be concluded that NO release from S150 

was much quicker, showing an obvious peak followed by a gradual degradation with 

time. By contrast, NO release from SNP was much lower relative to S150, peaking at a 

maximum of 0.0134 ppm and remaining at the concentration approximately 0.012 ppm 

for the duration of the assay. M9 medium was confirmed not contributing NO to the 

assays (less than 0.00007 ppm). 

5µM was chosen due to the 1ppm maximum measurement limitation of the CLD 

analyser. After calculation in Fig 3.6 (D), at 37℃ and normal daylight used for biofilm 

dispersal assays, S150 released 4.69 times more NO than SNP within 1.5 hrs (p<0.01). 

Specific for the amount used in microtiter plates (150µl) and MatTek plates (3ml), 

250µM S150 should be releasing around 1.04µmol in each MatTek plate and 51.9nmol 

NO in each well of microtiter plates after 2 hrs treatment. Therefore, it can be concluded 

from Fig 3.6 (A) and (D) that at the same concentration, S150 was more effective in 

releasing NO within a relatively short timeframe.  

As shown in Fig 3.6 (A), the signal of NO released from 5µM SNP was constantly low. 

Hence, 500µM SNP in M9 media at 37℃ was chosen to release more NO in a short 

timeframe for more obvious signals in light exposure tests. Data shown in Fig 3.6 (E) 

strongly confirmed that under normal experimental conditions (37℃ in M9 medium), 

NO release from SNP was dependent on light exposure and rapidly reduced immediately 

after the removal of light. Therefore, S150 was chosen as an effective NO donor for 

biofilm dispersal as superior to SNP under certain circumstances and used in most of 

biofilm dispersal assays in later chapters.  
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Discussion 

Batch culture of P. aeruginosa PAO1 forms compact mushroom structured 

biofilms on Poly-L-Lysine surface at 30℃  

Pseudomonas aeruginosa is an opportunistic pathogen responsible for both acute and 

chronic infections and is the major cause of death in cystic fibrosis (CF) patients325. 

Biofilms and cell aggregates can be easily formed by different P. aeruginosa strains and 

once they are established, the antibiotic tolerance of P. aeruginosa makes it hard to 

eliminate with conventional therapy methods326. Therefore, this bacterium has become 

a model for biofilm research. The most widely accepted P. aeruginosa biofilm growth 

model is a life cycle starting from individual/small aggregates of cells, which attach to 

surfaces and grow to a mushroom shape 3D structure mature stage before dispersal. The 

influences of different growth conditions on P. aeruginosa biomass and 3D structures 

have been discussed in previously published papers. Kannan et al showed that biofilms 

of P. aeruginosa (MTCC 2297) grown at 37 ℃  had more biomass, extracellular 

polysaccharide production, adhesion force and mechanical stability compared to those 

grown at 28℃, 33℃ and 42℃327. However, when Hostacka et al used different P. 

aeruginosa clinical isolate strains to grow biofilms at 30℃ and 37℃, some strains 

produced more biofilm at 30℃ while others produced more at 37℃, indicating optimal 

growth temperature is strain-specific328. Abdallah et al grew P. aeruginosa CIP 103467 

biofilms on stainless steel and polycarbonate at 20℃, 30℃ and 37℃329. Thicker and 

mushroom-structured biofilms were formed at 20 ℃  on both surfaces with the 

fundamental cell layer thinner on stainless steel, while biofilms formed at 30 and 37 °C 

formed flat and compact biofilms on both surfaces with 37℃ resulting in the least 

heterogeneous biofilms. These results showed that both temperature and the surface type 

significantly affected the three-dimensional (3D) structure of P. aeruginosa biofilms. 

Ghanbari et al claimed that mushroom-shaped P. aeruginosa biofilms structures 

formation depended on nutrient levels and the initial inoculation cell density330. In 

summary, strain, temperature, growth medium, attachment surface type and initial 

inoculum all influence biofilm formation and structures.  

Consequently, optimization of these conditions was carried out to set up a standard 

PAO1 growth conditions for CLSM analysis in this study. The most frequently used 

biofilm culture methods include: (1) flow cell systems using glass coverslip/silicon 
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tubing as the attachment surface; (2) Static batch culture using microtiter plates which 

are normally coated by polystyrene; (3) Shaking batch culture using microscope glass 

slides in petri dishes. Flow cell and static systems have been the most frequently used 

for biofilm studies. However, biofilm formation in some natural and clinical settings is 

quite different from these two forms. For example, in cystic fibrosis patients, a layer of 

mucus provides an anaerobic or microaerophilic environment to the growth of P. 

aeruginosa and biofilm formation on the layer of airway epithelial cells. This is quite 

different from the flow cell system where continuous fresh medium provides sufficient 

nutrition and hydrodynamic conditions to attached cells and also washes away metabolic 

waste331,332. Different batch culture methods were also developed, of which the most 

frequently used were static culture using microtiter plates and shaking culture using 

microscope glass slides dipped in petri dishes with bacteria culture. In our lab individual 

MatTek culture dishes with Poly-D-Lysine treated glass coverslips at the bottom were 

used to culture biofilms with rotation at a relatively slow speed. Poly-L-lysine has been 

well known to enhance mammalian cell adhesion to solid surfaces while only a few 

studies reported it enhanced microbial adhesion in strains such as E. coli DH10B333 and 

Mycobacterium tuberculosis334. Here, whether P. aeruginosa PAO1 can attach to poly-

L-lysine surface in MatTek plates was tested due to their advantage in large scale 

culturing and direct application to CLSM. Media in MatTek plates were changed at 

certain time points. Also, these dishes were much easier to handle for mimicking 

different settings. However, since these culture dishes are very different from the flow 

cell or batch culture systems mentioned above, optimization for biofilm growth in 

MatTek plates must be carried out before further applications. Results in 3.2 showed 

that with an initial inoculum of OD600nm~0.01 in M9 medium, biofilms grown at 22℃ 

contained thick 3D structure microcolonies heterogeneously distributed on the surfaces, 

with the data highly dependent on the selection of field of view. Biofilms grown at 37℃ 

formed less biomass without obvious mushroom structures and were easily broken by 

mechanical shear force from pipetting. Biofilms cultured at 30℃ showed ‘a flat mat’ at 

the bottom where bacteria attached to the whole area homogeneously, on which several 

microcolonies developed as mushroom structures. Therefore, it was proved here that 

with an initial inoculum of OD600nm~0.01, P. aeruginosa PAO1 formed better biofilms 

in M9 medium at 30℃ in MatTek plates compared to 22℃ and 37℃. Typical mushroom 

3D structures can be obtained under CLSM after 2-3d culture. Research on whether the 
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modulation of initial inoculums can affect biofilm structures in MatTek plates can be 

carried out in the future, if necessary. 

 

S150 is an effective NO donor for PAO1 biofilms dispersal 

Low dose nitric oxide released from sodium nitroprusside (SNP) was first discovered to 

disperse P. aeruginosa biofilms and similar effects were also found in other species such 

as N. gonorrhoeae251. However, various studies have reported dispersing P. aeruginosa 

biofilms using different concentrations of SNP ranging from 500nM to 

500µM9,242,243,335–337. The discrepancy might be due to the fact that SNP can remain 

stable for 6 months in aqueous solution without light and does not release NO unless 

after photolysis or the addition of reducing agents338, resulting in the differences of its 

efficacy under different light sources. Barnes et al found that 20µM SNP even increased 

biofilm from 1 hr to 12 hrs without triggering dispersal, and the reduction of biomass 

occurred after exposure for 24 hrs306. This long period of time for treatment raised a 

suspicion that instead of triggering dispersal, this specific concentration of SNP might 

have been preventing further development of biofilm. In fact, data from Falsetta et al 

showed that 24 hrs-old N. gonorrhoeae biofilms with another 24 hrs 500nM NO 

treatment did have significantly less biomass and smaller average thicknesses than 

untreated 48 hrs-old biofilms251. However, there was no apparent difference in biomass 

and average thickness for 24 hrs-old biofilms without treatment and biofilms grown for 

24 hrs and then treated with SNP for another 24 hrs. This suggests that the addition of 

SNP did not reduce the original 24 hrs-old biofilms but only prevented further 

development. Furthermore, cyanide released from SNP as a side product might also 

cause serious problems to certain patients339,340. Therefore, alternative NO donors need 

to be discovered with high performance on dispersing biofilms without introducing 

toxicity.  

SNAP and GSNO were reported to decrease P. aeruginosa biofilms although less 

effective than SNP9. Barnes et al reported MAHMA NONOate and PROLI NONOate 

can effectively disperse wastewater membranes biofilms. However, the half-lives of 

MAHMA NONOate and PROLI NONOate are 1 min and 1.8 s, respectively306,341. 

Therefore, extra care should be taken to avoid the loss of efficiency during storage and 

preparation procedures. Diethylamine (DEA) NONOate-cephalosporin prodrug 
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(DEACP) was reported to release NO after an activation step and effectively dispersed 

P. aeruginosa biofilms342, but it is strain specific due to the requirement on the existence 

of β-lactamase. In this study 7 NO donors were tested including SNP, SNAP, GSNO, 

PROLI NONOate, MAHMA NONOate, DEA-NONOate and Spermine NONOate 

(S150) with different concentrations and exposure times. Fig 3.3.8 has shown that 24 

hrs 250µM SNP treatment and 2 hrs 250µM S150 treatment can effectively disperse P. 

aeruginosa PAO1 WT biofilms in microtiter plates up to ~60%. The dispersal came 

from NO released by the compounds rather than cytotoxicity or the effect of by-products 

of compound degradation. However, the efficacies of these two drugs were higher when 

applied to younger biofilms (1 d) than older biofilms (≥3 d). The possible explanation 

could be biofilm matrix was acting as a diffusion barrier343 and Stewart has claimed that 

diffusion limitation led to gradients in the concentration of reacting solutes, resulting in 

the failure of diffusion into thick biofilms344. P. aeruginosa has nitric oxide reductase 

reacting with added NO and older biofilms normally have thicker and more compact 

EPS structures. Therefore, it is suspected that lower efficiency of NO donors on older 

biofilms might be the result of NO diffusion failure. Despite this, the efficacy of S150 

was constantly higher than SNP for different stages of biofilms, indicating that S150 

might be more efficient in triggering P. aeruginosa biofilms dispersal than SNP in 

different settings. 

S150 is more efficient in releasing NO and the presence of light is essential for NO 

release from SNP 

Barraud et al reported that 5µM SNP can steadily release 5nM NO by using Apollo 4000 

NO analyzer for detecting free radicals in solution9. Here, gas phase chemiluminescence 

(CLD) was applied for the quantification of low NO concentrations. CLD results in Fig 

3.6 have shown that 50nmol S150 released around 68.4nmol NO within 2 hrs, which 

was 4.69 times the NO released from the same amount of SNP within the same time 

frame. Hence, the data is consistent with the hypothesis that (1) NONOates should 

generate 2mol of NO per mole of compounds while SNP should only generate 1mol and 

(2) the same amount of NONOate should be releasing NO faster than SNP306. This was 

also consistent with biological data where 250µM S150 resulted in 60% biofilm 

reduction in 2 hrs only while the same amount of SNP needed 24 hrs to reach the same 

efficiency. Furthermore, CLD proved that SNP can only generate NO with the presence 

of light, and the removal of light source immediately stopped NO release in the solution. 
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These results strongly suggested that (1) even with constant light source, SNP released 

NO less and slower than S150; (2) SNP cannot be effectively used in patients without 

reducing agents for biofilm dispersal as expected due to the absence of light in vivo. 

Data also explained the discrepancy of optimal SNP concentrations for P. aeruginosa 

biofilm dispersal reported in different groups, as different light sources might have 

caused inconsistent SNP performances. Therefore, S150 can be widely used for different 

applications and the half-life is more desirable (39 mins at pH7.4, 37℃) compared to 

other short half-life NONOates such as MAHMA NONOates and PROLI NONOates. 

However, SNP could be a very good NO donor when longer working time is required 

with access to stable light sources, and it is easier for preparation and storage and more 

economical in high-dose utilization.   

SNP and S150 enhance P. aeruginosa growth in planktonic culture 

As shown in 3.4.2, bactericidal tests of SNP and S150 were carried out in 0.85% (w/v) 

NaCl for planktonic cell culture of PAO1. Both NO donors significantly enhanced 

bacterial numbers without additional nutrients added into the solution. An increase in 

cell number after the addition of SNP and S150 was also found in PBS and M9 media 

(data not shown). c-di-GMP was reported to be related to cell cycle in C. crescentus, but 

the conclusion was that c-di-GMP promoted cell cycle progression345. Since no further 

research was done for the relationship between intracellular c-di-GMP and cell cycle in 

P. aeruginosa, several hypotheses were raised as follows: (1) NO bound to a certain type 

of NO sensor and this sensor regulated cell cycle related gene/protein; (2) The chemical 

breakdown or side products from SNP and S150 influenced gene/proteins related to cell 

cycle; (3) The chemical breakdown or side products from SNP and S150 acted as 

nutrients; (4) Cell aggregates exist in the solution and the addition of NO triggered cell 

aggregates dispersal, resulting in increased CFU count due to the fact that cell aggregates 

might not be distinguished on agar plates; (5) P. aeruginosa is a facultative anaerobe 

that preferentially uses aerobic respiration. However, previous research has shown that 

nitrate can support the growth of P. aeruginosa in anaerobic/anoxic environment by 

denitrification346–348. Furthermore, supplementing anoxic cultures of PAO1 with 

≥150µM NO3
- significantly increased the growth rate348. Due to the almost insolubility 

of NO in H2O, NO rapidly reacted with oxygen in air or dissolved in the solution 

producing nitrogen dioxide (NO2) [2 ·NO + O2 → 2 NO2]. Nitrogen dioxide reacted 
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with H2O to produce nitric acid [3 NO2 + H2O → 2 HNO3 + NO]. Despite the preparation 

procedures of bactericidal tests being carried out in aerobic condition, the growth of 

bacterial cultures was in sealed conical centrifuge tubes where 10ml of bacteria occupied 

the 25ml (maximum volume) tubes and the remainder was normal air. The oxygen level 

inside the tube was limited once the incubation began. Therefore, the additional NO3
- 

might have partially increased the anoxic growth where oxygen access was limited in 

planktonic culture.  

To test these hypotheses in future work, the following experiments might be carried out 

corresponding to each hypothesis: (1) 0.85% (w/v) NaCl solution purged with pure NO 

gas before and after the inoculum of bacteria should be tested to determine if CFU/OD 

increased compared to normal NaCl under experimental conditions. If there is an 

increase, the planktonic culture from normal NaCl and NaCl + NO should be subjected 

to transcriptomic and proteomic analysis for the comparison of gene expression and 

protein expression; (2) SNP and S150 are first dissolved in 0.85% NaCl solution and 

kept under 37℃ for one day (SNP continuously exposed to light) prior to experiment to 

release all NO. Solutions are then subjected to CLD to ensure no NO is left before 

inoculum. The NO free SNP/S150 solution is then used for inoculation to see if CFU/OD 

increased compared to normal NaCl under experimental conditions. If there is an 

increase, the planktonic culture from normal NaCl and NaCl + SNP/S150 should be 

subjected to transcriptomic and proteomic analysis for the comparison of gene 

expression and protein expression; (3) If hypothesis (1) and (2) showed no change in 

gene/protein expression, SNP/S150 might act as nutrient resources despite their 

completely different chemical structures. SNP and S150 are first dissolved in 0.85% 

(w/v) NaCl solution and kept under 37℃ for one day (SNP continuously exposed to 

light) prior to experiment to release all NO. Solutions are subjected to CLD to ensure no 

NO is left before inoculum. Overnight cultures of PAO1 should be totally washed 3 

times in 0.85% (w/v) NaCl to get rid of all possible trace nutrients from nutrient broths 

for overnight cultures prior to inoculation. Washed cells are then inoculated into NaCl 

and NaCl + NO free SNP/S150 to compare CFU/OD after certain incubation time. If 

there is an increase with SNP/S150, incubate the cells for more time to consume 

SNP/S150 breakdown products. Filter sterilize the used NaCl and NaCl + NO free 

SNP/S150 and repeat the same inoculation procedure again. If SNP and S150 are used 

as nutrients, they should be consumed at least partially in the first round inoculum. 
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Therefore there should be no increase or much less increase in the CFU in second round 

inoculum; (4) Scheleck et al reported PAO1 can also grow as cell aggregates in 

planktonic culture with well shaking349. Cell culture in normal 0.85% NaCl and NaCl + 

SNP/S150 can be subjected to sonication prior to CFU count. If cell aggregates in normal 

0.85% NaCl is the reason of lower CFU, it should be increased after sonication; (5) Yoon 

et al reported that PAO1 cells go through elongation during anaerobic respiration347. To 

test if the increase in cell number in NaCl + SNP/S150 solution is a result from partially 

anaerobic/anoxic culture, samples can be taken from the planktonic culture and observed 

under CLSM. Furthermore, benchtop dissolved oxygen meter can be used to measure 

the oxygen concentration in NaCl and NaCl + SNP/S150 cultures347 while the NO3
- 

concentration can be measured by converting the NO3
- in filter sterilized spent culture 

into NO2
- and incubating with Griess Reagent348. When necessary, nitrate reductase 

mutant ∆narG and nitrite reductase mutant ∆nirS can be used to test if CFU increased 

after the addition of SNP and S150. If the addition of NO is the reason for increased 

denitrification, the abolished reductases will impair the denitrification pathway and no 

increase/much less increase of CFU should be found. 

Despite the mechanism of this cell number enhancement after adding SNP/S150 being 

unknown, it might be beneficial for the adjunctive usage of NO and antibiotic. If cells 

division times in planktonic/biofilm culture can be shortened after the addition of NO, 

cells might be more susceptible to antibiotics. This may contribute to the conclusion 

from previous research showing the increased efficacies of conventional antibiotics 

when used in combination with NO9. Some CF patients’ clinical isolates were reported 

to have higher resistance/tolerance to antibiotics in planktonic forms compared to PAO1. 

Therefore, studies should be carried on to elucidate the mechanism of this enhancement 

and at the same time, MBC of different antibiotics with the addition of NO on different 

P. aeruginosa strains should be tested to see if the efficacies of conventional antibiotics 

are improved by adjunctive usage with NO.    
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Chapter 4 – NO triggered CF PA biofilms dispersal 

and a novel index for cell aggregation quantification 

Cystic fibrosis (CF) is a genetically inherited disease occurring with a high frequency in 

the Caucasian population, with morbidity and mortality a consequence of chronic 

microbial colonization of patients’ lungs and airways350,325. P. aeruginosa is the most 

commonly found species and, once chronic infection is established, cannot be 

eradicated. When bacteria invade healthy individuals, they can be cleared through 

mucociliary clearance and destroyed by stomach acids after being swallowed. 

Opportunistic pathogens that overcome mucociliary clearance can be targeted by 

phagocytic cells and specific opsonizing antibodies325. However, in CF patients the 

dehydrated surface liquid on respiratory epithelium results in defective mucociliary 

clearance and frustrated phagocytosis due to the impaired opsonisation process, hence 

contributing to colonization by P. aeruginosa325. The P. aeruginosa strains isolated from 

CF patients are referred to as CF PA clinical isolates here.  

CF PA clinical isolates have major differences in genotypes and phenotypes compared 

to some reference lab strains such as PAO1 WT. These lead to some outstanding 

characteristics compared to PAO1 WT including 1: Mucoidy due to the overexpression 

of alginate350,351; 2: Non-motility due to the deficiency in flagellar formation352; 3: More 

progressive antibiotic resistance353; 4: CF specific lipopolysaccharide (penta-acylated 

lipid A)354; 5: Deficient lipopolysaccharide O side chain355;  6: High frequency of 

hypermutable genes119; 7: High level of persister cells356. Consequently, although it is 

well characterised that some CF PA strains form biofilms in CF lungs, the role of the 

CF PA biofilm phenotypes in disease pathophysiology however is less well understood.  

Singh et al reported that the quorum-sensing signals ratio in clinical isolates were similar 

to PAO1 WT when both were grown in biofilm mode357. Images of P. aeruginosa in 

sputum by transmission electron microscope357 as well as Gram stain and PNA FISH326 

have proved that some mucoid strains form aggregates in CF lungs. As mentioned 

above, two terms were used to describe cell clusters – cell aggregates and biofilms. The 

American Center for Disease Control (CDC) defines sessile, aggregated cells as ‘an 

assemblage of microbial cells that is irreversibly associated (not removed by gentle 

rinsing) with a surface and enclosed in a matrix of primarily polysaccharide material’358. 

This can be referred to as a biofilm growth mode and indeed some literatures describe 
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cell aggregates as microcolonies in the biofilms or floating biofilms (or biofilm-like 

aggregates) in the liquid. Also, cells detached from biofilms can be in the form of large 

cell aggregates20. To distinguish these two terms here, in this study cell aggregates are 

referred to as non-attached/suspended 3D structural cell clusters encased in EPS and 

grown in liquid media, while biofilm is defined as attached 3D structural bacterial 

microcolonies encased in EPS. 

Aggregated cells have been extensively studied in environmental sciences359 while in 

medical research the main focus has been biofilms attached to surfaces. However, the 

majority of P. aeruginosa in CF lung infection are not found attached to pulmonary 

epithelial surfaces, but form aggregates within the viscous mucus associated with larger 

airways360. Alhede et al proved that non-attached P. aeruginosa aggregates resemble 

surface attached biofilms in growth rate, internal structures of the matrix, tolerance to 

antibiotics and resistance to phagocytes361. Furthermore, the tolerance of both biofilms 

and non-attached aggregates was proved to be reversible by physical disruption361. This 

phenomenon is similar to the fact that the adjunctive usage of conventional antibiotics 

and NO donors - biofilm structures are dispersed by NO, and the efficacies of antibiotics 

in eliminating PAO1 WT biofilm cells are enhanced. Therefore, here I tested if NO can 

disperse the cell aggregates and biofilms formed by clinical isolates. Strains were 

isolated from CF patients in Southampton General hospital as described in 2.16 and 

generously provided by Dr. Rob Howlin. 

4.1. Characterisation of CF PA clinical isolates morphology 

and biofilm formation 

As mucoidy is prevalently found in different CF PA strains and is relevant to biofilm 

formation, the colony morphologies on agar plates were first observed. It was reported 

that Pseudomonas isolation agar (PIA) can give a reliable determination as to whether a 

strain is mucoid or not325. Therefore, all the CF clinical isolates from lab collection were 

plated on PIA for 48 hrs incubation at 37℃. Microtiter plate biofilms were set up as 

described in 2.3.1 for 1 and 3 d due to their different growth rates (many CF PA clinical 

isolate strains were reported to possess a relatively slow growth rate362). 
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Fig 4.1  (A) Colonies of PA clinical isolates on 20mm Pseudomonas isolation agar after 48hrs. (B) and 

(C) Comparison of 1 d and 3 d biofilm biomass in microtiter plates among PA clinical isolates and PAO1 

WT. Welch T-test was applied for comparing PA clinical isolates biomasses and PAO1 WT biomass. Data 

represent data means of n=6 of 3 biological replicates. *** represents p<0.01, ** represents 0.01<p<0.05. 
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 PA08 PA10 PA15 PA20 PA21 PA26 PA30 PA37 PA39 

mucoidy - + - - - - - - - 

biofilm * ** * * *** ** *** * * 

 PA44 PA49 PA55 PA56 PA57 PA58 PA66 PA68 PAO1 

mucoidy - - - - + - + - - 

biofilm ** * ** * ** *** ** *** *** 

Table 4.1 The mucoidy and biofilm formation abilities of 17 CF PA strains and PAO1 WT.  – represents 

non-mucoid strain on PIA agar, + represents mucoid strain on PIA agar. *,** and *** represent the strains 

form weak, intermediate and extensive biofilm biomasses in microtiter plates by crystal violet staining, 

respectively. 

From the agar plates in Fig 4.1 (A) it can be concluded that the majority of CF isolates 

appeared to have very different morphologies compared to PAO1 WT as expected. As 

shown in Fig 4.1 (B), most clinical isolates cultured in vitro formed significantly less 

biofilm than PAO1 WT (97.69% to 71.29% less biomass, p<0.01) after 1 d static 

incubation in M9 minimal medium, except for PA30 and PA68 (highlighted in red, 

p>0.05). By comparing Fig 4.1 (C) to (B), biomass from PA10, PA21 and PA58 hugely 

increased after 3 d comparing to 1 d (2.61, 6.88, and 4.13 folds respectively, p<0.01) 

when PAO1 increased 1.42 fold (p<0.01). This suggested the initiation of biofilm or 

growth rate was slower in these 3 strains comparing to PAO1 WT, but once established, 

biofilm could develop well. Generally, from the data, it was determined that PA10, 

PA21, PA26, PA30, PA58 and PA68 formed significantly more biofilms biomass than 

other PA clinical isolates tested after 3 d and could be subjected to CLSM analysis of 

biomass and 3D structures. Table 4.1 summarizes the mucoidy and biofilm formation 

phenotypes of these 17 CF PA strains.  

4.2. NO-induced CF PA biofilms dispersal 

250µM S150 selected in chapter 3 was applied to CF PA biofilms formed in both 

microtiter plates and MatTek plates set up as described in 2.3.1 and 2.3.3. For microtiter 

plates, 1 d and 3 d biofilms of all 17 CF PA strains were subjected to the NO treatment. 

For MatTek plates only the strains forming extensive biofilm (shown as *** in Table 

4.1) were grown for 3 d and treated for observation. 
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Fig 4.2 (A) and (B) 1 d and 3 d biofilms biomass of PA clinical isolates and PAO1 WT after 2 hrs 250µM 

S150 treatment. OD584nm was used to measure the crystal violet staining for residual total biomass. Normal 
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T-test was applied between S150 treatment group and control for each strain. Biomass decrease 

percentages were marked above bars for each strain. Data represent data means of n=6 of 3 biological 

replicates. *** represents p<0.01, ** represents 0.01<p<0.05. Selective CLSM pictures of (C) PA10 (D) 

PA21 (E) PA26 (F) PA30 (G) PA58 (H) PA68 and (I) PAO1 WT biofilm grown at 37℃ with/without 

S150 treatment. (J) Biomasses of 3 d PA clinical isolates biofilms with/without 250µM treatment analysed 

by COMSTAT. Welch T-test was applied to compare S150 treatment group and control for each strain. 

Biomass percentages decreases were marked above bars. Data represent data means of n=3 of 3 biological 

replicates. *** represented p<0.01, ** represented 0.01<p<0.05. 

As shown in Fig 4.2 (A), most of the biofilms cultured for 1 d showed a significant 

decrease of biomass after S150 treatment (13.65% to 48.95% reduction on biomass, 

p<0.01) except for PA08, PA15, PA20 and PA49 (p>0.05). As shown in (B) it can be 

concluded that 3 d biofilms of PA08, PA20 and PA58 were not significantly disrupted 

by NO (p>0.05). Some strains such as PA15, PA49 and PA58 showed different 

responses to NO after 1 d and 3 d growth. This might be due to different cell physiology 

and tolerance to NO, or different biofilm thicknesses that affect NO penetration 

efficiency.  The mechanisms of different NO responses of different strains remain 

unknown and worth looking into in future work. 

As shown in CLSM pictures in Fig 4.2 (C)-(I) and bar chart (J), although different PA 

clinical isolates formed different biofilm 3D structures in the MatTek plates after 3 d, 

250µM showed good dispersal effect (a minimum biomass reduction percentage of 

57.81%, p<0.01) on all the strains tested in MatTek system. However, biomass of 3 d 

PA58 biofilm significantly reduced after NO treatment in MatTek plates but not in 

microtiter plates, and there are some discrepancies on the actual dispersal percentages 

of the same strains in these two culture systems. The differences might be due to 

different culturing methods, or COMSTAT measures cell mass thus is more sensitive 

than the CV staining that measures total biomass. Nevertheless, from both microtiter 

plate and MatTek plate assays it could be confidently concluded that at least in vitro, 

250µM S150 can trigger dispersal for 14 out of 17 mature CF PA biofilms. To 

investigate whether the efficacies are the same in vivo, biofilm formation and dispersal 

under different systems that mimic in vivo conditions should be set up and tested in the 

future. 

4.3  Cell aggregates from CF clinical isolates 

Different methods of acquiring cell aggregates have been reported, such as static or 

shaking cultures in multiple well plates361,363; microfluidic agarose channel (MAC) 

without shear stress to mimic the thick mucosal layer on the epithelial cells of CF 
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patients364; microfluidic system with vortical flow to mimic microbial conditions at 

ecologically relevant spatiotemporal scales365. Different shaking speeds were reported 

in published papers such as 160 rpm366, 200 rpm367 and 50 rpm368 with different culture 

medium. In this study, two different methods – direct visualization in 6 well plate and 

CLSM images - were used to observe cell aggregates as described in 2.15. 
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Fig 4.3  Cell aggregation in 6 well plate with an initial inoculum of OD600nm~0.01 and incubated at 37℃ 

with 50rpm shaking after 24 hrs (A) and 48 hrs (B) with M9 media as negative control (C). Red arrows 

point to cell aggregates in each well. (D) CLSM image for 24 hrs planktonic cells in universal tubes with 

an initial inoculum of OD600nm~0.005 and incubated at 37℃ with 120 rpm shaking. Blue arrows point to 

cell aggregates and scale bar=25µm 

As shown in Fig 4.3 (A) and (B), in 6 well plate with slow shaking and certain shear 

force, obvious cell aggregates were found in several clinical isolates (red arrows), 

especially PA39 where nearly the majority of the cells were grown into aggregates 

leaving the rest of the media the same as blank M9. Some strains (PA08, PA20, PA56, 

PA57 and PAO1 WT) did not show obvious aggregates after 24 hrs but started 

aggregating after 48 hrs.  

By comparing Fig 4.3 (A) and (D), PA08 appeared to be the strain that aggregated the 

most under CLSM but not in 6 well plate when directly observed. On the other hand, 

PA39 was found as the most aggregative in 6 well plates but not in CLSM images, 

indicating that different culturing methods might result in different cell aggregation 

status, or some cell aggregations that happened in 6 well plates with gentle shaking can 

be disrupted by the manually whirling and mixing procedure used in CLSM sampling. 

In summary, it can be qualitatively concluded that PA08, PA37, PA39, PA66 and PA68 

PA66 PA68 PAO1 WT 

PA56 PA57 PA58 
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appeared to be “more aggregative” than other strains despite several small aggregates 

also being found in the majority of the strains cultures. 

4.4. Gini index and its application in the measurement of cell 

aggregation – A novel index: Concentration coefficient 

The visualized results of cell aggregates in Fig 4.3 cannot quantitatively show the degree 

of aggregation among different strains, especially when cell sizes and densities were 

different. As it was shown that CLSM can be used to observe cell aggregates in liquid 

culture after certain preparation procedures without damaging the structures, a novel 

index, concentration coefficient (CC), was developed for quantifying aggregation level 

based on Gini index and CLSM images.  

Gini Index was introduced by Corrado Gini in 1912 and is now widely and majorly used 

in the measurement of income inequality in a group of residents321. This concept is quite 

similar to cell distribution in a defined CLSM image. A CLSM image of cell aggregation 

can be first divided into a certain number of pixels with the brightness positively 

correlate to the amount of cells in each pixel (Fig 4.4.1), which is equivalent to the 

income of a single resident in Gini Index. CC can then be calculated to measure the 

inequality of cell distribution, namely, the degree (level) of cells aggregation. The details 

of calculation method is described in 2.17. 

 

 

 

 

 

 

 

Fig 4.4.1  Three different types of cell distribution in CLSM images with the same total amount of cells. 

(A) Cells distribute homogeneously into all pixels (equidistribution), (B) Cells distribute heterogeneously 

into half of the pixels, (C) Totally aggregation of cells into 1 pixel 

In Fig 4.4.1, after calculation, CC in (A) is 0, in (B) is 0.533 and in (C) is 1. Therefore, 

the cells that aggregated more in a sample, the higher is the CC value. Different CC 

values obtained from various bacterial cultures can then be used to distinguish the 

different degrees of cell aggregation of different strains. The maximum projection 

A B C 
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pictures from stacks of CLSM images taken can be used for analysis and the cell 

numbers in each pixel can be calculated based on the strength of signals with the same 

excitation. Thus, CC is used to quantify the aggregation levels in all CLSM images for 

CF PA clinical isolates grown as described in 2.15 and shown in Fig 4.3 (D)  

 

 

 

 

 

 

 

 

 

Fig 4.4.2  CC of the CLSM images of all CF clinical isolates sampled from 24 hrs shaking incubation in 

universal tubes. Welch T-test was applied to compare each CF strain to PAO1 WT. Data represent data 

means of n=3 of 3 biological replicates. ** represented 0.01<p<0.05 and *** represented p<0.01. 

From Fig 4.4.2 it can be concluded that CC of PA08, PA21, PA26, PA37, PA39, PA66 

and PA68 were significantly higher than PAO1 WT (p<0.01), with PA08 the highest 

among all (5.18 fold higher than PAO1 WT, p<0.01). This corresponded to the 

visualized judgement from Fig 4.3 (D), proving this method can be a useful tool to reflect 

and quantify the aggregation levels.  

One would assume certain strains might have a preferred mode of growth between 

planktonic aggregates and surface attached biofilms in the same media (M9 in this 

study), namely, when biofilm biomass is high, CC might be low and vice versa. Table 

4.4 below summarizes the fold changes of cell aggregation level and biofilm biomass of 

each CF PA strain compared to PAO1 WT. 
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Fold changes PA08 PA10 PA15 PA20 PA21 PA26 PA37 PA39 

Biofilm biomass 0.09 0.29 0.12 0.10 0.26 0.17 0.06 0.02 

Cell aggregation (CC)  5.18 0.41 0.22 1.30 1.71 1.67 2.38 1.83 

 PA44 PA49 PA55 PA56 PA57 PA58 PA66 PA68 

Biofilm biomass 0.19 0.09 0.13 0.13 0.20 0.24 0.21 0.77 

Cell aggregation (CC) 1.07 0.99 1.48 0.89 1.17 1.08 1.80 1.47 

Table 4.4 Fold changes of CF PA strains 24 hrs biofilm biomass in microtiter plates and cell aggregation 

levels (CC) to PAO1 WT.  

From Table 4.4 it is hard to conclude which strain prefer which growth mode. Although 

12 out of 16 strains that form much less biofilm than PAO1 WT tended to form more 

aggregates (biomass fold change<1 and CC fold change>1), PA10, PA15, PA49 and 

PA56 (highlighted in green) formed much less of both biofilm and cell aggregates 

compared to PAO1 WT. Nevertheless, PA08, PA37, PA39 and PA66 (highlighted in 

red) formed significantly more aggregates and less biofilm than PAO1 WT, showing 

their potential preference of existing as aggregates in M9 media. 

4.5. Cell aggregates with NO treatment 

As shown in 4.2, 250µM S150 effectively triggered the dispersal of CF PA strains 

biofilms. Can NO also trigger the dispersal of cell aggregates in aqueous environments 

when preferred by certain strains? To answer this question, PA08, PA37, PA39 and 

PA66 grown as planktonic cultures were subjected to SNP and S150 treatment for 

CLSM as described in 2.15.  
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Fig 4.5  (A) CLSM images of cell aggregations of PA08, PA37, PA39 and PA66 with 12 hrs SNP and 2 

hrs S150 treatments. Scale bar=25µm. (B) CC of PA08, PA37, PA39 and PA66 with/without 250µM S150 

and SNP treatments. (C) Cell masses of PA08, PA37, PA39 and PA66 with/without 250µM S150 and 

SNP treatments. Data represent data means of n=3 of 3 biological replicates. Welch T-test was applied 

between control and treatments. ** represents 0.01<p<0.05 and *** represents p<0.01. 

From both visualized judgement (CLSM images in Fig 4.5 A) and CC calculation for 

aggregation levels (Fig 4.5 B), it can be concluded that neither SNP nor S150 decreased 

the degree of cell aggregation for all strains (p>0.05). Thus, the NO treatment effective 

for dispersal of various CF clinical isolates biofilms on surfaces cannot disperse cell 

aggregates, at least for these four strains, indicating the EPS or cell signalling 

mechanisms of these four cell aggregates might be different from biofilms. Further 

experiments should be carried out to investigate the matrix components and genotypes 

of these four strains.  

Visually judging Fig 4.5 (A), the total cell amounts of PA08 seemed to be significantly 

increased after the addition of SNP. As SNP and S150 enhanced PAO1 WT cell number 

after the treatments (See 3.4.2), whether S150 and SNP can enhance the growth of these 

4 clinical isolates was tested to see its potential effect on decreasing dispersal efficacy. 

Since vortex and sonication might not totally separate cell aggregates, there was a risk 

that CFU counts might not be accurate. Therefore, the cell mass in sampled CLSM 

images was measured using COMSTAT to represent the amount of cells. As shown in 

Fig 4.5 (C), 250µM S150 and SNP significantly increased PA08 biomass (5.4 and 5.09 

folds respectively, p<0.05), but not other 3 strains (p>0.05), indicating this enhancement 

C Cell mass of PA08 PA37 PA39 PA66 with 250μM S150/SNP 
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might be strain specific. Nevertheless, my data showed that 250µM S150 that can 

disperse PAO1 WT or some clinical isolates biofilms not only cannot disperse cell 

aggregates of some strains, but might also increase their growth as aggregates. These 

findings are important for NO therapy in CF patients given that most studies showed the 

majority of the biofilm-like PA aggregates are not surface associated in CF airway326,369–

371. Hence, when investigating the optimal NO donor concentration for treating CF PA 

in the future, it might be more suitable to test the drugs on cell aggregates rather than 

biofilms on the surfaces of certain strains.  

Discussion 

CF PA clinical isolates can form biofilms and cell aggregates in vitro 

There are many conflicting reports on whether P. aeruginosa adhere to epithelial cells 

in CF patients or not. Imundo L et al reported that tetrasaccharide of αGM is a receptor 

for P. aeruginosa and its increased abundance in the apical membrane of CF epithelia 

most likely contributes to the P. aeruginosa colonization in the CF lung372. Hahn further 

reported that it was the type IV pili of P. aeruginosa that was responsible for binding to 

αGM373. Interestingly, P. aeruginosa does not avidly bind to normal, uninjured epithelial 

cell surfaces, but the binding of P. aeruginosa to inflamed or injured epithelial cells (CF 

or mechanically ventilated patients) is significantly higher than to normal cells374. 

Swanson et al also developed a high-throughput in vitro assay method to analyse the 

attachment of P. aeruginosa to epithelial cells based on microtiter plates375. Compared 

to attachment onto epithelial cells, another theory is that P. aeruginosa enters airway 

epithelial and internalized bacteria acquire biofilm-like characteristics. P. aeruginosa 

formed as clusters within airway cells, favouring its persistence and may contribute to 

difficulties in the treatment of airway infection376. Hassett et al claimed that P. 

aeruginosa was never seen localized to the epithelial cell surface in CF airway disease 

upon microscopic examination of thin sections of airways removed from CF patients377. 

Worlitzsch et al found that P. aeruginosa is localized in intraluminal material and bound 

to mucus in freshly excised CF airways, while no P. aeruginosa bacteria were observed 

attached to airway epithelia370. Bjarnsholt et al only detected bacteria imbedded in the 

mucus surrounded by PMNs in the conductive zone and there was no bacteria adhered 

to the bronchial walls or airway epithelia326. At the same time, respiratory zones were 

filled with aggregating bacteria and PMN326. These embedded cell aggregations may be 
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regarded as biofilms formed in mucus or intracellular spaces377,371. As shown in Fig 4.2 

and 4.3, some of the CF PA strains formed more biofilms (higher biomass) than others 

in normal microtiter plates and MatTek plates but do not aggregate in liquid cultures, 

while some formed large cell aggregates in liquid medium but poorly attached to the 

surfaces. On the other hand, the existence mode for some strains might be neither 

floating aggregates nor attachment but as separated planktonic cells, while some might 

both form aggregates and attach to the surfaces. Hence, both non-attached cell 

aggregates and attached biofilm phenotypes should be tested to confirm their preferred 

existence mode in vitro. Some strains (PA08, PA20, PA56, PA57 and PAO1 WT) did 

not show obvious aggregates after 24 hrs but started aggregating after 48 hrs. This might 

be due to the lack of nutrients after a longer period of culture that caused stress 

responsive aggregation, or when cell density was higher the aggregation became more 

obvious such as PA08 of which the growth rate was much lower than others on agar 

plates (Fig 4.1). Therefore, different nutrients conditions should be tested to see if there 

is specific relationship between nutrients and cell aggregations. Furthermore, the actual 

situation might not be the same in vivo compared to in vitro due to the differences in the 

growth environments, thus other models may be set up in the future to mimic the 

environment in CF patients’ lungs. 

NO can effectively disperse biofilms formed by CF PA clinical isolate strains, but 

not cell aggregates 

Various publications indicated that exhaled NO from CF patients is reduced compared 

to that produced by normal patients378–380. In human, NO is synthesized from L-arginine 

by NO synthase (NOS) in three isoforms, of which endothelial NOS and neuronal NOS 

are constitutively expressed and only produce nanomolar scale of NO. Inducible NOS 

(iNOS) is expressed maximally following an inflammatory stimulus and produces large, 

micromolar scale of NO381. Gracemann et al reported that significant differences 

between neuronal NOS genotypes were observed among CF patients. A higher repeat 

number of intronic AAT repeat polymorphism in the neuronal NOS gene was 

significantly related to low exhaled NO and more P. aeruginosa colonization382. 

Inflammation in the respiratory epithelium in patients with asthma and bronchiectasis 

were found to up-regulate iNOS expression, which correlates with elevated NO 

concentrations in exhaled air381. However, in CF patients’ airways with chronic severe 
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inflammation, the amount of exhaled NO is not increased and the expression of epithelial 

iNOS is reduced381. Darling et al reported that NO production reduced P. aeruginosa 

adherence to human bronchial epithelial cells and enhanced killing of internalized 

bacteria381. As described, P. aeruginosa attaching to epithelial cells or internalized into 

them forming large cell aggregates acquire biofilm-like characteristics where the 

efficacies of antibiotics are impaired. Hence, it is reasonable to deduce that the addition 

of NO might prevent CF clinical isolate P. aeruginosa from colonizing at the surface or 

aggregating inside of epithelial cells.  As discussed in chapter 3, S150 was found to be 

an efficient NO donor in triggering P. aeruginosa PAO1 WT biofilms dispersal. 

Therefore, 250µM S150 was used to test if the clinical isolate strains that form biofilms 

in vitro can be dispersed. From Fig 4.2 (A) and (B) it can be concluded that different 

clinical isolates possess different abilities to attach to polystyrene surfaces and growth 

modes. From the post-dispersal biomass reduction percentages shown in Fig 4.2 (A) and 

(B) it can be concluded that the efficacies of S150 on different clinical isolate biofilms 

varied from PAO1 WT biofilm after the same culturing time. This indicated that 

different genotypic/phenotypic of CF PA strains might result in different responses to 

NO. Furthermore, 1 d and 3 d biofilms of the same strain in microtiter plates showed 

different reduction percentages after NO treatment. The explanations remain unknown 

but some assumptions were proposed. For example, the discrepancy in PA15 and PA49 

might result from the different biofilm stages of these two strains when the biofilms after 

1d were more robust than 3 d despite the similar biomasses (Fig 4.2 A and B), or the 

different physiology of the cells inside 1 d and 3 d biofilms and their tolerances to NO. 

The discrepancy in PA58 might be due to the increased complexity of biofilm or 

thickness of EPS from 1 to 3 d reflected by significantly increased total biomass (4.13 

folds, p<0.01). PA08 and PA20 remained tolerant to NO and neither was proved to be 

mucoid (Fig 4.1 and Table 4.1), therefore the tolerance might not come from lack of 

penetration of NO into the biofilms due to thick mucoid shield but their specific 

genotypes/phenotypes. 

From Fig 4.2 (C) – (J) it can be concluded that different clinical isolates form different 

3D structural biofilms and the efficiency of S150 does not correlate to the structural 

characters per se. The discrepancies on the actual dispersal percentages of the same 

strains in MatTek and microtiter plates might be due to different culturing methods or 

biomass measurement methods. For microtiter plate crystal violet was used to stain the 
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total biomass including live cells, EPS and dead cells, while for MatTek plates only cells 

were stained and calculated thus is more sensitive. Nevertheless, the results eliminated 

the assumption in chapter 3 discussion if the decreased effect of NO donors on older 

biofilms was purely a result of the more mature and complex structure of the older 

biofilms.  

However, data in section 4.5 showed that the same dose treatment of S150 or SNP 

efficiently did not disperse cell aggregates from certain strains. The reason remain 

unknown but it is likely that EPS components or cell signalling of the cells that formed 

aggregates were significantly different from those in biofilms. It might be concluded 

that in certain circumstances, cell aggregates appear to be even more difficult to 

eradicate than biofilms. Since many clinical isolates can exist as cell aggregates in in 

vitro assay, it is reasonable to deduce they can exist as cell aggregates in patients as well. 

When applying NO treatment to some patients with obvious biofilms at certain area 

(such as medical implants) in vivo, data collected from the surface-attached biofilms 

may show an efficient reduction in biomass, but the aggregates might remain. For those 

strains that can exist as both biofilms and aggregates, the information might therefore 

be inaccurate and the lack of focus on aggregates may worsen the situation. Therefore, 

more attention should be paid to the treatment on CF clinical isolate aggregates besides 

biofilms. Nevertheless, the success in triggering the dispersal of 14 CF PA biofilms 

suggested that S150 might act as an efficient NO donor in dispersing pre-established P. 

aeruginosa attached to epithelial cells or other medical implants. 

SNP and S150 have different influences on the growth of different P. aeruginosa 

strains  

As discussed in chapter 3, 5 probabilities were raised to explain why SNP and S150 

enhanced the growth of PAO1 WT. One of them is cell aggregates exist in the solution 

and the addition of NO triggered cell aggregates dispersal, resulting in increased CFU 

count due to the fact that cell aggregates might not be distinguished on agar plates. 

However, CLSM images in Fig 4.3 did not show a large amount of cell aggregates in 

PAO1 WT in our culture method. Furthermore, S150 and SNP did not disperse cell 

aggregates in the planktonic cultures of the four CF clinical isolate strains as shown in 

Fig 4.5. Therefore, this explanation for the enhanced growth might be excluded. One of 

the potential explanations mentioned in chapter 3 was the breakdown products of SNP 

and S150 can act as nutrients for PAO1. If this is true, they might also be used as energy 
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resources for other P. aeruginosa strains. However, the fact that S150 and SNP only 

increased the growth of PA08 but not PA37, PA39 and PA66 might indicate that either 

this explanation is less likely to be true, or the breakdown products may have different 

influences on different P. aeruginosa strains cell cycles. Another assumption is that NO 

might have different influences on different P. aeruginosa strains cell cycles. If the 

second hypothesis proves to be authentic, the specific concentration of NO should be 

taken into consideration and strictly controlled as the threshold NO concentration that 

caused enhanced growth might be different to different strains. The other three 

explanations described in chapter 3 discussion still need further testing to prove their 

authenticity.  

A novel index for effective quantification of cell aggregation level 

The levels of cell aggregates have been mainly described in two ways: descriptive and 

quantifiable. Microscopic or macroscopic images can be directly shown and readers can 

compare the level of aggregation by eye383–388. For quantification, some previously 

published research used OD value for the measurement. Guo et al adopted low speed 

centrifugation to separate cell aggregates and planktonic cells388. Cell aggregates were 

then collected for vortex and CFU count so that the cell number that went into aggregate 

was calculated388. Baugh et al used a static system for cell aggregation and compared 

the OD value of suspension below the aggregating surfaces. With the same initial 

inoculum and growth rate, the lower the OD value of suspension (planktonic cells) the 

more aggregates385. However, these methods cannot directly reflect the characters of the 

cell aggregates themselves. Therefore, other quantification methods were developed to 

directly measure the sizes of aggregates. Jung et al used ImageJ to change the 

aggregative structures in each image to a binary code and the pixel number was 

measured to represent the size364. Stoodley et al used image subtraction to change the 

grey scale of background and cell aggregation so that the areas and diameters of cell 

aggregates can be directly measured by image software20. The means and standard 

deviations of the aggregate sizes were calculated to show the differences in the level of 

cell aggregations. However, the following situation cannot be reflected by this 

measurement method: suppose image A has 4 aggregates with size of 20, 20, 4, 4 while 

image B has 4 cell aggregates with sizes of 12, 12, 12, 12. It will be hard to describe the 

aggregation levels by the same mean but different deviations. Schleheck et al used laser 

diffraction analysis to determine the exact diameters of cell aggregates and different size 
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ranges were grouped into different catagories366. Similar methods include using a coulter 

counter by measuring electric current change to reflect the size of the particles389 and a 

cell counter to count individual cells within cell aggregates390. The more cell aggregates 

belonging to larger cell sizes categories, the more aggregative the cells are. However, 

this method results in one number for each category and the comparisons need to be 

done among different categories. In summary, direct visualization cannot quantify the 

level of aggregation and small but significant differences are hard to describe; OD value 

cannot give the details of cell aggregates; size measurement is so far the most accurate 

method to describe the details of cell aggregates, but it is indirect in reflecting the level 

itself and needs multiple numbers to describe one sample, therefore comparing a large 

number of samples would be laborious. Here, we introduce a novel index, concentration 

coefficient (CC), based on the idea of Gini coefficient. CC only gives out one number 

for each image from a sample and can directly reflect the level of cell aggregation. 

Briefly, a maximum projection of CLSM image was first divided into a certain number 

of pixels with the brightness inside each unit standing for the amount of cells in each 

pixel. CC can then be calculated to measure the inequality of cell distribution, namely, 

the degree (level) of cells aggregation. As shown in Fig 4.3 and Fig 4.4.2, the calculation 

of CC corresponded to visualized judgements. CC provides an easy but accurate way to 

measure the level of cell aggregation, especially to distinguish samples that possess 

small but significantly different levels of aggregation. Apart from bacterial cell 

aggregation, CC can also be widely applied to other types of cell aggregation and can 

be easily used to quantify and compare the efficacies of drug treatments on cell 

separation in broader fields. 
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Chapter 5 – An efficient method for high-throughput 

gene deletion in P. aeruginosa 

5.0. Introduction 

With the whole genome sequence in P. aeruginosa strains revealed, manipulation of 

specific genes became much easier with the help of genetic tools. To elucidate the 

function of a gene, disruption of a specific gene is one of the most frequently used 

methods including insertion, deletion and site-directed mutagenesis. In this study, 

transposon mutants purchased from Washington PAO1 Tn library and Gm marked gene 

deleted mutants were used for phenotypic analysis. Therefore, here I briefly introduce 

the knowledge of (1) transposon insertion mutant; (2) conventional gene deletion (gene 

knockout, KO) methods; (3) an efficient KO method I developed based on conventional 

ones and (4) the workflow comparison between my newly developed KO method and 

conventional ones. 

5.0.1. Transposon (Tn) insertion mutant  

Transposable elements (TEs) are DNA sequences that move from one location to a new 

site on the same or different DNA molecule. This recombination process is termed 

transposition. Different types of TEs have been identified in all organisms, prokaryotic 

and eukaryotic. The bacterial transposon Tn5 and its variants have been developed and 

widely used in genetic engineering by fusing Tn5 into vectors and transforming into 

different organisms for the random insertion disruption of genes. The structure of Tn5 

and its “cut and paste” mechanism are illustrated as below391. 
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Fig 5.0.1.1 (A) The structure of Tn5 transposon. OE: outside end sequence. IE: inside end sequence. IS50L 

and IS50R: two inverted, almost identical insertion sequences, with IS50R encoding the transposase 

protein (TnP). Kan=kanamycin resistance, ble=bleomycin resistance, str=streptomycin resistance (B) The 

mechanism of Tn5 transposition. The synaptic Tnp excise transposons from DNA donors at end sequences 

and then capture the 9bp fundamental sequences in target genes. The target for Tn5 is not completely 

random with modest preferences of certain nucleotides arrangement, but the randomness is sufficient for 

a large number of random insertions in genomes of large sizes such as in P. aeruginosa. After the capture, 

Tnp catalyzes strand transfer in which the transposon 3’ OH groups attack the target DNA in the 

fundamental 9bp sequence. The strand transfer complex is then disassembled and the two single-strand 

gaps on either side of the insertion are repaired391. 

 

With the elucidation of Tn5 structures and the access to a variety of genetic tools, Jacob 

et al developed a transposon mutant library of P. aeruginosa PAO1 by using modified 

transposons298. The modifications were mainly in IS50L, generating alkaline 

phosphatase and β-galactosidase and resulting in the transposons ISphoA/hah and 

ISlacZ/hah respectively. These two variations also contain a tetracycline resistance gene 

which is not among the intrinsic resistances in PAO1. The structures of these two 

transposons are shown in Fig 5.0.1.2. 

 

 

 



163 

 

 

 

 

 

 

 

Insertion of either transposon confers tetracycline resistance when they are positioned 

in-frame. To confirm a correct insertion in a desired gene two methods can be utilized. 

(I) Use gene specific flanking primers to test the PAO1 wild type and the Tn insertion 

strains. A band with the length of the gene should be yielded by PCR when using WT 

DNA as template, while no band or a band corresponding to a very large product should 

be yielded when using Tn strains DNA as template. (II) Use a transposon-specific primer 

in conjunction with one of the gene specific flanking primers to test the PAO1 wild type 

and Tn insertion strains. There should be no band when using PAO1 WT DNA as 

template and one band when using Tn strains DNA as template. 

5.0.2. Gene knockout deletion mutant (KO) 

KO is based on allelic exchange between engineered DNA fragment and chromosome 

by homologous recombination. In most cases, the replacement of WT alleles on the 

chromosome with plasmid-borne mutations requires the transfer of mutant alleles into 

bacteria and the integration of this allele into the chromosome in place of WT allele 

followed by concomitant loss of plasmid sequences392. The schematic diagram of the 

desired double crossover allelic exchange is shown in Fig 5.0.2.1. Endeavours have been 

made by generations of geneticists to simplify the methods and improve the precision. 

 

 

 

 

 

 

 

Fig 5.0.1.2 ISphoA/hah and 

ISlacZ/hah transposons used in 

generating P. aeruginosa PAO1 

insertion mutants library298. 
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5.0.3.  Specific vector for gene knockout in P. aeruginosa  

Despite different methods such as transformation or electroporation being used to 

transfer recombinant plasmids into P. aeruginosa strains, conjugation has been the most 

frequently used one due to the simpler manipulation procedures and the fact that 

conjugally transferred DNA is less susceptible to host restriction393. Therefore, broad-

host-range plasmids that can maintain stably both in E. coli and P. aeruginosa were 

applied to accomplish conjugation tasks. Also, these vectors should contain multiple 

cloning sites allowing DNA manipulations and be relatively small-sized to enhance the 

efficiency of conjugation. Herbert Schweizer has developed several vectors that have 

been widely used in various labs for genomic modulations in P. aeruginosa, among 

which pEX100T was used in our lab and discussed in details as follows299. 

 

 

 

 

 

 

The pEX100T vector was developed after several modification steps from the original 

pUC19 vector393–396. As shown in Fig 5.0.3, pEX100T contains (1) bla, 

Ampicillin/Carbenicillin resistant gene. bla was used for Carbenicillin in PAO1 WT due 

to the intrinsic resistance to Ampicillin. (2) ori, pMB1(ColE1)-based origin of DNA 

Vector with KO construct 

PAO1 chromosome genome 

Vector with KO construct 

PAO1 chromosome genome 

Fig 5.0.3 Physical map of pEX100T vector299 

 

Fig 5.0.2.1  Schematic 

diagram of allelic exchange 

with double homologous 

recombination in gene 

knockout (KO) 
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replication. pMB1(ColE1)-based plasmid was chosen as ColE1 does not replicate in P. 

aeruginosa. The vector must integrate into the chromosome in order to obtain antibiotic 

resistance encoded on the vector because it cannot replicate (suicidal properties)397. (3) 

LacZα was chosen for reliable blue/white screening of recombinants and minimizing the 

size of the vector by using α complement gene rather than the whole LacZ gene. The 

smaller the vector size is, the higher the efficiency of conjugation. (4) I-SceI-SmaI-I-

SceI cloning site. Instead of using normal multiple cloning sites (MCS), unique cloning 

sites for SmaI and the rare-cutting meganuclease I-SceI were chosen to give greater 

access to restriction sites within the cloned fragment. This is particularly useful when 

the target gene for deletion is relatively small and the cloning parts inevitably contain 

some restriction sites299. (5) oriT, origin of transfer from RP4. Self-transmissible IncPα 

plasmid RP4 mediates DNA transmission by conjugation so oriT was inserted to make 

pEX100T recognizable to RP4 transfer functions provided in trans393,398. (6) sacB gene. 

The Bacillus subtilis sacB gene encodes the enzyme levansucrase, which is a 

transfructosylase catalyzing sucrose hydrolysis and levan synthesis399. In some gram-

negative bacteria such as P. aeruginosa, expression of sacB is lethal in the presence of 

sucrose399. Therefore, sacB here served as a positive selection marker for separating 

double crossover from more frequently occurring merodiploids during allelic 

exchange396. 

With all these features infused into the pEX100T vector, it can be used to clone and 

genetically manipulate virtually any DNA fragment from E. coli to P. aeruginosa299. 

Several modified versions of this vector such as pEX18Gm, pEX18Tc and pEX18Ap 

were later developed mainly to overcome the drawbacks such as the lack of MCS and 

the fact that AmpR is not applicable in many other bacterial species299. 

5.0.4. Conventional methods for generating recombinant construct in 

plasmids 

To generate gene deletions, commonly employed protocols56,307,396,400–404 use 

amplification of upstream and downstream fragments (ideally 400-500bp) of target gene 

to ligate these two parts with an optional antibiotic resistance marker interspersed, as 

summarized in Fig 5.0.4 (A). A variation is using a unique gene-intrinsic restriction site 

to insert the resistance marker as shown in Fig 5.0.4 (B). Gene splicing by overlap 

extension PCR (SOE)405 does away with the requirement of specific restriction sites of 
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the two previous methods and relies on use of primers complementary to sequence in 

the gene of interest as summarized in Fig 5.0.4 (C). Several reports have made use of 

SOE methods in generating variant alleles in P. aeruginosa36,218,272,406–410.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.0.4. Conventional methods for generation of suicide vectors. A. Introduction of three different 

restriction sites through primers A, B and C. Upstream (blue) and downstream (red) fragments are ligated 

consecutively into the shuttle vector. In a subsequent step, the antibiotic resistance gene is amplified, 

restricted, and ligated into restriction site B. B. Genes may also be amplified as a whole, and the resistance 

marker be inserted in frame into a unique restriction site contained in the target gene. C. Splicing Overlap 

Extension (SOE) requires two different restriction sites A and C for upstream (blue) and downstream (red) 

fragments. The overlapping fragment is generated through specific primer design of primer B’ 

complementary to sequence B in the gene of interest. 

C 

A 
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5.0.5. Gibson Assembly for rapid plasmid construction 

A rapid DNA combination method developed by Gibson et al in recent years has been 

adopted by some researchers for the use in cloning and plasmid construction411–415. 

Instead of using restriction enzymes or PCR as mentioned above, 5’ T5 exonuclease is 

applied in Gibson assembly for chewing DNA and the generation of “sticky end” DNA 

fragments. Ligase and polymerase are added at the same time for the extension and 

ligation of chewed DNA fragments in the same reaction. So far, only a few papers have 

reported using this Gibson assembly method for gene deletion in bacteria, including P. 

aeruginosa416,417, all of which were after we established our KO method for this project 

(see below). Therefore, it is briefly reviewed here for its marked potential in bacterial 

gene editing in future. Steps are described below and the schematic illustration of KO 

vector construction based on Gibson assembly is shown in Fig 5.0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



168 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.0.5 Schematic of Gibson assembly for KO vector construction 

Step 1: PCR amplification of DNA fragments upstream (A, blue) and downstream (B, 

black) of the target gene (grey).  Red (v1) and green (v2) parts are introduced by primer 

design and overlap with desired vector. P1: upstream forward primer contains overlap 

sequence with the vector (v1). P2: upstream reverse primer contains overlap sequence 
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with downstream B. P3: normal forward primer for downstream B. P4: downstream 

reverse primer contains overlap sequence with the vector (v2). 

Step 2: Purified PCR products A and B from step 1, digested linear vectors, 5’ T5 

exonuclease, Phusion polymerase and DNA ligase were added into the same tube at 

specific ratios according to the length of DNA and overlap regions. Exonuclease does 

not compete with polymerase and all three enzymes can be simultaneously active in a 

single thermal reaction411. The mixture is incubated at 50℃  with several reactions 

happening sequentially. 

Reaction 1: According to the length of identical overlap region between A and B (pink 

and yellow regions), different amounts of T5 exonuclease are added to the reaction. The 

optimal reaction temperature for exonuclease is 37℃ but the reaction is isothermal at 

50 ℃ . Thus, the available unit of exonuclease in the reaction and the ascending 

temperature of reaction mixture limit the chew back length from 5’ to 3’. As T5 

exonuclease is heat-liable, it is then inactivated during the 50 ℃  incubation after 

accomplishing the desired DNA degradation.  

Reaction 2: The 3’ sequences of dsDNA are exposed after the complementary strain is 

chewed back by T5 exonuclease. The identical overlapping regions from A and B 

(yellow and pink) automatically anneal to each other. 

Reaction 3: Phusion polymerase extend the chewed-back strains with high fidelity from 

the annealing points, matching the parental strains.  

Reaction 4: After the DNA extension on both strains, two nicks are left behind. The 

DNA ligase in the reaction can ligate the nicks and completely join A and B together.  

The same reactions are happening in the same tube between fragments and digested 

vectors at the overlap regions (v1 and v2, red and green). Thus, after step 2, a final 

product of vector with insertion A and B arranged orderly should be yielded.  

Gibson assembly has rapidly becoming a popular choice in molecular cloning, especially 

when multiple long fragments (>3) are required to be ligated together. It is very time 

efficient where most of the reactions only take up to 1 hr, especially now New England 

Biolabs has commercialized a kit containing the pre-made master-mix with three 

enzymes and optimal buffers. This technique requires longer primers, making it more 

expensive than conventional approaches, and may increase the chance of synthesis 

errors, but the outcome is a much simpler workflow and higher efficiency. Up to now, 

most of the laboratories with well-established P. aeruginosa gene deletion protocols still 
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tend to adopt conventional digestion-ligation or SOE method. Hence, Gibson assembly 

methods can be an important alternative for large-scale gene deletion or novice 

researchers.  

5.0.6  CRISPR-Cas9 for genome engineering 

CRISPRs (clustered regularly interspaced palindromic repeats) was first described in 

1987 as a series of short direct repeats interspaced with short sequences in the genome 

of E. coli418 and was later detected in numerous bacteria and archaea419. It is now 

recognized that the RNA-guided enzyme Cas9 with CRISPR sequence consist of 

CRISPR-Cas9 system for bacterial adaptive immunity420. Recent advances in gene-

editing using CRISPR-Cas9 have markedly improved the efficiency of precise 

engineering of the genomic DNA genome421. Originally discovered in prokaryotic cells 

as an adaptive immune system towards invading virus, it has now been widely adopted 

to edit the genome of mammalian cells since 2013420. However, only several studies 

have been reported to use CRISPR-Cas9 for editing genes in different bacterial species 

including Escherichia coli422, Streptococcus pneumoniae422, Streptomyces species423, 

Corynebacterium glutamicum424, Bacillus smithii425, Pseudomonas putida425, 

Pectobacterium atrosepticum426, Lactobacillus reuteri427 and Mycobacterium 

tuberculosis428, of which CRISPR-Cas loci have been found in E. coli429, Streptomyces 

avermitilis430, Pectobacterium atrosepticum431 and M. tuberculosis432. P. aeruginosa has 

its own CRISPR-Cas9 system that has been found to control bacteriophages resistance 

and virulence433–435 and is controlled by quorum sensing434. Thus far, no report showed 

that an engineered CRISPR/Cas system can be used in in vivo genomic silence for P. 

aeruginosa, but there is potential for such application. Hence, CRISPR-Cas9 method is 

briefly reviewed as below. 

In Fig 5.0.6.1, the functional CRISPR-Cas loci comprise a trans-activating crRNA 

(tracrRNA) coding region, a cas gene operon encoding Cas enzyme components, and a 

CRISPR array including some identical repeats intercalated with spacers. The spacers 

may have been derived from different bacteriophages inserting a foreign DNA fragment 

into the cells during invasions420. Hence, when the foreign DNA with the identical spacer 

sequence is acquired by bacteria, the precursor crRNA (pre-crRNA) is transcribed from 

the CRISPR array. With the facilitation by tracrRNA, the pre-crRNA is matured into 

individual crRNAs mediated by ribonuclease III and Cas9. Each crRNA is composed of 

one repeat and one spacer from the CRISPR array, which co-complex with a Cas9 
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protein using mature tracrRNA for binding and stabilizing. The specific Cas protein 

bearing the complementary spacer RNA to the invading DNA is then directed to the 

double strain cleavage of this foreign nucleic acid with RuvC and HNH420.  

This intrinsic system in bacteria can be adapted to a gene engineering tool by placing 

the artificial CRISPR-Cas loci onto a plasmid (Fig 5.0.6.2 A). The plasmid-borne 

CRISPR-Cas system contains a 20bp artificial spacers designed for any target genes as 

long as it is immediately upstream of a specific PAM site. The original dual 

tracrRNA:crRNA naturally generated by bacteria is engineered as a single guide RNA 

(sgRNA) that retains and links two essential portions: the 20-nucleotide sequence at the 

5’ end of the sgRNA that determines the DNA target site (artificial crRNA), and the 

scaffold structure at the 3’ end of the sgRNA that binds to Cas9 (modified tracrRNA) 

(Fig 5.0.6.2 B). When transformed into prokaryotic cells or transinfected into 

mammalian cells, the cassette will enable the host to assemble the Cas9 complexes with 

the sgRNA that target the 20bp specific sequence on genomic DNA and generate a 

dsDNA break. After the detrimental dsDNA break on the genome, cells will either 

trigger DNA repair in an error-prone non-homologous end joining (NHEJ) pathway 

automatically, or induce a controlled DNA correction/insertion by using an additional 

DNA template for  homology directed recombination (HDR) (Fig 5.0.6.2 C)421. Thus, a 

random or designed mutation is introduced.  
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Fig 5.0.6.1 Schematic of natural CRISPR-Cas9 encoding loci (A) and its dsDNA cleavage function after 

matching to foreign DNA with the complementary sequence to crRNA (B). Figure adapted from Doudna 

et al, The new frontier of genome engineering with CRISPR-Cas9420.   

  

 

 

 

 

 

 

 

 

 

 

 

Fig 5.0.6.2 Schematic of CRISPR-Cas9 mediated genome engineering with plasmid-borne CRISPR-Cas9 

cassette. Figures adapted from Ran et al, Genome engineering using the CRISPR-Cas9 system421. 
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Results 

5.1. Modified method for generating recombinant construct in 

plasmids 

Similar to SOE methods where upstream, downstream and resistance markers are ligated 

all in the same tube311, I modified the conventional cloning protocols, enabling us to 

carry out all reactions in a single tube, as shown in Fig 5.1. The comparison of workflow 

between conventional methods to my modified efficient method is shown in Table 5.1.1. 

The advantages and drawbacks/challenges of different methods are listed in Table 5.1.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.1. The modified KO method uses four different restriction sites A, B, C, and D in a three-ways 

ligation, followed by amplification of the resulting fragment and ligation into the target vector. 
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 Fig 5.0.4 A 

method 1 

Fig 5.0.4 B 

method 2 

Fig 5.0.4 C  

SOE 

Fig 5.1  

this study 

Preparation Primer design, P. 

aeruginosa whole 

genome extraction, 

restriction enzymes 

(A, B and C) and T4 

ligase purchase. 

Primer design, P. 

aeruginosa whole 

genome extraction, 

restriction enzymes 

(A, B and C) and T4 

ligase purchase. 

Primer design, P. 

aeruginosa whole 

genome 

extraction, 

restriction 

enzymes (A and 

C) and T4 ligase 

purchase. 

Primer design, P. 

aeruginosa whole 

genome 

extraction, 

restriction 

enzymes (A, B, C 

and D) and T4 

ligase purchase. 

Day 1 PCR for 3 

amplicons: (1) 

upstream with 

restriction sites A 

and B flanking at 5’ 

and 3’, (2) 

downstream with 

restriction sites B 

and C flanking at 5’ 

and 3’, (3) 

antibioticR gene with 

restriction site B 

flanking. 

Check PCR products 

on gel. PCR products 

purification. 

Digestion of 

upstream fragment 

and vector with 

enzyme A and B. 

Ligation of upstream 

amplicon and vector. 

PCR for 2 amplicons: 

(1) part/whole of 

target gene with 

intrinsic restriction 

site B in the middle 

and restriction sites A 

and C flanking at 5’ 

and 3’ (2) antibioticR 

gene with restriction 

site B flanking. 

Check PCR products 

on gel. PCR products 

purification. 

Digestion of target 

gene and vector 

amplicon with A and 

C. Ligation of target 

gene amplicon and 

vector. 

Two PCR cycles: 

1st cycle for 3 

separate 

amplicons: 

upstream, 

downstream and 

antibioticR gene.  

2nd cycle with 

optimized 

reaction 

conditions and 

primers annealing 

three parts 

together by 

denaturation, 

annealing and 

extension steps in 

PCR machine. 

Check PCR 

product on gel. 

PCR products 

purification. 

Digestion of 

annealed 

amplicon and 

vector with A and 

C. Ligation of 

amplicon and 

vector. 

 

PCR for 3 

amplicons: (1) 

upstream with 

restriction sites A 

and B flanking at 

5’ and 3’, (2) 

downstream with 

restriction sites C 

and D flanking at 

5’ and 3’, (3) 

antibioticR gene 

with restriction 

site B and C 

flanking at 5’ and 

3’. Check PCR 

products on gel. 

Digestion of 

upstream fragment 

with enzyme A 

and B; 

downstream with 

C and D; 

antibioticR gene 

with B and C. 

Ligation three 

amplicons 

together in one 

tube. 

Day 2 Transformation of 

vector into E.coli 

DH5α and incubate 

on antibiotic 

selective agar (1 

antibiotic for correct 

vector backbone). 

Transformation of 

vector into E.coli 

DH5α and incubate 

on antibiotic 

selective agar (1 

antibiotic for correct 

vector backbone). 

Transformation of 

vector into E.coli 

DH5α and 

incubate on 

antibiotic 

selective agar (2 

antibiotic for 

correct vector 

backbone and 

inserted 

antibioticR gene). 

PCR the three-

parts-ligated 

construct using 

primers with A 

and D from 

ligation mixture. 

Gel check PCR 

product. Digestion 

of the amplified 

amplicons and 

vector with A and 

D. Ligation of 

amplicon and 

vector. 

Day 3 Colony PCR check 

for the correct vector 

and vector 

extraction. 

Colony PCR check 

for the correct vector 

and vector extraction. 

Colony PCR 

check for the 

correct vector and 

vector extraction. 

Transformation of 

vector into E.coli 

DH5α and 

incubate on 

antibiotic selective 

agar (2 antibiotic 



175 

 

for correct vector 

backbone and 

inserted antibioticR 

gene). 

Day 4 Digest the correct 

vector from Day 3 

and downstream 

amplicon with B and 

C. Ligation of the 

amplicon and vector. 

Digest the correct 

vector from Day 3 

and antibioticR gene 

with B. Ligation of 

the amplicon and 

vector. 

Transformation of 

vector into E.coli 

S17-λ and 

incubate on 

antibiotic 

selective agar (3 

antibiotic for 

correct vector 

backbone, 

inserted 

antibioticR gene 

and E.coli S17-λ). 

Colony PCR check 

for the correct 

vector and vector 

extraction. 

Day 5 Transformation of 

vector into E.coli 

DH5α and incubate 

on antibiotic 

selective agar (1 

antibiotic for correct 

vector backbone). 

Transformation of 

vector into E.coli 

DH5α and incubate 

on antibiotic 

selective agar (2 

antibiotic for correct 

vector backbone and 

inserted antibioticR 

gene). 

Colony PCR 

check for the 

correct vector and 

keep the E.coli 

S17-λ stock strain 

with the correct 

vector. 

Transformation of 

vector into E.coli 

S17-λ and 

incubate on 

antibiotic selective 

agar (3 antibiotic 

for correct vector 

backbone, inserted 

antibioticR gene 

and E.coli S17-λ). 

Day 6 Colony PCR check 

for the correct vector 

and vector 

extraction. 

Colony PCR check 

for the correct vector 

and vector extraction. 

Conjugation 

between E.coli 

S17-λ and P. 

aeruginosa. 

Conjugants are 

incubated on P. 

aeruginosa 

isolation agar with 

antibiotic. 

Colony PCR check 

for the correct 

vector and keep 

the E.coli S17-λ 

stock strain with 

the correct vector. 

Day 7 Digest the correct 

vector from Day 6 

and antibioticR gene 

amplicon with B. 

Ligation of the 

amplicon and vector. 

Transformation of 

vector into E.coli 

S17-λ and incubate 

on antibiotic 

selective agar (3 

antibiotic for correct 

vector backbone, 

inserted antibioticR 

gene and S17-λ). 

Potential P. 

aeruginosa 

mutants on agar 

are patched onto 

different selective 

agars for 

distinguishing 

single/double 

crossover 

homologous 

recombinants.  

Conjugation 

between E.coli 

S17-λ and P. 

aeruginosa. 

Conjugants are 

incubated on P. 

aeruginosa 

isolation agar with 

antibiotic. 

Day 8 Transformation of 

vector into E.coli 

DH5α and incubate 

on antibiotic 

selective agar (2 

antibiotic for correct 

vector backbone and 

inserted antibioticR 

gene). 

Colony PCR check 

for the correct vector 

and keep the E.coli 

S17-λ stock strain 

with the correct 

vector. 

Colony PCR 

check for correct 

mutants and make 

stock culture. 

Potential P. 

aeruginosa 

mutants on agar 

are patched onto 

different selective 

agars for 

distinguishing 

single/double 

crossover 

homologous 

recombinants. 
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Day 9 Colony PCR check 

for the correct vector 

and vector 

extraction. 

Conjugation between 

E.coli S17-λ and P. 

aeruginosa. 

Conjugants are 

incubated on P. 

aeruginosa isolation 

agar with antibiotic. 

Sequence confirm 

of P. aeruginosa 

mutants 

Colony PCR check 

for correct mutants 

and make stock 

culture. 

Day 10 Transformation of 

vector into E.coli 

S17-λ and incubate 

on antibiotic 

selective agar (3 

antibiotic for correct 

vector backbone, 

inserted antibioticR 

gene and E.coli S17-

λ). 

Potential P. 

aeruginosa mutants 

on agar are patched 

onto different 

selective agars for 

distinguishing 

single/double 

crossover 

homologous 

recombinants. 

 Sequence confirm 

of P. aeruginosa 

mutants 

Day 11 Colony PCR check 

for the correct vector 

and keep the E.coli 

S17-λ stock strain 

with the correct 

vector. 

Colony PCR check 

for correct mutants 

and make stock 

culture. 

  

Day 12 Conjugation 

between E.coli S17-

λ and P. aeruginosa. 

Conjugants are 

incubated on P. 

aeruginosa isolation 

agar with antibiotic. 

Sequence confirm of 

P. aeruginosa 

mutants 

  

Day 13 Potential P. 

aeruginosa mutants 

on agar are patched 

onto different 

selective agars for 

distinguishing 

single/double 

crossover 

homologous 

recombinants. 

   

Day 14 Colony PCR check 

for correct mutants 

and make stock 

culture. 

   

Day 15 Sequence confirm of 

P. aeruginosa 

mutants 

   

Table 5.1.1. The workflow comparison among different P. aeruginosa gene knockout methods. Here I 

assume all methods use conjugation and the same vector. With electroporation, the workflow can be much 

shorter by directly introducing vectors into P. aeruginosa. For unmarked deletion, Flp-FRT system can 

be incorporated into antibioticR gene.  
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 Fig 5.0.4 A 

method 1 

Fig 5.0.4 B 

method 2 

Fig 5.0.4 C  

SOE 

Fig 5.1  

this study 

Advantages Can delete nearly 

any fragment in 

frame.  

Can delete nearly 

any fragment in 

frame. Much 

shorter workflow 

compared to 

method 1 with the 

same concept. 

Can delete 

nearly any 

fragment in 

frame. The 

shortest 

workflow 

among all 

methods.  

Can delete nearly 

any fragment in 

frame. Much 

shorter workflow 

compared to 

conventional 

methods 1 and 2 

with the same 

concept. 
Potential 

drawback/c

hallenges 

Laborious 

digestion, ligation 

and PCR check 

procedures. The 

longest workflow 

among 4 methods. 

The target gene 

must have an 

intrinsic restriction 

site, while this site 

may not result in 

in frame deletion. 

Even with in frame 

restriction site, for 

multiple targets 

the enzymes 

needed are 

different, thus not 

being cost 

efficient.  

The 

optimization of 

primers and 

PCR reaction 

annealing three 

parts together 

can be 

challenging, 

especially for 

multiple target 

genes, thus not 

being cost/time 

efficient for 

inexperienced 

researchers. 

Three parts ligation 

efficiency relies 

highly on the 

quality of both 

restriction enzymes 

and ligase and may 

need optimization 

on DNA 

quantities/ratio.   

Table 5.1.2 The advantages and drawbacks/challenges of 4 gene deletion methods. 

5.2. Acquisition of 14 mutant strains 

In this project, 14 mutants (gene pa0285, pa0290, pa0338, pa0575, pa0847, pa0861, 

pa1181, pa1727, pa3311, pa4601, pa4959, pa5017, pa5442 that contain PAS-GGDEF-

EAL domains and pa1423 that contains PAS) were required. Transposon mutants were 

acquired by purchasing from a transposon mutant library and deletion mutants were 

generated by KO using my modified method as shown in Fig 5.1.  

5.2.1. PCR confirmation of purchased transposon mutants  

Due to the fact that transposon attack normally results in more than one insertion per 

gene (named as PAXXXX A, B or C), 29 Tn mutants for the 14 genes of interest were 

purchased from the University of Washington P. aeruginosa mutant library. One gene 

specific primer and one transposon-specific primer for each mutant strain genome and 

WT genome were used to confirm the correct insertions. After PCR, correct mutants 

should produce a band (left lane) on the gel while WT should not produce any band 

(right lane). Primers are listed in 2.2 and PCR was done as described in 2.7.2. 
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Fig 5.2.1.  PCR results for transposon mutants from the University of Washington Library. Within each 

candidate genes labelled, left lane represents the PCR product amplified from mutant strains genome, right 

lane represents PCR product amplified from WT genome (negative control).   
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According to the PCR results, only some of the mutant strains were confirmed to contain 

the correct transposon insertion including Tn0861A, Tn4959A, Tn0338A, 

Tn3311A, Tn1181A, Tn5017C, Tn5442A, Tn0290B.  

5.2.2. P. aeruginosa PAO1 gene knockout using the modified vector 

construction method  

Knockout of the pa4601 gene is used here to illustrate the protocol shown in Fig 5.1. 

Gentamicin resistant gene (aaaC1) was chosen as marker and suicide vector pEX100T 

was chosen for delivery into P. aeruginosa299. I have used SmaI for restriction sites A 

and D, EcoRI for restriction site B, and HindIII for restriction site C in Fig 5.1 for 

constructing the KO vectors. The upstream, downstream and Gm cassette resistance 

gene (containing ribosome binding site and native promoter) were amplified by routine 

PCR as described in 2.7.2. PCR products were shown in Fig 5.2.2.1 A. All purified and 

digested PCR products were subjected to three way sequential ligation in a single 

reaction as described in 2.7.7 and 2.7.8. The ligation product was re-amplified by a 

second PCR cycle using the upstream forward and downstream reverse primers, and a 

product of correct length of 1637 bp was identified in agarose gel electrophoresis as 

shown in Fig 5.2.2.1 B. After digestion of vector and PCR product with SmaI, the insert 

was blunt-end ligated into the vector as described in 2.7.9. Vectors resulting from 

ligation were transformed into E. coli DH5α, and resistance selected colonies were 

subjected to plasmid extraction. Plasmids were then checked by restriction digestion 

with (1) EcoRI and HindIII for Gm and (2) SmaI for the KO fragment as shown in Fig 

5.2.2.1 C.  

Positive plasmids were transformed into E. coli S17-λ for conjugation with P. 

aeruginosa PAO1 through filter-mating as described in 2.9 and 2.10. Conjugates were 

plated onto cetrimide agar with 30µg/ml gentamicin to eliminate E. coli and select both 

single and double crossover ∆pa4601 strains. When only single-crossover event happens 

generating merodiploids, only PA-up or PA-dn exchange with gene of interest and the 

whole vector integrates into the chromosome for expressing the sacB and AmpR genes 

on the backbone. When double-crossover event happens, both PA-up and PA-dn 

exchange with original gene replacing the middle part with GmR while the plasmid 

cannot copy into the daughter cell, thus creating the successful deletion. To distinguish 

single and double crossover mutants, 10% (w/v) sucrose was infused into cetrimide agar 
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to kill merodiploids due to the presence of sacB gene. While sucrose-resistant 

merodiploids may also arise from mutation in the sacB gene436, all colonies were also 

patched onto cetrimide agar with 10% (w/v) sucrose and cetrimide agar with 400µg/ml 

carbenicillin as shown in Fig 5.2.2.1 D. Colonies that grew on sucrose plates but not 

carbenicillin plates showed that sacB gene and CbR gene on the plasmid backbone were 

not integrated into chromosome and expressed, thus eliminating the potential of 

merodiploids. PCR was used to confirmed the colonies. As shown in Fig 5.2.2.1 E, when 

using the WT DNA as template, the PCR product of the whole pa4601 gene was seen 

(4268bp); when using ∆pa4601 DNA as template, part of the original gene between 

allelic exchange positions in PA4601-up and PA4601-dn was replaced by Gm, and 

hence the PCR band was smaller (1637bp). 

  

 

 

 

 

 

 

 

 

 

 

   

Fig 5.2.2.1. Generation of the pa4601 deleted mutant. A. PCR amplification of upstream and 

downstream fragments, as well as the Gm resistance cassette. B. PCR amplification of the three-ways 

ligation product from A, from ligation mixtures with different fragment ratios (upstream/downstream 

A 

E 

 

C D 

1637bp 

B 
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fragments vs. Gm cassette). C. Digestion of purified plasmids. Lane 1: marker; lane 2: EcoRI and HindIII 

digest excising the Gm cassette; lane 3: SmaI digest excising the entire fragment; lane 4: control digest of 

pEX100T with SmaI; lane 4: control digest of pEX100T with EcoRI and HindIII. D. Potential mutant 

colonies patched onto carbenicillin and onto sucrose/gentamycin agar plates. E. PCR confirmation 

showing deleted pa4601 gene (lane 2) and WT pa4601 gene (lane 3). 

The same procedures were applied to all other 13 genes and 2 PCR runs were done to 

compare the same gene in corresponding mutants and WT. By using SeqPAXXXX-F 

and SeqPAXXXX-R (XXXX as gene number) as primer pairs, the deleted genes in 

mutants and the original genes in WT should present bands of different lengths. 
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Fig 5.2.2.2 PCR products from KO mutants and WT using the same primer pair SeqPAXXXX-F and 

SeqPAXXXX-R. PCR products using mutant strain genome DNA as template are shown as KO 

∆paXXXX, PCR products using WT genome as template are shown as WT paXXXX. The expected 

product lengths are marked above each lane. (A) and (B) were the first PCR trial. pa0285, pa0290, pa0338, 

pa4601 and pa5017 did not show expected bands, so the second PCR trial was conducted and the results 

are shown in (C) 

All the mutants were checked by PCR comparing the bands using mutant and WT 

genome DNA as templates. As shown in Fig 5.2.2.2 (A) and (B), most of the ∆paXXXX 

and paXXXX showed different lengths. pa0285, pa0290, pa0338, pa4601 and pa5017 

did not show expected bands either in KO mutants or WT in the first PCR attempt, 

therefore, a second round PCR was carried out and the results are shown in Fig 5.2.2.2 

(C). Multiple bands might have come from unspecific primer binding, but no multiple 

bands on the gel showed a paXXXX band occurring in the corresponding ∆paXXXX, 

proving the loss of original genes and the purity of the KO strains. SeqPAXXXX-F and 

SeqPAXXXX-R were used as primer pairs and the products were subjected to 

sequencing.  

C 
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Discussion 

Step-wise protocol of novel method compared to laborious traditional ‘cut and 

paste’ method 

Despite the mature gene knockout methods in P. aeruginosa developed in the past 

decades, most of the conventional protocols published for vector construction in various 

papers can be described as Fig 5.0.4 (A) and (B). In Fig 5.0.4 (A), the ligation of PA-

up, PA-dn and antibiotic resistance gene are done by multiple rounds of digestions and 

ligations sequentially between DNA fragments and vectors, thus transformation and 

plasmid extraction are required every time for checking correct ligations. Method in Fig 

5.0.4 (B) is a variation from (A) and seems easier, but it requires the target gene to have 

at least one restriction site within the whole sequence and the insertion into this site to 

not cause a frameshift. In a project similar to this one, where a large number of knockout 

mutants need to be done, it would be very laborious for the researchers, adding up all 

the PCR, digestion and ligation steps in method (A). Method (B) may not even be 

approachable in many genes and even if approachable, a variety of restriction enzymes 

may be involved and it is not economical. Compared to these two well-established 

methods, the digestion and ligation of all DNA fragments involved can be done at the 

same time using the modified method decribed here with the transformation into E. coli 

and plasmid extraction needed only once. Besides, the confirmation of successful 

construct and transformation requires agar plates containing two antibiotics for the 

marker on the backbone of the vector and within the construct, thus raising the accuracy 

for positive selection. 

Worry-free PCR protocols in our novel method compared to SOE 

SOE method in Fig 5.0.4 (C) has much higher requirements on the primer design and 

PCR cycle condition optimization than normal PCR to new researchers. In some cases, 

the design of primer can be constrained by the target sequences, especially when the 

gene to be knocked out is relatively short and the options are limited. For example, there 

should not be secondary loop structure formed between the extended tag and main 

primer sequences while the rules on Tm (Tm of A, B’, B and C should all be close), 

frameshift (no frameshift should exist after deletion) and restriction sites (no restriction 

site of A and C should exist in two fragment amplified) should also be followed. 

Therefore, non-optimal primers might result in no amplification products or nonspecific 
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amplification products437. Also, when deleting a large number of genes, the optimal 

primer Tm and PCR conditions might all be different, thus a large number of PCR cycles 

and optimizations are needed. Furthermore, the primers used for SOE are normally 

longer than normal PCR so that the prices are much higher to purchase.    

Normally when generating P. aeruginosa knockouts, antibiotic resistance genes are 

included in the constructs for positive selection at least in the first a few steps. Whether 

this antibiotic resistance gene cassette is excised later or not is dependent on the purpose. 

If using SOE, two pairs of primers should be designed to meet SOE requirements and 

anneal two fragments and antibiotic resistance gene in the same tube as described 

previously311, resulting in even more difficulties in optimising PCR conditions. 

Compared to SOE, the requirements on primer design and PCR conditions are much 

lower in this modified method. All the primers only need to meet the normal criteria for 

PCR primer design with the addition of enzyme cutting sites to the 5’ ends. The PCR 

runs only need to follow the standard manufacturers’ guidance and troubleshooting. 

There is no need for further optimization of specific DNA amount and annealing 

temperature in PCR runs, which are critical in a successful SOE as the denatured DNA 

fragments themselves serve as single primers. For deletion of multiple genes, the primers 

for all genes can be easily designed with similar Tm and the same restriction site tags. 

The length of all PA-up and PA-dn can be designed within the same range so many tubes 

of PCR reaction for PA-ups and PA-dns from different genes can be done at the same 

time with the same PCR cycle. Besides, because all the PA-up and PA-dn have the same 

restriction site tags, digestion and ligation steps for annealing three parts together can 

also be done at the same time. Thus, compared to potential multi-time optimizations in 

SOE for different genes, this modified method is more straightforward and time-saving 

when multiple genes need to be done. The only step that needs optimization is the 

template amount for final amplification of the PA-up-Gm-PA-dn construct, i.e, the 

amount of ligation mix put into PCR system in Table 5.1.1 day 2. Since the efficiency 

of T4 ligase varies, the amount of successful ligation as useful template in PCR is 

difficult to predict. Thus, the quality of restriction enzymes and T4 ligase is crucial for 

successful ligation of three parts together in one step.  

 

 



185 

 

Alternative choices of suicide vectors and the drawbacks of the modified method 

pEX100T was adopted in this modified method and SmaI was chosen as the ligation site 

for construct and the vector. Hoang et al developed some variants of pEX100T 

containing MCS and cohesive end cutting sites, which are recommended for the ligation 

of vector and construct299. The option of EcoRI and HindIII were based on the fact that 

they produce cohesive end cutting sites and HF-EcoRI and HF-HindIII (High-fidelity 

with reduced star activity) are approachable. Other HF restriction endonucleases can 

also be chosen for the tasks with the only requirement being these two enzymes should 

not have corresponding cutting sites anywhere within the rest of vector backbone and 

the DNA fragments amplified by PCR. HF cohesive end restriction enzymes are always 

recommended to increase the efficiency of digestion. Despite Choi et al developing a 

gateway system311, it did not show obvious advantages for deleting genes in one strain. 

Instead, it introduces more intermediate vectors hence was not applied here. Many 

studies deleted the antibiotic resistance gene marker after the successful double 

crossover recombination by using Flp-FRT system due to the potential polar effect. Here 

the Gm marker in mutants was kept for positive selection in later subculture procedures 

since it was reported that Gm insertion does not create polar effect to downstream genes 

during gene disruptions438,439. 

In many cases, an unscarred deletion mutant is required when the antibiotic resistance 

genes cause polar effects or multiple deletions are desired. One of the most frequently 

used methods is Flp-FRT system, which can be infused into antibiotic resistance gene 

cassette for excision after the confirmation of correct mutants311. Hmelo et al extensively 

described a detailed protocol for generating seamless and unscarred deletion mutants 

without introducing antibiotic resistance gene and Flp-FRT system by using SOE436. 

However, using all the conditions given in that protocol, even in experienced hands only 

~50% colonies were genuine mutants while the rate is very dependent on the 

experimental procedures. For novice researchers, large-scale colony PCR may be 

required to distinguish WT and mutants. Thus, each method for generating deletion 

mutant has its own benefits and drawbacks shown in Table 5.1.2 and the choices are 

largely dependent on the purpose and accessibility. My modified method provides a 

reliable and straightforward way to generate a large number of deletion mutants when 

seamlessness is not one of the expectations and is particularly useful when the 

difficulties in optimising SOE are present.  
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Chapter 6 – Phenotypic analysis of 14 putative NO-

sensing genes in P. aeruginosa PAO1 c-di-GMP 

signaling network 

6.0.  Introduction  

Intracellular levels of c-di-GMP strongly influence biofilm characteristics, including cell 

morphology, motility control, EPS production and cell cycling. Diguanylate cyclase 

(DGC, GGDEF domain) and phosphodiesterase (PDE, EAL and HD-GYP domain) are 

responsible for the synthesis and hydrolysis of c-di-GMP, respectively. As many as ~1/3 

of all GGDEF domains and ~2/3 of all EAL are found in tandem in all bacterial and 

archael genera (https://www.ncbi.nlm.nih.gov/Complete_Genomes/c-di-GMP.html)153. 

Kulesekara et al reported that PAO1 encodes 17 different proteins with a DGC domain, 

5 with a PDE domain, and 16 that contain both of these domains as a fusion (DGC-

PDE)440. These tandems are frequently found downstream of a sensor domain that 

transmit environmental cues to these two domains regulating their activities. 

6.0.1 Genes targeted in this study 

As the aim of this study is to reveal through which protein(s) NO modulates intracellular 

c-di-GMP, the proteins with both sensor domains that potentially bind NO and c-di-

GMP modulating domains were therefore selected for investigation. PAS and MHYT 

domains were chosen as putative NO sensor domains with haem and copper binding 

sites respectively, despite the function of PAS not being constrained to NO sensing. In 

silico analysis showed that in PAO1, 13 proteins contain both PAS/MHYT and GGDEF 

and or EAL/HD-GYP domains. Moreover, a protein BdlA that only contains PAS and 

MA domains was reported to link between sensing environmental cues, c-di-GMP levels 

and biofilm dispersal296,441,442. Therefore, BdlA was also knocked out due to its potential 

NO sensing ability and its regulation on intracellular c-di-GMP despite the absence of 

GGDEF/EAL. The KO mutants were then subjected to phenotypic analysis to determine 

their functions in P. aeruginosa. Protein structures and enzymatic activity prediction of 

these 14 candidates are shown in Figure 6.0.1 using Universal Protein Resource (UniProt) 

and Simple Modular Architecture Research Tool (SMART).  

https://www.ncbi.nlm.nih.gov/Complete_Genomes/c-di-GMP.html
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Some of the candidate genes were named in previously published papers: pa0861 

(rbdA)272, pa1181(yegE)208, pa1423(bdlA)443, pa1727(mucR)147, pa3311(nbdA)146, 

pa4601(morA)404, pa4959(fimX)444, pa5017(dipA)445, of which pa1727 and pa3311 

contain MHYT instead of PAS. Here, analysis of biofilm-related phenotypes thought to 

be regulated by c-di-GMP levels were carried out for the 8 Tn mutants and 14 KO 

mutants, including (1) direct in vivo c-di-GMP level detection; (2) growth curves (cell 

division cycle); (3) biofilm dispersal with NO; (4) motility (swimming, swarming and 

twitching) and (5) EPS production. 
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Fig 6.0.1 Protein structures, GGDEF/EAL sequences, the amount of PAS/MHYT domains and 

transmembrane (TM) helices (blue rectangles) of 14 putative c-di-GMP regulators with NO sensing 

function. 
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6.0.2 Direct in vivo quantification of intracellular c-di-GMP 

Two methods are frequently used to determine intracellular c-di-GMP levels in P. 

aeruginosa, including HPLC for whole cell extracts446 and GFP reporter plasmids with 

a c-di-GMP responsive promoter300,447. HPLC results distinguish c-di-GMP from the 

whole cell substance and give absolute amount of c-di-GMP in the cells, but the 

extraction procedures and reagents may cause drastic changes in the global c-di-GMP 

level446. GFP reporter plasmids (PcdrA::gfp) were constructed by Rybtke et al 

transcriptionally fusing the cyclic di-GMP-responsive cdrA promoter to GFP genes300. 

As a result, it can only indicate the relative c-di-GMP levels by detecting fluorescence 

signals rather than calculating the exact concentrations. However, reporter method does 

not involve disrupting the cell integrity or the addition of reagents so can reveal the real-

time c-di-GMP amounts. In this study, GFP reporter was used for real time in vivo c-di-

GMP gauging in 14 KO mutants and PAO1 WT planktonic cells. NO was also added to 

the cell culture for observing c-di-GMP level alteration. 

6.0.3. Cell growth and colony morphologies 

c-di-GMP was reported to be related to cell cycle in C. crescentus, and the conclusion 

was c-di-GMP promoted cell cycle progression345. So far, no further research reported 

the relationship between intracellular c-di-GMP and cell cycle in P. aeruginosa, which 

is worth looking into for the importance of cell growth in biofilm formation. 

Wrinkly colony morphology was found in Pel overexpressed PAO1, and it was well 

established that pel transcription is closely linked to c-di-GMP level448. Hence, growth 

curves of 14 KO strains were compared to WT and their colony morphologies were 

observed for their potential links to Pel and intracellular c-di-GMP levels. 

6.0.4. Biofilm dispersal in the presence of NO 

NO was reported to be both inhibiting biofilm formation and triggering dispersal of pre-

established ones through reducing intracellular c-di-GMP levels242. The potential 

mechanism was proposed where NO binds to NO sensors (PAS or MHYT in this study) 

located upstream of/in contact with DGCs and PDEs modulating their enzymatic 

activities, thus changing intracellular c-di-GMP level and biofilm phenotypes. If this 

hypothesis is correct, at least one of the DGC/PDE candidates chosen in this study 

should be serving as a NO sensor and triggering c-di-GMP turnover. When this protein 
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is lost, it will diminish the effect of NO on decreasing intracellular c-di-GMP. To achieve 

NO induced c-di-GMP level changes in vivo, two possible mechanisms are proposed as 

shown in Fig 6.0.4. If the protein serves as DGC and the addition of NO impairs its 

activity, this DGC should be highly active in vivo so that its inactivation would 

drastically reduce intracellular c-di-GMP level. If the protein serves as a PDE and the 

addition of NO activates this PDE, this PDE may be either non or low activate in vivo, 

as the activation/enhancement of its activity causes a drop in intracellular c-di-GMP. In 

this study, 250µM S150 as suggested in chapter 3 was applied to pre-established 

biofilms of 14 KO strains and the biofilm reduction percentages were compared to WT. 

Data were also analysed along with in vivo c-di-GMP determination results to reveal the 

link between NO sensing, c-di-GMP level alteration and biofilm dispersal in these KO 

strains.  

 

Fig 6.0.4  Two possible mechanisms of NO induced c-di-GMP turnover in vivo 

 

6.0.5. Motility 

Swimming motility is a mode of bacterial movement powered by rotating flagella that 

takes place as individual cells move in liquid environments, such as 0.3% agar where all 
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the porous gaps are filled with water449. Twitching motility is surface motility powered 

by the extension and retraction of type IV pili that confers slow cell movement, such as 

at the bottom of a petri dish with nutrient agar above to supply growth condition449. 

Swarming motility is multicellular bacterial surface movement powered by rotating 

flagella449. Although both powered by rotating flagella, swimming motility in P. 

aeruginosa is a unicellular behaviour that only requires a single polar functional 

flagellum and can move as few as a single cell, while swarming occurs in multicellular 

groups that requires coordinated bulk movement. Additionally, the number of flagella 

on the cell surface can increase during the transition from swimming to swarming. Some 

species such as Rhodosprillum centenum must form multiple peritrichous flagella to 

conduct swarming when single polar flagellum is sufficient for swimming, while P. 

aeruginosa that swims with a single polar flagellum may produce two polar flagella 

when swarming449. Peritrichous flagella produced by some species during swarming 

bundle together when they are rotating to increase flagellar stiffness and make force 

generation more efficient in viscous liquids, while species incapable of producing 

peritrichous flagella such as P. aeruginosa synthesizes an alternative motor specifically 

required to propel movement on surfaces and through viscous environments449.  

The bulk coordination and additional flagella synthesis controlled by gene expression 

suggested that apart from the alteration of flagella movement triggered by different 

viscosities, cell signalling might also be involved in swarming events compared to 

swimming. Previous reports have demonstrated links between QS signalling450 and c-

di-GMP level451,452 to swarming behaviour in P. aeruginosa. Two proteins that 

significantly alter intracellular c-di-GMP levels, SadC (DGC) and BifA (PDE), were 

found to regulate SadB which modulates flagellar reversal rates and affects 

swarming218,219,453. MotAB and MotCD participating in the rotation of P. aeruginosa 

single polar flagellum were linked to c-di-GMP level216. MotCD stator is responsible for 

driving swarming motility and MotAB stator is unable to support swarming. When c-

di-GMP level increases, MotAB displaces MotCD from the motor, which in turn 

promotes the interaction between MotA and FliG, resulting in the repression of 

swarming216. Furthermore, Barraud et al proved that the addition of SNP decreased 

intracellular c-di-GMP level and increased the swarming zone in P. aeruginosa9. Apart 

from flagella, several reports also linked Type IV pili (TFP) to swarming patterns454,455. 
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However, the role of TFP in swarming and whether the behaviour of pili gene/protein is 

influenced by c-di-GMP remain unknown.  

The best-established relationship between DGC/PDE and twitching motility of PAO1 

was through FimX. Huang et al first highlighted the involvement of FimX in twitching 

motility in response to environmental signals226. Absence of FimX results in pilus 

assembly defect, with the surface pilin expression markedly reduced but whole cell pilin 

remains unchanged227. FimX contains PAS-REC-GGDEF-EAL, of which both GGDEF 

and EAL domains are essential to FimX functions but only PDE activity was presented 

in vitro228. However, Jain et al found deleting FimX did not influence intracellular c-di-

GMP level and FimX is only required for the assembly of pili when intracellular c-di-

GMP level is low, while this demand is bypassed if intracellular c-di-GMP level 

increases227. The authors proposed that due to the high-affinity of FimX EVL for c-di-

GMP, FimX can promote TFP assembly when intracellular levels of c-di-GMP are 

low456. All these suggested that FimX might not be regulating twitching through altering 

intracellular c-di-GMP level, but instead its function in vivo is influenced by intracellular 

c-di-GMP. Residues within FimX REC domain are in charge of localizing FimX to the 

pole as well as the localization of type IV pili at cell surfaces, while the enzymatic 

activity further restricts FimX to a single pole444. This specific localization and the 

existence of sensor PAS domain suggested the potential models where FimX responses 

to environmental stimuli and alters twitching through changing localized c-di-GMP 

pool227, or the environmental stimuli changes intracellular c-di-GMP through other 

proteins but affects FimX function locally.  

Although c-di-GMP is found to bind to specific receptors that interact with flagella rotor 

proteins and control the swimming direction in enteric bacteria E. coli and S. 

enterica153,214,215, up to now, no clear mechanism was revealed for the regulation of c-

di-GMP on swimming motility in PAO1. Petrova et al reported that inactivation of DipA 

which showed PDE activity significantly reduced the swimming zones457. An et al 

reported a reduced swimming motility of ∆rbdA272 with the protein showing PDE 

activity as well. However, the link between these two proteins and swimming motility 

cannot confirm a direct link between intracellular c-di-GMP level and swimming pattern 

as the alteration might be due to gene specific regulation.  
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In this study, all these three types of motility assays were performed on PAO1 KO strains. 

Along with the in vivo c-di-GMP level quantification, it is possible to provide more 

information on the relationship between intracellular c-di-GMP level and motility, as 

well as discover more proteins involved in the regulation apart from previous reported. 

6.0.6. EPS production 

Most frequently found components in P. aeruginosa EPS include polysaccharides, 

proteins and eDNA10. Other molecules such as rhamnolipids also contributes to EPS and 

participates in initial microcolony formation, surface-associated bacterial migration, 

formation of mushroom-shaped structures, preventing colonization of channels and 

biofilm dispersion458.  

Although three types of polysaccharides including alginate, Pel and Psl were found in 

Pseudomonas aeruginosa strains, the alginate gene is found abundantly in mucoid 

strains but not in PAO1 laboratory strain459. PAO1 has two loci expressing both Pel and 

Psl as its EPS components230,460,461. Pel is a glucose-rich polysaccharide of which the 

detailed chemical structure has not been elucidated thus far, whereas Psl consists of a 

repeating pentasaccharide unit containing D-mannose, D-glucose and L-rhamnose458,462. 

Ueda et al and Lee et al reported that c-di-GMP stimulated EPS production in PA14 

through increasing pel expression, and Hickman et al further proved that c-di-GMP 

regulated pel transcriptionally through FelQ as a c-di-GMP binder in PAO1233. Whitney 

et al reported that PelD is a c-di-GMP receptor that is involved in exopolysaccharide 

assembly197. With lots of evidence showing a clear regulating relationship between c-

di-GMP and Pel, however, Colvin et al reported that c-di-GMP was a poor indicator of 

Psl230.  

Apart from polysaccharides, a vast array of proteins also make up of a considerable 

amounts of EPS component on a mass basis458, of which enzymes and structural proteins 

are the two major categories. Most of the enzymes detected in EPS are involved in 

biodegradation of biopolymers to low-molecular-mass products that can then be taken 

up and utilized as carbon and energy sources, or further degrade structural EPS to 

facilitate dispersal procedure458. Other enzymes act as virulence factors during infectious 

processes. These extracellular enzymes can be efficiently retained in the biofilm matrix 

by interacting with polysaccharides which enhances the thermostability458. The 

structural proteins in the matrix include cell surface-associated and extracellular 
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carbohydrate-binding proteins (lectins) for crosslinking and structural stability of EPS. 

As c-di-GMP is involved in regulation of transcription and translation, it is logical to 

suspect that c-di-GMP level can be linked to some protein expression before their 

secretion into extracellular matrix. Borlee et al reported that CdrA is expressed in 

response to high c-di-GMP, e.g. in biofilms, which contributes to biofilm structural 

integrity by maintaining Psl association238.  

eDNA is an integral part of the EPS and biofilm mode of life, which in P. aeruginosa 

biofilms functions as an intercellular connector463,464. In P. aeruginosa biofilms eDNA 

and genomic DNA seemed to be identical, which very likely comes from lysed cells 

although active excretion of DNA cannot be excluded458,465,466. Ueda and Wood showed 

in P. aeruginosa PA14, the deletion of a tyrosine phosphatase tpbA significantly 

elevated intracellular c-di-GMP and enhanced cell lysis, which resulted in more eDNA, 

Their work suggested that intracellular c-di-GMP might be controlling cell lysis but 

further tests on other DGC/PDEs should be applied. Despite this, thus far to my 

knowledge there are no other reports proving a link between c-di-GMP and PAO1 

bacterial cell lysis, hence the link in PAO1 remains controversial. On the other hand, 

more evidences were reported suggesting the link between QS and cell lysis in P. 

aeruginosa467,468,469, and the more cell lysis the more DNA are released into EPS 

forming eDNA.   

Rhamnolipids have been reported to greatly influence biofilms formation. Klausen et al 

claimed that rhamnolipid facilitated swarming motility and thus biofilm 

establishment470–472. An et al showed that ∆RbdA produced less rhamolipids and 

swarming zones272. Pamp et al not only reinforced this finding, but showed that 

rhamnolipid facilitated twitching motility as well473. Furthermore, the authors provided 

more detailed evidence that the formation of the cap portion of the mushroom-shaped 

structures in P. aeruginosa biofilms is facilitated by biosurfactant production, which is 

also necessary for the formation of initial microcolonies473. However, Shrout et al 

suggested that rhamnolipids are not critical for swarming motility and it was nutrition 

dependent68. The discrepancy of the link between rhamolipids and swarming might have 

come from different culturing mediums and methods. 

Mature biofilms are highly hydrated structures consisting of microcolonies surrounded 

by large void spaces. These void spaces allow fluids to constantly change the distribution 
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of nutrients and oxygen as well as remove metabolic end products474. When previous 

studies showed the formation of these void spaces is an active process involving in 

quorum sensing and motility, Davey et al reported that P. aeruginosa utilizes 

rhamnolipid surfactants to actively maintain the void spaces surrounding macrocolonies 

after channels form, and mutants lacking rhamnolipids production formed much thicker 

but more homogenous biofilms474.  

Apart from participating in biofilm formation and structure maintenance, rhamolipids 

was also reported to be involved in “central hollowing” in biofilm dispersal. Boles et al 

reported that the cells at the centre of the biofilm were much more susceptible to 

externally added rhamnolipids leading to detachment processes compared to biofilm 

peripheries21. Rhamnolipids secreted by peripheral bacteria would induce the separation 

of cells from the biofilm centre. 

It seems that rhamnolipids are involved in nearly all stages of biofilm life cycles and it 

would be logical to deduce that c-di-GMP might be one of the regulators of rhamnolipids. 

An et al reported that RbdA acted as a phosphodiesterase in P. aeruginosa which 

positively regulates motility and the production of rhamnolipids272. However, Ueda et 

al claimed that loss of a phosphodiesterase PA3885 in P. aeruginosa PA14 increased 

intracellular c-di-GMP but did not affect rhamnolipids475. Losing a PDE BifA resulted 

in significantly higher intracellular c-di-GMP but did not exert influences on 

rhamnolipids production as well218. Hence, despite the deep investigations, the link 

between c-di-GMP level and rhamnolipids production has not been clarified. On the 

other hand, the link between quorum sensing and rhamnolipid has been well established 

where three QS molecules 3-oxo-C12-HSL, C4 -HSL and PQS are controlling 

rhamnolipids production21,476,477, Therefore, it is suspected that c-di-GMP is not a 

direct/major indicator of rhamnolipid production, but might be involved in the regulation 

of certain genes that are involved in rhamnolipids.  

In this study, EPS was extracted from KO mutants biofilms followed by determination 

of their total exopolysaccharides and total protein amount. Data may help to discover 

more proteins involved in EPS regulation. Due to a large amount of DGC/PDE 

candidates were tested, it might also shed lights on the potential general/proportional 

relationship between intracellular c-di-GMP level and EPS compositions.  



196 

 

Various EPS extraction protocols have been developed, including physical methods 

such as centrifugation, heating, filteration and ultrasonication etc, as well as chemical 

methods such as EDTA, formaldehyde and formaldehyde plus NaOH and cation-

exchange resin etc. However, various conclusions from different publications led to 

uncertainty and non-comparability of results. For example, Liu and Fang reported that 

formaldehyde plus NaOH method obtained more EPS from sludge than EDTA and 

cation exchange resin methods478. Comte et al claimed that heating induces the 

hydrolysis of EPS, while chemical reagents strongly affectes the composition of EPS479. 

Zhang et al reported that different methods resulted in different yields in carbohydrates 

and proteins respectively480. Therefore, it is clearly extremely difficult to precisely 

isolate pure and whole EPS components, because some of the EPS fraction remains 

bound to the bacteria, and most methods inevitably damage cells, causing intracellular 

material to leak into the matrix. Here, the formaldehyde-NaOH method that has been 

extensively applied in extracting EPS in Pseudomonas sludge314,478,481 was adopted to 

extract EPS, while total carbohydrates and protein were chosen for investigation to 

represent the EPS production ability of different strains458.  

Different methods have been established to quantify exopolysaccharides. Irina 

Sadovskaya developed a method for quantification of mannose specific to Psl in EPS 

which is absent in other contaminating carbohydrates462. Mannose is quantified by gas 

chromatography after acid hydrolysis of samples and conversion into volatile alditol 

acetates using myo-inositol as an internal standard462. Due to the lack of knowledge on 

Pel structure, Pel specific quantification method has not been developed so far. Many 

researchers used Congo red as the indicator of Pel production475,482–484. Congo red binds 

to amyloid fibers and cellulose and the dye molecule is sandwiched between protein 

molecules, causing protein oligomerization485. Hence, CR is not suitable to be 

considered as a specific reagent for the quantification of exopolysaccharides462. 

Considering the intention of quantifying total polysaccharides including Pel and Psl in 

different strains, H2SO4-phenol method was used in this study. This method detects 

nearly all classes of carbohydrates, including mono-, di-, oligo-, and polysaccharides. 

Concentrated H2SO4 breaks down any polysaccharides, oligosaccharides, and 

disaccharides to monosaccharides. Pentoses and hexoses are then dehydrated to furfural 

and hydroxymethyl furfural respectively. These compounds react with phenol to 
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produce a yellow-gold colour, providing a simple and rapid colorimetric measurement 

method486.  

Due to the complexity of protein components in P. aeruginosa and the lack of necessity 

to determine specific ingredients in high-throughput screening assay, Bradford protein 

assay kit was applied for evaluating total protein. It has great variability and 

compatibility with a range of possible contamination from EPS extraction steps, 

including reducing agents, chaotropic and chelating agents, metals, protease inhibitors 

and DNA. 

Although eDNA and rhamnolipids are also important EPS components, they were not 

measured for these 14 KO strains due to the more possible regulation from QS rather 

than intracellular c-di-GMP. However, our candidate DGC/PDEs might regulate eDNA 

and/or rhamnolipids in a more genetically specific manner or through modulation of 

localized c-di-GMP pool. Future work can include the quantification of eDNA using 

fluorescence dye and rhamnolipids using drop-collapse assays. 
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Results 

6.1. Phenotypic analysis of 14 KO strains 

6.1.1. In vivo intracellular c-di-GMP determination 

Planktonic cell culture conditions and GFP fluorescence detection method were 

described in 2.13. Apart from planktonic cells, PAO1 WT PcdrA::gfpTc biofilms were 

grown in MatTek plates for real time c-di-GMP level detection in biofilm. Previous 

experiments showed that biofilms did not grow properly with 75µg/ml tetracycline (data 

not shown), hence PAO1 WT + c-di-GMP reporter was grown in normal M9 and 

subjected to CLSM using PAO1 WT as control. Biofilms were grown at 22℃, 30℃ and 

37℃ due to their very different biofilm structures and potentially different c-di-GMP 

levels. 
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Fig 6.1.1 (A) Comparison of relative intracellular c-di-GMP levels in different KO strains after 24hrs 

planktonic cultures. The total fluorescence intensity was measured using a 485-nm sharp-cut excitation 

filter and a 520-nm sharp-cut emission filter with a gain of 1500 on BMG LABTECH FLUOSTAR plate 

reader and normalized by corresponding OD value of the same culture to obtain relative fluorescence 

intensity in individual cells. Welch T-test was carried out to compare the PAO1 WT and KO mutants. 

Data represent data means of n=4 of 3 biological replicates, *** represents p<0.01, ** represents 

0.01<p<0.05. (B) Selective CLSM images of 3 d old PAO1 WT biofilms and PAO1 WT PcdrA::gfp 

biofilms grown at different temperatures. The excitation intensity applied to PAO1 WT PcdrA::gfp biofilms 

was 3 times more than PAO1 WT in order to magnify the signals. Arrow points to the same PAO1 WT 

PcdrA::gfp biofilm stained with SYTO-9 but exposed to the same excitation. Scale bar = 25µm.  

PAO1 WT 30℃ 3d PAO1 WT PcdrA::gfp 30℃ 3d 

PAO1 WT 22℃ 3d PAO1 WT PcdrA::gfp 22℃ 3d 

Add SYTO-9 and with 

same excitation 
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As shown in Fig 6.1.1 (A), ∆pa0285, ∆rbdA and ∆dipA showed a stronger increase in 

intracellular c-di-GMP level compared to PAO1 WT (1.58, 1.44 and 1.76 fold 

respectively, p<0.01) while ∆nbdA and ∆morA showed less but still a significant 

increase (1.28 and 1.21 folds respectively, 0.01<p<0.05). In contrast, ∆pa5442 showed 

a decrease in intracellular c-di-GMP level (1.27 fold reduction, p<0.01). Other strains 

exhibited nearly the same cellular c-di-GMP level compared to PAO1 WT.  

Fig 6.1.1 (B) demonstrated that generally, PAO1 WT with PcdrA::gfp reporters exhibited 

very weak fluorescent signals. However, the excitation intensity applied to PAO1 WT 

PcdrA::gfp biofilms was 3 times compared to the control with SYTO-9 staining. There is 

a possibility that PAO1 WT PcdrA::gfp form less biofilm compared to WT. Therefore, 

after the images of 3 d 22℃ PAO1 WT PcdrA::gfp biofilms were taken under CLSM, the 

same biofilms were subjected to SYTO-9 staining and observed. The results pointed by 

the arrow indicated that when using 3 times excitation intensity, over-exposed PAO1 

WT PcdrA::gfp biofilms with SYTO-9 staining clearly showed much less biomass and 

different architectures compared to WT, indicating the in trans reporter plasmid might 

adversely affect biofilm formation at least under MatTek batch culture system. 

Therefore, c-di-GMP detection was not carried out for mutants biofilms currently. In 

order to detect in situ c-di-GMP levels in biofilms, other biofilm culture systems should 

be tested in the future. Furthermore, a dye with different excitation and emission 

wavelengths compared to GFP fluorescence protein can be used to stain the cell mass so 

that c-di-GMP signal can be normalized for comparison.  

6.1.2. Growth curves and colony morphologies 

Growth curves were measured in microtiter plates as described in 2.5.1. All the mutants 

were plated onto Cetrimide P. aeruginosa selective agar plates with the same humidity 

and thickness.  
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Fig 6.1.2 (A) Growth curves of ∆pa0285 and ∆dipA compared to PAO1 WT. (B) P. aeruginosa PAO1 

WT and ∆pa0285 Cetrimide agar plates. 

All KO strains growth curves are shown in Appendix Fig A1. 12 out of 14 strains showed 

similar curves as WT except for ∆pa0285 and ∆dipA. In Fig 6.1.2 (A), they showed 

significantly different growth curves compared to PAO1 WT, with Δpa0285 constantly 

grew slower than WT within exponential phase while ΔdipA showed diauxic curves.  

All colony morphologies of KO strains on Cetrimide agars are shown in Appendix Fig 

A2. 13 out of 14 strains showed the same morphologies as WT except for ∆pa0285. In 

Fig 6.1.2 (B), ∆pa0285 showed smaller and different colony morphology, similar to 

some CF isolates strains. Furthermore, the pigment of ∆pa0285 was reduced compared 

to the obvious green colour of PAO1 WT. Cetrimide enhances the production of 

A 

B 
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pyocyanin in P. aeruginosa, therefore, the lack of pigment in ∆pa0285 indicated that it 

might be deficient in pyocyanin synthesis. These data are the first to show the potential 

link between PA0285 and PAO1 pigment/pyocyanin synthesis. 

6.1.3. 2 d and 3 d batch cultured KO mutant biofilms  

Optimal MatTek culturing conditions for PAO1 WT were determined in chapter 3 where 

maturation stages with obvious and growing microcolonies occurred after 2-3 d. Hence, 

KO mutant biofilms were grown in MatTek plates for both 2 d and 3 d in order to observe 

and compare their 3D structural characteristics. CLSM images were subjected to 

COMSTAT analysis and four indexes (biomass, mean thickness, surface coverage and 

roughness coefficient) were calculated to reflect the characteristics.   

2 d Biomass Mean thickness Surface coverage Roughness coefficient 

PAO1 WT 2.96±2.88 4.27±1.79 52.60±22.81% 0.81±0.37 

∆pa0285 4.38±1.53 6.33±3.05 65.20±11.26% 0.56±0.20 

∆pa0290 3.08±0.87 5.30±2.45 60.41±12.30% 0.71±0.12 

∆pa0338 1.76±0.82 4.06±1.74 46.44±26.58% 1.28±0.28 

∆pa0575 1.55±0.88 3.82±1.53 42.81±23.36% 1.29±0.27 

∆pa0847 2.41±1.69 4.23±1.89 51.69±32.31% 1.22±0.27 

∆rbdA 6.33±1.82 7.50±2.83 77.67±17.22% 0.66±0.23 

∆yegE 2.26±1.24 4.26±0.98 48.29±28.95% 1.26±0.23 

∆bdlA 2.30±1.37 3.96±2.49 52.66±14.94% 0.69±0.26 

∆mucR 1.99±1.22 3.63±1.92 46.02±14.08% 0.80±0.32 

∆nbdA 1.57±0.72 3.39±1.19 40.38±12.32% 0.86±0.34 

∆morA 1.85±0.94 3.94±2.06 46.56±10.52% 0.73±0.26 

∆fimX 1.22±0.81 3.96±2.02 30.43±17.64% 0.96±0.52 

∆dipA 3.63±2.38 4.34±1.79 64.73±14.67% 0.46±0.21 

∆pa5442 1.86±1.06 3.71±1.18 44.99±15.66% 0.79±0.39 

Table 6.1.3 (A) The comparison of biomass, mean thickness, surface coverage and roughness coefficient 

between 2 d old KO mutants and PAO1 WT. Bold texts with red highlight represent an index is 

significantly higher than WT. Bold texts with green highlight represent an index is significantly lower 

than WT.  
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Table 6.1.3 (B) The comparison of biomass, mean thickness, surface coverage and roughness coefficient 

between 3 d old KO mutants and PAO1 WT. Bold texts with red highlight represent an index is 

significantly higher than WT. Bold texts with green highlight represent an index is significantly lower 

than WT.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 d Biomass Mean thickness Surface coverage Roughness coefficient 

PAO1 WT 6.30±1.83 6.85±2.43 96.76±4.42% 0.18±0.07 

∆pa0285 3.83±1.13 4.37±0.75 76.41±8.15% 0.53±0.19 

∆pa0290 8.28±2.86 6.03±1.35 97.88±3.08% 0.14±0.04 

∆pa0338 7.36±4.39 6.23±1.91 87.04±19.86% 0.19±0.03 

∆pa0575 9.23±3.35 7.41±2.09 99.58±0.85% 0.20±0.06 

∆pa0847 5.82±3.29 6.94±1.08 95.22±5.51% 0.26±0.13 

∆rbdA 7.15±3.58 7.73±1.87 90.31±11.87% 0.37±0.15 

∆yegE 9.21±2.47 6.98±1.26 99.88±0.16% 0.19±0.05 

∆bdlA 7.42±4.63 8.13±2.07 92.49±8.18% 0.26±0.13 

∆mucR 10.08±3.33 7.10±1.89 98.56±4.20% 0.19±0.07 

∆nbdA 6.14±3.72 8.36±1.63 88.64+16.66% 0.12±0.05 

∆morA 8.79±4.10 7.73±0.96 98.19±3.39% 0.19±0.03 

∆fimX 1.74±0.58 4.46±1.63 45.57±13.52% 0.88±0.19 

∆dipA 6.13±2.21 6.60±0.76 98.59±1.98% 0.23±0.09 

∆pa5442 5.80±2.63 6.60±1.35 90.64±13.03% 0.25±0.13 
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Table 6.1.3 (C) The development of biomass, mean thickness, surface coverage and roughness coefficient 

in KO mutants and PAO1 WT biofilms from 2d to 3d. Bold texts with red highlight represent an index is 

significantly different from WT and unhighlighted strains, suggesting a distinct biofilm formation pattern.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2d - 3d Biomass Mean thickness Surface coverage Roughness coefficient 

PAO1 WT 112.99% 60.35% 83.94% -63.58% 

∆pa0285 -12.39% -30.96% 17.20% -5.06% 

∆pa0290 168.91% 48.41% 62.02% -80.81% 

∆pa0338 318.83% 53.53% 87.41% -82.57% 

∆pa0575 494.39% 94.05% 132.59% -88.60% 

∆pa0847 141.29% 63.93% 84.21% -89.00% 

∆rbdA 13.04% 3.01% 16.27% -72.46% 

∆yegE 307.09% 63.65% 106.85% -88.25% 

∆bdlA 222.06% 105.33% 75.64% -81.51% 

∆mucR 406.74% 95.52% 114.15% -83.42% 

∆nbdA 290.30% 146.51% 119.53% -86.29% 

∆morA 375.48% 96.46% 110.86% -84.79% 

∆fimX 43.38% -14.00% 49.40% -10.24% 

∆dipA 68.93% 52.07% 52.32% -66.98% 

∆pa5442 212.86% 77.93% 101.47% -84.31% 

3 d PAO1 WT biofilm  2 d PAO1 WT biofilm  E 

2 d ∆pa0285 biofilm  3 d ∆pa0285 biofilm  
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Fig 6.1.3 Selective CLSM images of 2 and 3 d old PAO1 WT, ∆pa0285, ∆rbdA and ∆fimX biofilms in 

MatTek plates. Scale bar = 25µm. 

Representative CLSM images of 2 and 3 d biofilms of ∆pa0285, ∆rbdA and ∆fimX are 

shown here due to their significantly different biofilm architectures compared to PAO1 

WT and other KO mutants. Representative CLSM images of 2 and 3 d biofilms for all 

the KO mutants were shown in Appendix Fig A3 and A4.  

Results in Table 6.1.3 have shown: 

(1) ∆pa0338, ∆pa0575, ∆nbdA and ∆morA formed significantly less biomasses than WT 

after 2 d (p<0.05), but after 3 d biomasses exhibited no difference from WT (p>0.05), 

suggesting these 4 mutants have the same biofilm formation and maturation abilities as 

2 d ∆rbdA biofilm  3 d ∆rbdA biofilm  

3 d ∆fimX biofilm  2 d ∆fimX biofilm 
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WT. They might be slower in initial attachment that caused lower biomasses after 2 d, 

which may or may not be influenced by MatTek plates surfaces. However, once the 

biofilms started to establish, the mature structure developed well so after 3 d the 

biomasses were the same as WT (p>0.05).  

(2) Roughness coefficient reflects structural heterogeneity of biofilms and surface 

coverage reflects bacterial attachment to surfaces. ∆pa0338, ∆pa0575, ∆pa0847, ∆yegE 

and ∆dipA showed significantly different roughness coefficient numbers compared to 

WT in 2 d biofilms as shown in Table 6.1.3 (A), but no differences after 3 d. ∆pa5442 

only showed a much lower surface coverage after 2 d but not 3 d. Hence, it was 

suggested these inconsistency might have come from the influences from MatTek plate 

surfaces micro-niches more than the characteristics of mutants.  

(3) ∆rbdA might have stronger initial attachment/EPS production abilities so that after 2 

d the total biomass, mean thickness and surface coverage were much higher than WT 

shown in Table 6.1.3 (A). This was supported by visual judgement from Fig 6.1.3 where 

the microcolonies in ∆rbdA biofilms were significantly larger and thicker than WT after 

2 d. However, the biofilm might have developed slower afterwards, or some 

microcolonies started entering dispersal stage while the new attachment continued, so 

after 3 d these 3 indexes were similar to WT (p>0.05). This hypothesis may be supported 

by Table 6.1.3 (C) where the biomass and surface coverage of ∆rbdA biofilms increased 

much less than WT from 2-3 d, while the mean thickness did not increase (p>0.05). 

(4) ∆pa0285 may have similar or even stronger initial attachment ability compared to 

WT at the early stage of biofilm development. After 2 d the biomasses of ∆pa0285 and 

WT showed no difference (p>0.05), while the mean thickness and surfaces of ∆pa0285 

were much higher. However, once the biofilms were established, ∆pa0285 biofilms 

might have developed slower than WT, or entered dispersal stage earlier than WT, so 

that after 3 d the biomass, mean thickness and surfaces coverage were significantly 

lower than WT (p<0.01). This hypothesis may be supported by Table 6.1.3 (C) where 

the biomass and surface coverage of ∆pa0285 increased much less than WT from 2-3 d, 

while the mean thickness even decreased (p<0.01).  

(5) ∆fimX biofilms kept showing less biomasses, mean thickness and surface coverage 

compared to WT after 2 and 3 d as highlighted in Tables. Furthermore, as shown in 
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Table 6.1.3 (C), the increases in biomass, mean thickness and surface coverage of ∆fimX 

biofilms from 2-3 d were much less than WT, suggesting a slow biofilm development. 

All these indicated that PAO1 biofilm formation ability may be impaired when losing 

FimX. 

(6) The architectures of mature (3 d) biofilms of ∆pa0285, ∆rbdA and ∆fimX exhibited 

pronouncing differences compared to WT. Although Table 6.1.3 (B) showed that the 

roughness coefficient of these three KO mutants were all significantly higher than WT 

suggesting higher heterogeneities, the CLSM images in Fig 6.1.3 showed that the 

heterogeneities were contributed by very different 3 D structures. ∆rbdA constantly 

showed larger and thicker microcolonies compared to WT after 2 and 3 d. In contrast, 

the base layers of ∆pa0285 and ∆fimX biofilms appeared less compact than WT (and 

other KO mutants, images shown in Appendix Fig A4) with multiple spatial gaps. This 

visual judgement was supported by their much lower surface coverage percentages 

compared to WT in Table 6.1.3 (B). Furthermore, when WT showed typical round-shape 

microcolonies in both 2 and 3 d biofilms, no substantial microcolonies were observed in 

∆pa0285 and ∆fimX biofilms.  

In summary, 11 out of 14 KO mutants exhibited similar biofilm development abilities 

compared to PAO1 WT despite the slight discrepancies in initial attachment and 

development speeds. They kept developing biofilms maturation stages from 2-3 d with 

significantly increased biomass, mean thickness and surface coverage percentages as 

shown in Table 6.1.3 (C), while the heterogeneities decreased from 2-3 d. These 

conclusions were visually supported by CLSM images in Appendix Fig A3 and A4. 

After 3 d, these 11 KO strains formed very dense base layers that continuously occupied 

the total field of view on top of which some substantial 3D structured microcolonies 

developed, while after 2 d the biofilms base layers were not fully occupying the 

substratum with microcolonies found at random locations. The side views of these 

CLSM images appeared more uniform after 3 d than after 2 d. These results suggested 

that during biofilm development in MatTek plates, the first settled down cells started to 

assemble microcolonies, some of which can be larger and more mature probably due to 

the variance of attachment surface micro-niches. With maturation, closely located 

microcolonies grew to join each other and formed a “dense and flat mat”. Exceptions 

were found for ∆pa0285, ∆rbdA and ∆fimX. ∆rbdA showed hyper-biofilm phenotype 
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forming much larger aggregates during the early biofilm formation stage (< 2 d), but the 

development slowed down from 2-3 d. ∆pa0285 and ∆fimX showed less ability in 

forming mature biofilm structures after 3 d and were lack of both condense base layer 

and substantial microcolonies. This was probably due to the deficiency in surface 

attachment, as the biofilms of these two mutants showed much lower surface coverage 

percentages. Therefore, it was concluded that PA0285, RbdA and FimX influence P. 

aeruginosa PAO1 biofilm structural development.  

6.1.4. Motility of 14 KO mutants 

Motility assays were performed as described in 2.6. For swimming and twitching assays, 

each plate contains two KO mutants and one PAO1 WT to minimize the influence from 

technical variances. For swarming assays, each plate contains only one strain due to the 

large surface occupation, but the plates resourced from the same bottle of agar were used 

for 5 KO mutants and PAO1 WT for comparison. Therefore, a summary of KO mutant 

motility data compared to PAO1 WT was shown in Table 6.1.4, while the raw data are 

shown in groups in Appendix Fig A5-A8.  

 Swimming Swarming Twitching 

PAO1 WT + + + 

∆pa0285 --- /  (distinct pattern) --- 

∆pa0290 / / / 

∆pa0338 --- -- / 

∆pa0575 / / / 

∆pa0847 / / / 

∆rbdA / -- / 

∆yegE +++ / / 

∆bdlA / / / 

∆mucR +++ / / 

∆nbdA / / / 

∆morA ++ / / 

∆fimX --- +++ (distinct pattern) --- 

∆dipA --- --- / 

∆pa5442 / / / 
 

Table 6.1.4. Comparison of swimming, swarming and twitching motilities between KO mutants and WT. 

The motilities of PAO1 WT were used as control and shown as +. ++ represents significant increase 

compared to WT (0.01<p<0.05), +++ represents significant increase compared to WT (p<0.01), -- 

represents significant decrease compared to WT (0.01<p<0.05), --- represents significant decrease 

compared to WT (p<0.01). / represents no difference compared to PAO1 WT. 
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Fig 6.1.4. Selective images of KO mutants swimming agar plates (A), swarming agar plates (B) and 

twitching agar plates (C). Scale bar = 1cm. KO mutants with distinct motilities compared to WT are 

highlighted. 

Results from both Table 6.1.4 and Fig 6.1.4 showed:  

(1) Δpa0285 and ΔfimX both showed significantly reduced swimming motility (~60% 

reduction on swim areas from both mutants compared to WT, p<0.01) and abolished 

twitching motility, while the swarming patterns were unexpectedly altered. However, 

∆pa0285 was shown in 6.1.2 to have much slower growth rate and smaller colonies 

sizes compared to WT and other KO strains. Since swimming and twitching plates 

were consist of nutrient medium, it was possible the reduced swimming and 

twitching zone came from lower bacteria population rather than the deficiency in 

motilities. Hence, the conclusion on ∆pa0285 motility remain controversial and 

needs further investigations such as TEM for direct flagella/pili observation. 

(2) The absence of PA0338 resulted in significantly reduced swimming and swarming, 

suggesting its regulation on flagella. Swimming agar contains more water than 

swarming agar that facilitate flagella rotation and bacterial movement, hence 

swimming assay should be more sensitive in reflecting flagella rotation than 

swarming. With the swimming decrease in Δpa0338 more pronounced (-61.22%, 

p<0.01) than swarming (-25.66%, 0.01<p<0.05) compared to WT, it was then 

suspected that PA0338 very likely regulates flagella motor proteins so that its 

presence promotes flagella rotation. In contrast, ∆dipA caused remarkable and 

comparable reduction on both swimming (-85.63%, p<0.01) and swarming (-

86.32%, p<0.01). This hinted that DipA might play a vital role in flagella 

∆pa0290 WT 

∆pa0285 

∆morA 

∆fimX 

WT 

C  Twitching plates 
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assembly/essential function regulations either in a gene-specific manner or through 

signalling effects.  

(3) ∆rbdA only caused a significantly reduced swarming zone without altering 

swimming and twitching motility, suggesting its influence on flagella probably came 

from cellular signalling modulation that affect flagella behavior rather than through 

specific regulation on flagella related gene/proteins. 

(4) ∆yegE, ∆mucR and ∆morA only enhance swimming motility, suggesting their 

regulations on flagella assembly/function. However, the role of these three proteins 

might not be indispensable in flagella production and function and the influences 

might be minor and more locally, as the swarming motility that is contributed by 

both flagella rotation and cellular signalling was not affected. 

(5) A distinct swarming pattern was found in ∆pa0285 and ∆fimX where there are 

smooth edges without tendrils and the pattern looked more likely to be just a spread 

of initial overnight bacteria culture. This swarming pattern was suspected to be 

similar to the “sliding” pattern mentioned in some previous works450,455,487 using 

double mutants lacking both Type IV pili and flagella functions. ∆pa0285 and ∆fimX 

were also deficient in both swimming and twitching motility, hence added to the 

evidences of potential sliding motility pattern. 

6.1.5. EPS components of KO mutants biofilms 

The method for EPS extraction as well as determination of total polysaccharides and 

proteins were described in 2.11. 
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Fig 6.1.5 (A)-(B) Total polysaccharide and total protein concentrations in 2 d KO mutants’ biofilms 

normalized to CFU. Welch T-test was applied to compare KO mutants with PAO1 WT due to large 

variations. n=4 from 4 individual biological replicates. *** represents p<0.01, ** represents p<0.05.  

From Fig 6.1.5 it can be concluded: 

(1) ∆pa0338, ∆rbdA, ∆yegE, ∆bdlA and ∆fimX produced more polysaccharides 

compared to WT despite which component was overexpressed remains unknown. While 

the increases were relatively small in ∆pa0338, ∆rbdA, ∆yegE and ∆bdlA (up to 58.74%, 

p<0.05), ∆fimX showed a prominent enhancement (192.44%, p<0.01).  

(2) ∆morA showed impaired total protein production compared to WT (-65.74%, p<0.05) 

while ∆fimX showed remarkably higher protein amounts (226.24%, p<0.01). 
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6.2. The influences of NO on KO mutants phenotypes 

6.2.1 NO-induced intracellular c-di-GMP reduction in KO mutants 

 

 

 

 

 

 

 

 

 

 

 

Fig 6.2.1 The influences of 2 hrs 25µM S150 treatment on the relative intracellular c-di-GMP levels in 

KO mutants. The total fluorescence intensity was measured using a 485-nm sharp-cut excitation filter and 

a 520-nm sharp-cut emission filter with a gain of 1500 on BMG LABTECH FLUOSTAR plate reader and 

normalized by corresponding OD value of the same culture to obtain fluorescence intensity in individual 

cells. Welch T-test was carried out to compare the control and treatment groups. Data represents data 

means of n=6 of 3 biological replicates, *** represents p<0.01, ** represents 0.01<p<0.05. Relative 

intracellular c-di-GMP level decrease percentages were marked above bars. 

As shown in Fig 6.2.1, PAO1 WT showed a 48.73% decrease in intracellular c-di-GMP 

level after the addition of NO (p<0.01), which was consistent with previous reports242. 

Decrease percentages of 48.73±10% were considered comparable to PAO1 WT due to 

systematic errors. The most promising NO sensor candidates in charge of the reduction 

of intracellular pool were RbdA, PA0338 and PA5442 highlighted in red. Deleting these 

three proteins resulted in a less decrease of intracellular c-di-GMP (around 25% 

compared to 48.73% in PAO1 WT) upon NO treatment. ∆pa0290, ∆fimX and ∆dipA 

also had significantly less sensitivity to NO, suggesting their important roles as well.  
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6.2.2 NO-induced biofilm dispersal in KO mutant biofilms 

 2 d biomass 3 d biomass 

PAO1 WT -68.56% (***) -57.89% (***) 

∆pa0285 -89.37% (***) -68.54% (***) 

∆pa0290 -62.18% (***) -38.50% (***) 

∆pa0338 -41.50% (***) -47.42% (***) 

∆pa0575 -34.84% (**) -62.14% (***) 

∆pa0847 -41.87% (**) -31.26% (***) 

∆rbdA -25.21% (**) -16.09% 

∆yegE -63.63% (***) -30.40% (***) 

∆bdlA -57.77% (***) -37.98% (***) 

∆mucR -55.42% (***) -41.83% (***) 

∆nbdA -26.55% (**) -53.24% (***) 

∆morA +4.77%  -13.16% (***) 

∆fimX -78.05% (***) -76.90% (***) 

∆dipA -34.54% (**) -30.88% (***) 

∆pa5442 -17.34% -43.50% (***) 

Table 6.2.2. Comparison of NO-induced biomass reduction (dispersal) in 2 d and 3 d biofilms of each KO 

mutant. Texts highlighted in green represents in both 2 and 3 d old biofilms, the mutants showed more 

dispersal than WT in contact with NO. Texts highlighted in red represents in both 2 and 3 d old biofilms, 

the mutants showed less dispersal than WT in contact with NO. ** represents significant biofilm biomass 

reduction (p<0.05). *** represents significant biofilm biomass reduction (0.01<p<0.05). > represents 2 d 

biofilms dispersal is more than 3 d biofilms from the same strains. 

As discussed in chapter 3, the same NO treatment resulted in different dispersal 

percentages on 1-5 d biofilms from the same strain, indicating that the stages of biofilm 

development may influence NO efficacy. Therefore, only the strains showing an altered 

dispersal effect both in 2 and 3 d biofilms compared to WT are regarded to be influenced 

in NO response.  

From Table 6.2.2, it can be summarized: 

(1) Δpa0338, Δpa0847, ΔrbdA, ΔbdlA, ΔmucR, ΔmorA, ΔdipA and Δpa5442 had 

impaired NO response to trigger biofilm dispersal (highlighted in red). In contrast, 

Δpa0285 and ΔfimX showed enhanced NO effect resulting in more dispersal 

(highlighted in green). Data were also supported by visual judgement from CLSM 

images in Fig 6.2.2 and Appendix Fig A9 and Fig A11. This suggested that these 

proteins are involved in biofilm formation and dispersal, as well as NO regulatory 

network, despite the detailed mechanisms remain unclear. 

(2) Despite all these proteins might be involved in NO triggered biofilm dispersal, how 

much they are involved in and how much they affected the dispersal (biomass 

reduction percentages) vary.  The most prominent dispersal deficiency occurred in 

ΔrbdA and ΔmorA 3 d biofilms where they showed no response to NO (p>0.05). 

> 

> 

> 

> 
> 

> 

> 
> 
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Δpa0847 and ΔdipA biofilms also showed consistent and remarkable reduced NO 

response (more than 26% less reduction of biomass compared to WT) cross 2 and 

3 d. Consequently, these four candidates are considered to play major roles in NO-

dispersal pathway.  

(3) 10 out of 15 strains showed their 2 d biofilms were more sensitive to NO than 3 d 

biofilms (2 d biomass reduction>3 d biomass reduction). This corresponded to 

findings in 3.5 showing 3 d PAO1 WT biofilms dispersed less than 2 d ones in 

microtiter plates. Data from different KO strains suggest and reinforce the 

hypothesis where maturation stages of biofilms may also affect how NO triggers 

biofilm dispersal apart from gene/protein specific manners. 

6.2.3. NO influence on PAO1 WT motilities  

Motility assays agar plates needed 20-24 hrs incubation, hence SNP was used as NO 

donor instead of S150. To investigate the effective SNP concentration, 1µM, 10µM and 

100µM SNP were first infused into different agar plates for PAO1 WT and motility 

assays were performed as described in 2.6.  

Table 6.2.3. PAO1 WT motilities alteration with 1μM, 10μM and 100μM SNP. Swimming, swarming and 

twitching motilities of PAO1 WT were shown as /.  +++ represents significant increase (p<0.01) compared 

to control. --- represents significant decrease (p<0.01) compared to control. n=12 from individual plates, 

Welch T-test was applied due to large variations. Raw data are shown in Appendix Fig A13. 

 

 

 

 

 

 

PAO1 WT Swim Swim+1μM SNP Swim+10μM SNP Swim+100μM SNP 

/ / --- --- 

PAO1 WT Swarm Swarm+1μM SNP Swarm+10μM SNP Swarm+100μM SNP 

/ +++ --- / (pattern altered) 

PAO1 WT Twitch Twitch+1μM SNP Twitch+10μM SNP Twitch+100μM SNP 

/ / / / 
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Fig 6.2.3 Selective images of PAO1 WT swarming motility agar plates with 1μM SNP and determination 

of swarming zone areas using Image J.  Representative images of other plates are shown in Appendix Fig 

A13. 

As shown in Table 6.2.3, although SNP was expected to increase the motility, it was 

found that 1µM SNP significantly promoted swarming motility (p<0.01), which was in 

accordance with previous report9. However, it had no influence on swimming and 

twitching motility (p>0.05). On the contrary, 10µM and 100µM significantly inhibited 

swimming and swarming motilities, while 100µM SNP even altered swarming pattern 

as shown in Appendix Fig A13. High dose NO may have triggered stress responses in 

individual cells inoculated on the surfaces of agar plates, which was related to flagella 

regulation causing inhibition of swimming and swarming. This result was supported by 

the finding from Barraud et al that high concentrations of SNP even promoted biofilm 

production probably due to the stress response of P. aeruginosa9. Inhibited swimming 

and swarming motility may promote the attachment of floating planktonic cells to 

surfaces, causing increased biofilm formation. Consequently, low dose of SNP (1µM) 

was chosen to investigate the NO signalling effect on swarming motility of mutant 

strains, while the swimming and twitching motility were only investigated without SNP 

to compare the difference among strains. 

6.2.4 NO influence on the swarming motility of 14 KO mutants 

Swarming assays were performed as described in 2.6.3. According to Table 6.2.3, 1µM 

SNP is the optimal dose for promoting swarming thus was applied to all KO mutants. 

The increased swarming area of each KO mutant was compared to PAO1 WT and 

summarized in Table 6.2.4. Representative images of swarming plates are shown in Fig 

6.2.4. Raw data are shown in Appendix Fig A14.  

 

Control 1µM SNP 
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PAO1 WT Δpa0285 Δpa0290 Δpa0338 Δpa0575 Δpa0847 ΔrbdA ΔyegE 

++ +++ ++ ++ ++ + + ++ 

ΔbdlA ΔmucR ΔnbdA ΔmorA ΔfimX ΔdipA Δpa5442  

++ ++ ++ +++ +++ / ++  

Table 6.2.4. NO triggered swarming enhancement on PAO1 WT and 14 KO mutant strains. The swarming 

increase of PAO1 WT is shown as ++, +++ represents the swarming motility increased more than WT 

within the same batches of assay (p<0.05), + represents the swarming motility increased less than WT 

within the same batches of assay (p<0.05), / represents no increase in swarming was observed after NO 

addition. 
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∆rbdA ∆rbdA+1µM SNP 

∆morA ∆morA+1µM SNP 

∆fimX ∆fimX+1µM SNP 
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Fig 6.2.4. Representative images of swarming agar with/without 1μM SNP.  Scale bar = 1cm.  

To my knowledge, apart from Barraud et al reporting the addition of NO significantly 

enhanced swarming motility in PAO1 WT242, no investigations into how NO affected 

the swarming motility of our candidate genes were performed. Hence, these data in the 

current study are the first to report how much NO influences the swarming motilities in 

all these mutants and compared to WT. It can be concluded that with the addition of 

NO, Δpa0285, ΔmorA and ΔfimX showed increased swarming extent compared to WT 

while the loss of PA0847, RbdA and DipA resulted in impaired swarming enhancement 

triggered by NO. Data here implicated these proteins are in NO-swarming regulatory 

pathways in PAO1; however the specific mechanisms wait to be revealed. It is 

noteworthy that the NO effect on swarming promotion is abolished in ΔdipA (p>0.05), 

suggesting its central role in NO-induced swarming alteration.  
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6.3 Phenotypic analysis of Tn transposon mutants 

6.3.1 Growth curves and colony morphologies of Tn mutants 

Growth curves were measured in microtiter plates as described in 2.5.1 and all raw data 

are presented in Appendix Fig A15.  

 

 

 

 

 

 

Fig 6.3.1. Growth curves of PAO1 WT and ΔTn5017 (ΔdipA). 

5 out of 8 transposon mutants showed the same growth pattern as PAO1 WT until they 

reached the stationary phase, but then the OD value of Tn mutants decreased more 

quickly than WT (as shown in Fig 15). Whether this general difference in the growth 

curve pattern was due to the polar effect of tetracycline resistance gene insertion in these 

mutants or the transposon insertion itself remained unknown. ∆Tn5017 showed a slight 

diauxic pattern although not so obvious as ∆dipA in Fig 6.1.2. This consistency proved 

that pa5017 does have effect on the diauxic-like growth curve. All Tn mutants showed 

the same colony morphologies (data shown in Appendix Fig A16), which is consistent 

with data from KO mutants.  

6.3.2. 2d batch cultured Tn mutants biofilms 
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Fig 6.3.2. (A) Selective CLSM images of batch cultured 2d Tn mutants biofilms in MatTek plates. (B) 

Comparison of biofilm formation abilities (biomass) of Tn mutants with corresponding KO mutants. 

Welch T-test was carried out to compare the KO and Tn mutants. n=3 from 3 biological replicates, *** 

represents p<0.01, ** represents 0.01<p<0.05.  

Compared to CLSM images in 6.1.2, some Tn mutants showed different biofilm 

structures compared to the corresponding KO mutants losing the same genes, such as 

ΔTn0290, ΔTn0861 (rbdA) and ΔTn3311 (nbdA). As shown in Fig 6.3.2 (B), ΔrbdA and 

ΔyegE biofilms showed significantly higher biomasses compared to ΔTn0861 (rdbA) 

and ΔTn1181 (yegE), while ΔfimX and ΔdipA formed significantly less biofilm compared 

to ΔTn4949 (fimX) and ΔTn5017 (dipA).  Hence, data here showed different gene 

disruption methods for the same gene resulted in different phenotypic outputs regarding 

biofilm formation and structures. 

2d ∆Tn4959 biofilm  2d ∆Tn5017 biofilm  

2d ∆Tn5442 biofilm B 



224 

 

ΔTn5017 (dipA) showed much more biofilm than WT, which is consistent with previous 

report337. Jain et al reported that in a static biofilm model, PAO1ΔfimX formed biofilms 

indistinguishable from those of WT PAO1227. Data here showed consistency with this 

report where ΔTn4949 (fimX) formed comparable biomass with WT (see appendix Fig 

A17), while data from ΔfimX (section 6.1.2) showing less biofilm formation disagreed 

with this finding. However, my data from ΔrbdA (section 6.1.2) showing it promoted 

biofilm formation was consistent with a previous report488, but ΔTn0861 (rbdA) showed 

much less biofilm than WT (See Appendix Fig A17) and ΔrbdA. Hence, it was suspected 

that ΔTn0861 biofilm formation might not be able to reflect the authentic influence of 

RbdA on biofilm formation or structure. No report has shown the relationship between 

ΔyegE the biofilm. In summary, ΔTn5017 and ΔTn4959 data agreed with previous 

finding while ΔTn0861 did not; ΔdipA and ΔrbdA data were consistent with previous 

reports but ΔfimX were not. According to Manoil transposon mutants library 

(http://www.gs.washington.edu/labs/manoil/libraryindex.htm), ΔTn0861 (rbdA) and 

ΔTn4959 (fimX) Tn insertion were in frame, while ΔTn5017 (dipA) and ΔTn1181 (yegE) 

insertions were not in frame. KO mutants generated in this study were deleted in frame. 

It is interesting that despite the potential frame shift, ΔTn5017 and ΔTn4959 data were 

still consistent with previous research. Therefore, it is difficult to decide which gene 

disruption method is more likely to reflect the accurate functions of these proteins in 

biofilm formation. 

6.3.3. Motility of Tn transposon mutants 

Motility assays were performed as described in 2.6. 
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Fig 6.3.3 (A) Selective images of Tn mutants swimming (A), swarming after 18 hrs incubation (B) and 

twitching (C) plates. Scale bar = 1cm. (D) Measurement of twitching zone maximum distances of KO 

mutants using Image J. n=6 from 6 biological replicates, Welch T-test was applied due to large variations. 

*** represents 0.01<p<0.05, ** represents p<0.05.  

From data shown above it can be concluded: 

(1) Apart from ΔTn4959 (fimX) and ΔTn5017 (dipA), all Tn mutants exhibited an 

unusual pattern with irregular swimming zone edges compared to standard radial 

growth308, which was not observed in various published PAO1 swimming agars using 

various media. Among the genes with altered swimming pattern, ΔTn0861 and Tn5442 

have in frame Tn insertion. Therefore, at least this alteration in these two strains did not 

come from gene frame shift, and the rest of genes exhibiting abnormal swimming pattern 

were not likely to be all involved in swimming regulation. 

(2) Normally in the swarming assays described here, tendrils only started to appear after 

18 hrs incubation for PAO1 WT and all KO mutants at 37℃,  and well-developed 

swarming patterns can only be observed after 24 hrs. However, as shown in Fig 6.3.3 

(B), all Tn presented well-developed large swarming patterns after 18 hrs when WT just 

started to swarm. Furthermore, ∆Tn0861 and ∆Tn0338 showed much larger swarming 

zones compared to WT while ΔTn5017 showed comparable swarming zone as WT, 

which was contradictory to what was found in ∆rbdA, ∆pa0338 and ΔdipA (section 

6.1.4). In conclusion, the swarming motility of all Tn mutants pronouncedly differed 

from corresponding KO mutants in patterns and swarming areas, which was not likely 
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coming from gene-specific manner. ΔTn0861, ΔTn4959 and ΔTn5442 have in frame 

insertion so again this swarming change should not have been a result of frame shift.  

(3) From Fig 6.3.3 (C) and (D) it was concluded that apart from ∆Tn4959 which showed 

the same abrogated twitching ability as ∆fimX (section 6.1.4), all other Tn mutants 

resulted in significantly larger twitching zones compared to WT and the corresponding 

KO mutants. As with the abnormal swarming zones, it was not likely all these genes 

were involved in twitching ability. Hence, it was suspected that Tn insertion might have 

caused a polar effect on PAO1 twitching motility.  

Taken together, all the Tn mutants exhibited very different motilities compared to KO 

mutants or WT and it was not likely to be gene-specific or due to frame shift of Tn 

insertion. Hence, it was suspected that Tn transposon per se or the insertion had a polar 

effect on PAO1 despite the mechanisms remain unknown. However, so far no report has 

mentioned similar findings. Overhage et al reported using mini-Tn5-luxCDABE Tn 

mutant for swarming motility of PAO1 and did not observe unusual swarming patterns, 

but they were using BM2 swarm agar plates for swarming. Therefore, this effect might 

be specific to transposon type and experimental conditions489. Based on these findings, 

experiments on Tn mutants with NO were not performed. In general, further studies 

should be carried out to reveal why this happened and warning should be exerted to all 

researchers intending to perform motility assays using Tn PAO1 strains from the library.  
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Discussion 

(I) Total intracellular c-di-GMP and phenotypes controlling in P. aeruginosa 

PAO1 

 

(1) Biofilm formation and specific biofilm-related phenotypes are not dependent 

on the total intracellular c-di-GMP levels 

 

 

 

 

 

Our hypothesis for the deleted DGC+/PDEs was that they might contribute to 

intracellular c-di-GMP, which in turn regulate biofilm related phenotypes for the switch 

between motile and sessile lifestyles. It is shown in Fig 6.1.1 that only PA0285, RbdA, 

NbdA, MorA, DipA and PA5442 altered the global c-di-GMP level in the cells. PA0285, 

RbdA and DipA might act as highly active PDEs in vivo, or they have high affinity to 

c-di-GMP and their binding to the molecule decreases intracellular c-di-GMP level. At 

the same time, MorA and NbdA also contribute to intracellular c-di-GMP pool by 

acting as PDEs or c-di-GMP binders. On the contrary, PA5442 might act as a highly 

active DGC in vivo, or might exert activity not by itself but by forming heterodimers 

with another DGC.  

Previous reports have shown the in vitro phosphodiesterase activities of RbdA488, 

MorA178, and DipA337, of which DipA was also proved to influence intracellular c-di-

GMP level in vivo3. Furthermore, due to the existence of both GGDEF and EAL 

domains in tandem (Fig 6.0.1), MorA was shown to exhibit both DGC and PDE 

activities in vitro178. The c-di-GMP detection data here supported and added to previous 

findings on RbdA, MorA and DipA, showing that these proteins reduce intracellular c-

di-GMP levels in vivo.   

Even though Δpa0285, ΔrbdA, ΔmorA and ΔdipA all increased global c-di-GMP levels, 

they are regulating different biofilm-related phenotypes. Δpa0285 impaired biofilm 

development but ΔrbdA enhanced it, while ΔmorA and ΔdipA remained comparable to 
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WT (Table 6.1.3 and Fig 6.1.3). Δpa0285, ΔrbdA and ΔdipA restricted swimming 

motility, but ΔmorA enhanced swimming ability (Fig 6.1.4 and Table 6.1.4). Δpa0285 

resulted in a decreased growth rate as well as smaller and white colony morphology 

while ΔdipA showed a diauxic growth curve, but ΔrbdA and ΔmorA did not change the 

growth rate or colony morphology (Fig 6.1.2, Appendix Fig A1-2). ΔrbdA increased 

EPS production while another 3 genes did not (Fig 6.1.5). Results shown here are 

consistent with previous reports on RbdA488 and DipA457, and were the first to report a 

potential important role of Δpa0285 in biofilm regulation given it is involved in at least 

5 phenotypic outputs. Choy et al reported that MorA repressed flagella development 

and the deletion mutant resulted in increased number of flagella as well as their 

production time periods in P. putida, but not in P. aeruginosa PAO1 despite MorA 

being conserved in these two species404. However, data here showed that in PAO1, 

ΔmorA has also significantly increased swimming motility yet not hugely (0.01<p<0.05, 

Fig A5). 

Hence, although 6 out of 14 mutants influenced intracellular c-di-GMP levels, only 

Δpa0285 and ΔrbdA were involved in biofilm formation, but the same elevated 

intracellular c-di-GMP level exerted the opposite effects. 4 mutants with altered c-di-

GMP levels were related to phenotypic outputs tested in this study, but the changes 

were all different. Therefore, it was suggested that a coarse tuning of total intracellular 

c-di-GMP level is not the only reason that controls biofilm formation or structures, and 

so cannot decide a certain phenotype. The complex relationship between c-di-GMP 

level and biofilm formation cannot be simply summarized as “an increase in 

intracellular c-di-GMP leads to more biofilm” as was the traditional idea. Future work 

may use qPCR and proteomic analysis to reveal the profile changes of different mutants 

with overproduced c-di-GMP by in trans expressed DGC and their biofilm formation. 

If intracellular level on its own affects biofilm formation, the profile changes should be 

similar in different mutants with the same total amount of c-di-GMP. 

It is also noteworthy that in many previous reports, distinct biofilm formation characters 

were usually found when there was >2 fold difference in intracellular c-di-GMP 

levels182,337,443,490,491. However, the biggest fold change of cellular c-di-GMP level 

between KO and WT in this study was less than 2 (Fig 6.1.1, ΔdipA vs WT). This raised 

the suspicion whether there is a threshold for c-di-GMP amount to regulate biofilm 
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formation/dispersal. As such, Δpa0285 and ΔdipA did not enhance c-di-GMP level 

enough to generate a biofilm promotion as widely observed. To test if there is a 

minimum of c-di-GMP concentration contributing to biofilms promotion, a defined 

DGC from another strain may be infused downstream of an IPTG inducible promoter 

to control the total amount of c-di-GMP. This DGC can then be overexpressed in P. 

aeruginosa with different expression efficiencies and the biofilm formation should be 

determined to decide if there is a correlation between the c-di-GMP concentration and 

biomass within the same strain. 

(2) Certain biofilm phenotypes may be decided by certain DGC/PDEs through 

local c-di-GMP modulation instead of the total amount 

 

 

As shown in Fig 6.1.1, Δpa0338, ΔyegE, ΔmucR and ΔfimX showed comparable 

intracellular c-di-GMP amount as WT. Previous reports have shown the in vitro 

phosphodiesterase activities of MucR146 and FimX444, of which MucR was also proved 

to influence intracellular c-di-GMP level in vivo146. However, ∆mucR did not show 

significantly different c-di-GMP level compared to PAO1 WT, which disagreed with 

Li et al results and the reason remains unknown146. ∆fimX did not affect intracellular c-

di-GMP level, which was in accordance to the findings from Jain et al using strain 

PA103 and was probably due to its specific localization227.  

Despite these 4 genes not affecting total intracellular c-di-GMP levels in vivo, they are 

involved in different biofilm phenotypic regulations. Δpa0338 and ΔfimX both impaired 

swimming and swarming motility but increased EPS production, while ΔfimX also 

changed swarming pattern and abolished twitching (Fig 6.1.4). In contrast, ΔyegE and 

ΔmucR enhanced swimming motility. FimX was reported to be an active 

phosphodiesterase and involved in twitching motility in P. aeruginosa, but not 

swimming226,444. MucR was reported to be an active diguanlyate cyclase that locally 

regulates alginate production and overexpression affected swarming motility, yet 

swimming motility was not assessed by the author147. Hence, data here first reported 

the phenotypes of Δpa0338 and ΔyegE in PAO1 WT, and added to the current 

knowledge of FimX and MucR. ΔfimX showed a similar influence on swimming, 

swarming and twitching motility as Δpa0285, but did not change intracellular c-di-
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GMP level. Δpa0338 significantly impaired swimming and swarming as ΔdipA, but 

also had no effect on total c-di-GMP amount. Therefore, it is deduced that some 

DGC/PDEs may alter c-di-GMP and regulate certain phenotypes locally or under 

specific circumstances, but is below detection, at least using our plasmid reporter-based 

method.   

In summary, it is suspected that under a certain threshold, it is not the intracellular c-

di-GMP level differences per se contributing to the variances of biofilm-related 

phenotypes. More possibly, certain proteins may significantly change intracellular c-

di-GMP, but they function through regulating certain compartmentalized c-di-GMP 

pools that are in vicinity of genes involved in precise regulatory pathways, such as 

motility or EPS production. In other words, it is the localized c-di-GMP modulation by 

certain proteins that exert specific regulatory pathways on phenotypic changes, but the 

DGC/PDE activities or the c-di-GMP binding affinities are so high that at the same time 

their functions are sufficient to alter the whole intracellular c-di-GMP levels. The 

situation could also be that certain DGC/PDEs are in charge of c-di-GMP modulation, 

but the influences are small and restricted to specific locations. This results in 

phenotypic changes when the proteins are deleted, but the differences of total 

intracellular c-di-GMP is not detectable using current methods. It is now becoming 

more widely accepted that the effects of c-di-GMP must be localized subcellularly, 

being responsible for different phenotypic outputs. Merrit et al further proved two 

different DGCs control discrete outputs despite the same total level of c-di-GMP, which 

extended the model into one in which localized c-di-GMP signalling might contribute 

to the coordination of the action of this complex intracellular network213. Besides, the 

redundancy of more than 40 genes in PAO1 responsible for coding DGCs or PDEs with 

different sensing or anchoring domains may also hint it is not likely they are 

contributing equally to the c-di-GMP pathway in the cell, either spatially or 

quantitatively.  

On the other hand, the threshold of c-di-GMP level may be very important. For example, 

the intracellular c-di-GMP level alterations in ΔdipA was only <2 fold more than WT 

and the biofilm formation did not change, seemingly arguing with the traditional 

concept that increased c-di-GMP causes more biofilms. The in vivo overexpression of 

DipA by 2 fold and 10 fold with an inducible promoter may help to decide whether it 
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is gene/protein specific or from an intracellular pool. This concentration-dependent 

phenotypic change model may be supported by Jain et al reporting that the assembly of 

pili at low c-di-GMP concentrations requires FimX, but this demand can be bypassed 

at high c-di-GMP concentrations227. Therefore, the precise amount of c-di-GMP, high 

or low, and its fine-tuning mechanisms with thresholds might be playing a more 

important role in certain phenotypic outputs than vague and more relative “high or low 

levels”. When cells have a relatively lower total amount of c-di-GMP, the distribution 

of this molecule may be controlled in a more economical and beneficial way to bacterial 

cells. Therefore, it is very likely that under low c-di-GMP levels, the production and 

allocation of this molecule into different locations and pathways inside the cells are 

largely dependent on the most urgently required pathways for bacteria survival, or the 

binding affinities of GGDEF/EAL in different proteins. For regulating a certain 

phenotype, direct, localized c-di-GMP and remote c-di-GMP may all bind to receptor 

genes/proteins. However, when the intracellular pool is low but cells need c-di-GMP 

production to regulate a phenotypic output, it may choose the one that has the best 

balance between high DGC activity and short distance to receptor. This economical 

selection may not be needed if there is an overflow of intracellular c-di-GMP either 

coming from the loss of a PDE or in trans overexpression of a DGC. Thus, proteins 

with different affinities to c-di-GMP work altogether and the final phenotypic outputs 

is a balance and coordination of all activities.  

Hence, the data here potentially adds to the previous concept that it is localized c-di-

GMP pools controlling some specific phenotypes (if not all), but probably only under 

certain background concentrations.  

(II) How nitric oxide triggers PAO1 biofilm dispersal? 

 

Model A:  RbdA and DipA are essential PDEs for NO-induced intracellular c-di-

GMP reduction, swarming enhancement and biofilm dispersal 

 

Barraud et al showed that NO induces P. aeruginosa biofilms dispersal by decreasing 

intracellular c-di-GMP, while at the same time their results also demonstrated an 

increased swarming motility of PAO1 WT after NO addition, suggesting a link between 
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swarming, intracellular c-di-GMP and dispersal9. Extensive studies have been 

conducted to investigate the relationship between swarming motility and biofilm 

formation68,492–497, but the relationship between swarming and dispersal is yet to be 

elucidated, to our knowledge. The three modes of biofilm dispersal identified so far, 

erosion, sloughing, and seeding, are all involved in the release of cell clusters. Hence, it 

is reasonable to deduce that swarming, a bulk-translocation behaviour, might contribute 

to dispersal. Hall-Stoodley observed that P. aeruginosa uses swarming mode dispersal 

with time-lapse microscope498, which indicated that the increased swarming might cause 

more dispersal. This suggested one potential pathway where NO-induced dispersal is 

through reducing cellular c-di-GMP and enhancing swarming, despite that there should 

be other mechanisms working collaboratively.  

ΔrbdA and ΔdipA were the only two strains that showed impaired NO-induced decrease 

in intracellular c-di-GMP level (Fig 6.2.1), less biofilm dispersal upon NO treatment 

(Fig 6.2.2) and the lack of increased swarming zone with the presence of NO (Fig 6.2.4). 

Linking these three phenotypes together, it seems a pathway where “NO interacts with 

RbdA and DipA potentially through PAS domains and up-regulates their PDE/c-di-

GMP binding activities, resulting in a significant reduction in intracellular c-di-GMP, 

which in turn enhances swarming motility and facilitates dispersal” can be modelled and 

fulfils our hypothesis. However, Fig 6.2.1 suggested that PA0290, PA0338 and PA5442 

also contributed to NO-induced c-di-GMP decrease, but their swarming motility 

increased comparably with WT after NO treatment (Table 6.2.4). Hence, it cannot be 

concluded at this stage that it is intracellular c-di-GMP level alterations per se being 

responsible for the swarming abilities and then dispersal. More likely, the PDE activities 

of these two proteins are very high so that they influence intracellular c-di-GMP levels, 

but the actual regulation on swarming relies on compartmentalized c-di-GMP levels.  

As such, a refined model was proposed as “NO modulates the protein activities of RbdA 

and DipA, causing the change in both localized and intracellular c-di-GMP levels, of 

which the localized one has remarkable impact on swarming motility. At the same time, 

the remote controls on other bacterial activities from the increased intracellular pool in 

these two mutants were not sufficient to surpass their site-directed regulations on 

swarming”.  
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Previous reports showed that BdlA senses NO through its PAS and regulates DipA PDE 

activity for c-di-GMP modulation, and adding NO to ΔbdlA results in less reduction in 

c-di-GMP compared to WT242,443. Data in this study disagreed with this finding where 

ΔbdlA showed the comparable c-di-GMP decrease compared to WT. Instead, DipA 

itself may have NO sensing ability potentially through its own PAS domain rather than 

the one from BdlA. Our data on DipA was consistent with Roy et al, showing abolished 

NO-induced dispersal, rendered swarming motility and increased intracellular c-di-

GMP level in ∆dipA337, while results on RbdA were consistent with An et al showing 

RbdA was implicated in the regulation of P. aeruginosa biofilm dispersal, swarming 

motility and possessed PDE activity488. However, neither group provided direct 

evidence showing that NO has an impaired effect on decreasing intracellular c-di-GMP 

and increasing swarming motility in ∆rbdA and ∆dipA. Hence, data in this study first 

showed a detailed regulation pathway of NO - c-di-GMP level - swarming - dispersal, 

which may contribute to one of the regulatory networks where NO modulates dispersal 

in PAO1.  

Currently, we are lacking in experiments to prove PAS domains in RbdA and DipA can 

bind to NO and modulate their PDE activities, as well as the swarming and dispersal 

effect. Petrova and Li et al suggested the PAS domain BdlA plays a role in 

environmental cues sensing and together with DipA forms a regulatory network that 

modulates an intracellular c-di-GMP296,441,499, while An et al proved the PAS domain in 

RbdA is critical for regulation of biofilm dispersal488. Again, neither group showed 

direct evidence in NO binding to PAS domain that modulates PDE activity. Hence, 

future studies should focus on (1) in vitro analysis through enzymatic activity assay in 

the presence of NO and crystallography that will show how NO binds to PAS domain, 

resulting in post-translational modification of EAL domain; (2) site-directed 

mutagenesis of PAS domain in RbdA and DipA for corresponding phenotype assays 

with/without NO; (3) GFP tag for the localization of these two proteins in vivo; (4) if 

they are membrane anchored, site-directed mutagenesis of membrane anchored domains 

for c-di-GMP level quantification, swarming and dispersal assays to determine if it is a 

localized c-di-GMP pool rather than an intracellular one that affects the phenotypes; (5) 

Overexpression of RbdA and DipA to see if all the phenotype changes can be restored 

so that polar effect can be excluded; (6) Overexpression of a PDE from a different strain 

without membrane anchor or sensor domains, to test if all the phenotypes can be 
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complemented with the restored intracellular c-di-GMP level. This will shed light on 

whether the phenotypes come from localized c-di-GMP pools and if they can be 

bypassed through c-di-GMP regulation on other phenotypes.  

 

 

 

 

 

 

 

 

 

 

 
Fig 6 D.1. Hypothetical model of NO-c-di-GMP-swarming pathway for P. aeruginosa biofilm dispersal. 

NO upregulates PDE activity of RbdA and DipA resulting in a significant decrease of both localized and 

intracellular c-di-GMP level. The localized ones influence the rotation of flagella and increases swarming 

motility, which plays an important role in bulk cells leaving biofilms and triggering dispersal. 

Model B. Localized c-di-GMP pools changed by NO contribute to dispersal 

regulation bypass the control from intracellular c-di-GMP  

 

∆pa0847 showed less swarming increase after the addition of NO (Table 6.2.4) and 

impaired dispersal effect compared to WT (Table 6.2.2), but the intracellular c-di-GMP 

decreased in the same way as WT. As ∆pa0847 did not show different swimming or 

swarming pattern compared to WT, it is not likely that PA0847 directly regulates flagella 

biogenesis or function. Instead, it is suspected that PA0847 contributes to a specific c-

di-GMP pool regulating flagella function and swarming motility. If PA0847 exhibits 

PDE activity but is not sufficient to alter the global level, and the PAS domain binds to 

NO which sequentially upregulates its PDE activity, it would largely change the local c-

NO Increased swarming 
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di-GMP pool. If PA0847 locates in vicinity of flagella related gene/proteins regulated 

by c-di-GMP, the localized c-di-GMP pool near might also regulate swarming motility 

in a more directed and influential way that bypasses the control from general and remote 

global c-di-GMP pool. A similar model was proposed by Hay et al suggesting MucR 

generates c-di-GMP that binds to the PilZ of Alg44 in vicinity, thus modulating alginate 

production147. 

Model C: Specific cell physiology and biofilm structures influence NO efficacy  

After the addition of NO, the intracellular c-di-GMP decrease and the swarming motility 

increase in ΔbdlA were comparable to WT (Fig 6.2.1 and Table 6.2.4), but ΔbdlA 

biofilms showed impaired dispersal (Table 6.2.2). ΔbdlA does not affect the growth rate, 

but results in more EPS polysaccharide production (Fig 6.1.5). Hence, it is possible that 

the less biofilm dispersal in ΔbdlA was not regulated by a change in intracellular c-di-

GMP, but the stronger EPS acting as barrier.   

ΔmorA increased global c-di-GMP pool (Fig 6.1.1), enhanced swimming motility (Fig 

6.1.4) and reduced total protein contents in EPS (Fig 6.1.5) compared to WT. However, 

NO does not influence global c-di-GMP level through MorA, and the swarming areas 

of ΔmorA increased even more after NO addition (Table 6.2.4). This may be explained 

by the fact that MorA restricts the filC gene404 and the reduced intracellular c-di-GMP 

regulates flagella reversal rates457,500. Due to the unlocked filC gene in ΔmorA, the 

increased expression of FilC promoted the function of flagella in ΔmorA so that the 

effect of c-di-GMP on total reversal rates get pronounced, resulting in a larger swarming 

zone once the intracellular c-di-GMP pool is significantly reduced by NO. Nevertheless, 

the increased swarming of ΔmorA after NO addition should facilitate its biofilm 

dispersal, as the enhanced flagella movement should propel bacteria to swim out, while 

the lack of component in EPS should result in a less robust matrix structure. Interestingly, 

data showed ∆morA biofilm did not disperse effectively as WT upon NO treatment 

(Table 6.2.2), which is contradictory to what was expected. It can be observed by both 

visual judgement and COMSTAT analyses that ∆morA did not show differences in 

biofilms mean thickness, roughness coefficient and total biomass compared to WT 

(Table 6.1.3, Appendix Fig A3-4). If ∆morA biofilm EPS matrix has a lack of protein 

production, while enhanced swimming of ∆morA reduced bacteria attachment, how 

come the biofilms showed no difference compared to WT? Thus, it was suspected that 
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MorA might also be regulating other pathways that were not tested in this study, and 

they may compensate for the effect from increased swarming with the presence of NO. 

Alternatively, the altered swimming motility of ∆morA might have changed the texture 

of the biofilm that forms a barrier to the penetration of NO. Also, ∆morA might have 

resulted in changes of ingredients in polysaccharides or proteins that alter the strength 

of the matrix, leading to the reduced NO diffusion into bacterial cells. And all these 

potential regulations did not reduce NO efficacy through global c-di-GMP pathway.   

∆pa0285 and ∆fimX biofilms dispersed far more efficiently than WT and other KO 

mutants, which was not because of the larger reduction in c-di-GMP after NO treatment 

according to Fig 6.2.1. It was suggested that the increased sensitivity to NO was due to 

their significantly different biofilm 3D structures compared to WT, namely, lack of a 

compact flat mat as foundation and round dense microcolonies (Fig 6.1.3). The cells in 

microcolonies may be better protected and more tolerant to NO than the thin foundation 

layers. This hypothesis was similar to some previous reports where P. aeruginosa 

biofilms display differential tolerances to antimicrobial compounds between the cap-

forming and the stalk-forming subpopulation of the mushroom-shaped structures501–504, 

suggesting that the structure development in biofilms plays a role in their antimicrobial 

tolerance properties. Furthermore, with spatial gaps within the biofilm structures, NO 

should diffuse more readily and interact with bacteria cells even at the very bottom more 

efficiently, hence increasing its efficacy.  

It is noteworthy that Δpa0285 and ΔfimX were also the only two strains involved in both 

twitching and swimming motility, which also contributed to the potential sliding motility 

on the swarming agar as described by Kohler and Murray et al (Fig 6.1.4)450,455. This 

sliding motility in Δpa0285 and ΔfimX was significantly enlarged with NO as the global 

c-di-GMP decreased (Table 6.2.4), which was supported by previous reports showing 

altered intracellular c-di-GMP can change sliding pattern450,455. Hence, the increased 

biofilm dispersal was also possibly coming from increased motility.  

Taken together, it was proposed that the enhanced NO-induced dispersal in Δpa0285 

and ΔfimX was either because of their less compact biofilm structures that facilitates NO 

diffusion, or the defeated flagella and pili function resulting in elevated 

swarming/sliding in response to NO, but not because of the increased global c-di-GMP 

hydrolysis in these two strains.  
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Model D. Mature biofilms develop tolerance to NO  

From Table 6.2.2, it can be concluded that most of the 3d biofilms showed less dispersal 

than 2d ones even if they were developed from the same strains that rule out gene-

specific regulations. As mentioned in 3.5 (chapter 3), the same S150 treatment worked 

differently on PAO1 WT biofilms cultured with different time periods, with a maximum 

dispersal percentage around 75% on 1d old biofilm, to a minimum 47% on 3d old 

biofilm. These suggested that the more mature and compact biofilms are, the less the 

efficacy of NO treatment. Several explanations can be proposed, as below:  

Cell density 

Older biofilms with higher biomass possess higher cell density. As the amount of NO 

applied in this study is only constrained to micromolar range and for a signalling effect, 

it might only be sufficient to be consumed by a certain number of cells. Hence, compared 

to 2d biofilms, 250μM S150 exerted less dispersal effect on 3d biofilms probably due to 

a larger number of cells remaining inaccessible to NO.  

Slow or incomplete penetration of the NO into the biofilm  

Even if the NO amount used in this study is sufficient to generate the signalling effect 

within planktonic cells of high density, EPS may act as a barrier for the contact. So far, 

the penetration of NO into biofilm has not been elucidated to show the depth of its 

effective diffusion, but various studies have been done on the diffusion of oxygen and 

antibiotics. Solely depending on the size, many antibiotics readily permeate bacterial 

biofilms as the main content in the matrix is water and there is no generic barrier to the 

diffusion of solutes the size of antibiotics505,506. There is a limitation of oxygen 

penetration into very thick biofilms (>90µm)23,96,344. Thus, it is reasonable to suggest 

that there might also be limitation for NO to penetrate into biofilms. Vanderkooi et al 

calculated the diffusion coefficient of nitric oxide in solution, proteins and membranes 

by using phosphorescence quenching technique. The authors found that NO and O2 

exhibited no marked difference in diffusivity, but NO is slightly less lipophilic resulting 

in faster diffusion in protein and slower diffusivity in lipid compared to O2
70 . This was 

also supported by Moller et al showing the diffusion rates of O2 and NO in buffer and 

organic solvents were similar, but NO diffused much slower in liposomes than O2
508. 

These reports showed that purely from the perspective of diffusion in aqueous 
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environment and even compositions of cell membrane, NO might not differ significantly 

from O2 despite the speed varying.  

However, NO· may absorb or react with EPS components, which is found to be the case 

of many antibiotics with retarded penetration in biofilms509–511. For example, positively 

charged chemicals bind to negatively charged polymers in the biofilm matrix512. P. 

aeruginosa biofilm matrix blocked the penetration of charged tobramycin into the 

biofilm, but not for uncharged ciprofloxacin97. Therefore, the active interaction of 

diffusion agents with matrix components counts hugely in deciding the penetration 

effect. The lipophilicity of NO results in its accumulation in hydrophobic regions513, 

while NO was reported to be able to undergo much more rapid reactions with oxygen 

when present around the hydrophobic material than aqueous surroundings514. As such, 

NO may be efficiently reacting with EPS component throughout its diffusion, resulting 

in less penetration.  

Furthermore, NO remains a free radical actively reacting with cellular components as 

well as some enzymes such as the reductases in P. aeruginosa, resulting in its lifetime 

of only seconds in live cells515. Thus, the thicker the biofilms are, the more likely the 

bottom layers are to lack access to NO following consumption in the outer layer.  

Taken together, it was speculated that NO might have been reacting with the outer layer 

of cells in biofilms faster than its diffusion in depth, but detailed investigation should be 

carried out in the future. In this study the same amount of NO (250µM S150) was added 

to both 3d and 2d batch cultured biofilms, but 3d biofilms were thicker and contained 

more biomass. Hence, the diffusion of the same amount of NO to the bottom layer of 

cells in 3d biofilms might have been less sufficient than in 2d ones due to the fast 

consumption of NO by cells. This also suggest that in the future when experiments are 

done to compare the dispersal of different strains, the biomass and thickness of biofilms 

should also be compared. This is to rule out the possibility that the differences in the NO 

efficacy mostly come from the structure rather than altered NO response from modified 

gene/protein profile. 
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Fig 6 D.2  Two hypothetical mechanisms of less NO efficacy in biofilms: (1) Lack of NO penetration into 

cell layer and insufficient diffusion into cells. (2) The cells with altered gene/protein expression profile 

might be less responsive to NO. 

Altered micro-niches within the biofilm for differentiated expression profile 

Microscale gradients in nutrient concentrations, the adaptation to local environmental 

conditions, altered gene expression and protein profiles, as well as the genotypic 

variation through mutation and selection within the bacteria cells all contribute to the 

genetic and physiological heterogeneity within the biofilms6. Thus, there is a possibility 

that apart from artificial mutants without certain DGC/PDEs, the expression of some 

DGC/PDEs in biofilms might be altered accordingly with the maturation of biofilms and 

altered micro-niches. Indeed, Kwan et al discovered that the increased persistence in 

mature biofilms was related to the upregulation of a phosphodiesterase, DosP, in 

E.coli516. Hence, there might be a subpopulation of cells in P. aeruginosa biofilms that 

altered their gene expression due to the changes of microenvironment and exhibit higher 

intracellular c-di-GMP level, which might have come from either the upregulation of 

DGCs or the downregulation of PDEs expression. If the expression of the NO related 

PDEs has been downregulated, it is reasonable that NO will not be so effectively sensed 

by a smaller amount of PDEs, resulting in a lack of NO-mediated triggering of PDEs 

activities and the reduction in c-di-GMP level decrease. Alternatively, if DGCs were 

hugely upregulated, the decrease of c-di-GMP from PDEs may not be sufficient to 

support the swarming for dispersal.   

In addition, extensive reports have well established that the dormant/persister cells 

within biofilms are more tolerant to different types of antibiotics517, but not many 

investigations have been done for the tolerance of biofilm persister cells to NO. It is 
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possible that NO does not influence non-dividing cells as much as dividing cells. 

Isolating persister cells from mature biofilms and exposing them to bactericidal levels 

of NO can be done in future work. 

Summary 

Taken the 4 models together, the actual efficacy of a certain NO concentration on a 

biofilm may be relying on several specific factors and is proposed as follow Fig 6.D.3. 

Further research can be carried on by using newly emerging techniques such as in situ 

c-di-GMP mapping and quantification; knock-out or overexpression of motility related 

genes; GFP tag for recognition of DGC/PDE cellular locations; isotope N2 labelling in 

combination with a commercially available NO generator; fluorescence quenching and 

microelectrodes. These can all be used to further investigate NO-induced dispersal, 

which can be then applied to promote NO efficacies in different biofilm related settings. 

 

Fig 6.D.3. 4 hypothetical mechanisms that collaboratively contribute to NO-induced biofilm dispersal 
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Conclusions 

In 2006, Barraud et al for the first time discovered that nanomolar concentrations of NO 

led to biofilm dispersal in P. aeruginosa by modulating intracellular c-di-GMP. 

Moreover, it was proved that when antimicrobial agents such as tobramycin, H2O2 and 

SDS were used in adjunct with NO, their efficacies were elevated significantly9. NO has 

been used in the cardiovascular system for its role in regulating blood pressure, vascular 

tone, platelet aggregation, leukocyte adhesion and smooth muscle cell proliferation518, 

as well as in adults with respiratory distress syndrome and persistent pulmonary 

hypertension for its role in reducing pulmonary artery pressure and vasodilating the 

blood vessels in ventilated regions519. Hence, NO can be used in human at a suitable 

concentration. The discovery of NO-induced dispersal in biofilms certainly promoted 

the interest in its application to CF patients, where P. aeruginosa plays a significant role 

in repetitive infection. However, so far the mechanism behind its role has not been fully 

elucidated yet, which limits further and more efficient applications. Despite it being 

shown that NO can decrease intracellular c-di-GMP leading to biofilm dispersal242, the 

detailed “signal-protein-phenotypic regulation” pathway is not known. Two types of 

protein, diguanylate cyclase (DGC) and phosphodiesterase (PDE) are responsible for the 

synthesis and hydrolysis of c-di-GMP in PAO1, respectively. The core motif responsible 

for DGC enzymatic activity is GGDEF, and the core for PDE is EAL or HD-GYP. For 

NO binding and signal transfer to GGDEF or EAL domain, two domains in PAO1, PAS 

(Per-Arnt-Sim) and MHYT, were suspected to be the most probable candidates as they 

contain cofactor ferrous/ferric haem and copper ion respectively. To our knowledge, no 

direct evidence in P. aeruginosa proteins has shown that PAS binding to NO can 

modulate the enzymatic activities of downstream DGC/PDEs, as well as the intracellular 

c-di-GMP level and phenotypic outputs. There are 13 proteins in PAO1 that contain 

PAS/MHYT-GGDEF/EAL/GGDEF+EAL domains, and one BdlA protein that contains 

only PAS domain but was reported to regulate another PDE DipA. This project 

investigates which of these 14 proteins in P. aeruginosa PAO1 are the most important 

in sensing NO that modulates c-di-GMP level; what are the corresponding phenotypic 

outputs, as well as NO application to some clinical isolates. Apart from the microbiology 

side, our collaboration with the crystallography group and Diamond Light Source will 

provide information about conformational changes in the target proteins upon NO 
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binding to PAS, through protein crystallisation, x-ray diffraction, three-dimensional 

structure determination and ultrafast spectroscopic techniques. 

 

1. What is the best growth condition of PAO1 biofilms? 

Individual MatTek culture dishes with Poly-D-Lysine treated glass coverslips at the 

bottom were applied to batch culture P. aeruginosa biofilms in this project. Biofilms 

were grown with limited nutrients and slow shear-force through rotating the plates at a 

relatively slow speed with M9 media change every 24 hrs. Three different temperatures 

(22℃, 30℃ and 37℃) were tested and it was proved that at least in MatTek plates with 

Poly-D-Lysine surfaces, 30℃ was the most suitable for growing PAO1 biofilms and 

these exhibited a typical life cycle. The maturation stages were from 2-3d, after which 

the biofilm can cover the whole substratrum as a flat mat with large microcolonies 

developing above, making the conditions ideal for high throughput CLSM assays.  

2. What is the best NO donor for PAO1 biofilms? 

Despite the fact that sodium nitroprusside (SNP) has been widely reported in different 

publications to be able to disperse P. aeruginosa biofilms, the concentrations used varied. 

Previous data from our group also showed the inconsistent performance of SNP. Hence, 

different NO donors belonging to S-Nirtosothiols and Diazeniumdiolates (NONOates) 

groups that were relatively newly discovered compared to SNP and have not been 

clinically applied were tested, including SNAP, GSNO, DEA-NONOate, MAHMA 

NONOate (NOC-9), PROLI NONOate and Spermine NONOate (S150). The results 

show that 24 hrs 250μM SNP treatment and 2 hrs 250μM S150 treatment can remarkably 

reduce P. aeruginosa PAO1 WT biofilms, with S150 showing higher efficacy for 

biofilms at different stages. Furthermore, by using the gas phase chemiluminescence 

(CLD) for quantification of low NO concentrations, it was shown that the presence of 

light is essential for NO release from SNP, while S150 released NO spontaneously and 

much more efficiently, making S150 an ideal donor for treating biofilms where light 

exposure is not available. 

3. How is the performance of NO donor S150 on other PA clinical strains? 

Despite S150 dispersing PAO1 biofilms very efficiently, the ultimate goal for 

discovering NO donors is not just eliminating single-species biofilms in laboratory 

conditions. Proli NONOate was shown to effectively disperse multi-species biofilms in 
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reverse osmosis membrane biofouling by Barnes et al, while SNP was proved by Howlin 

et al to induce biofilm dispersal among biofilms from some CF clinical isolates strains 

and improve the efficacy of antibiotics336. However, as SNP needs light exposure for 

NO release, it might not work with the same efficacy in patients compared to the lab 

models. As S150 was identified to be an effective NO donor, it was tested on all the 

available CF strains in our lab collection. By using crystal violet staining, it was found 

that S150 can disperse the biofilms formed by 14 out of 17 clinical strains successfully, 

despite some of them showing less dispersal compared to PAO1 WT. Future work can 

be carried out to test the adjunctive usage of S150 and antibiotics. For those strains on 

which S150 performed inferior to others, multi-dose can be tried to enhance the effect.  

4. A novel index for the measurement of cell aggregation 

During my experiments on some PA clinical isolates, it was interesting to find that some 

of the strains formed large cell aggregates even in normal overnight planktonic cultures. 

So far the most frequently used methods for describing bacterial cells aggregations are 

either descriptive or direct counts depending on the aggregate sizes. Neither of the 

methods can use one simple index to describe “how aggregative” they are, that can be 

compared directly and easily among different strains. Here, a novel index, concentration 

coefficient (CC), based on the idea of the Gini coefficient was introduced. By using the 

maximum projection images from CLSM stacks, the brightness can reflect the number 

of cells in each pixel of the images. CC can then be calculated to measure the inequality 

of cell distribution based on the brightness and the division of pixel in each image, 

namely, the degree (level) of cell aggregation. CC calculations were performed on some 

CLSM images from clinical isolates and the relative number corresponded to the visual 

judgements. Thus, CC is expected to be widely applied to other types of cell aggregation 

in the future. 

5. An efficient method for rapid generating KO mutants in P. aeruginosa 

Gene knockout methods in P. aeruginosa have been widely used in different labs despite 

the variations, but most of the papers published only involved the deletion of a small 

number of genes. For high-throughput screening of certain phenotypes within the P. 

aeruginosa genome, one of the most frequently used methods is Tn transposon insertion. 

From the results in motility assays it was found that PAO1 Tn transposon mutants are 

not suitable for all swimming, swarming and twitching assays. Although not been tested, 

their polar effects on other phenotypes might also exist. Therefore, gene deletion is 
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necessary for this project. Choi et al reported a rapid method suitable for large amount 

of gene deletions using gateway technology311, but our first trials failed at ligating DNA 

fragments using the SOE method. Moreover, the gateway technology involves BP and 

LR clonase reactions as well as the donor vector, resulting in several steps and some by-

products vectors before the KO fragment can go into the suicide vector for 

transformation, thus complicating the whole procedure. Here, an efficient method that 

only involves 3 major steps to make the gene-knockout vector was developed: PCR 

amplification – three-way ligation of PA fragments and antibiotic resistant gene – 

ligation with suicide vector and transformation into P. aeruginosa. Repetitive “cut and 

paste” steps in the traditional cloning methods, as well as the difficulty in optimising 

SOE for generating KO fragment can both be overcome. This protocol may be 

popularized in the future for novice researchers facing difficulties generating KO vectors 

or hoping to delete a large number of genes in P. aeruginosa.  

6. Which protein is the most important NO sensor that regulates c-di-GMP level 

and dispersal? 

The most frequently used methods to investigate the role of a certain gene is either 

deleting or overexpressing it in vivo, of which gene deletion was applied in this project. 

Quantification of relative intracellular c-di-GMP levels, CLSM observation of NO-

induced dispersal, motility assay and EPS measurement were performed to investigate 

the phenotypic output of each gene. Results showed that among the 14 candidates, 

PA0861 (RbdA) and PA5017 (DipA) were the most prominent ones that significantly 

reduced intracellular c-di-GMP levels, enhanced swarming motility and thus triggered 

dispersal in response to NO. However, the studies so far are not sufficient to reveal the 

whole pathway. Therefore, future studies should focus on in vitro analysis through 

enzymatic activity assays and crystallography to show if NO binding to PAS domain 

can lead to the conformational change of EAL domain, as well as site-directed 

mutagenesis of PAS domain in RbdA and DipA for corresponding phenotype assays. 

Apart from the intracellular c-di-GMP levels, localized c-di-GMP pools might be 

responsible for specific phenotypic outputs that contribute to a dispersal event. The 

deletion of PA4601 (MorA) led to enhanced swimming motility and did not show any 

differences in NO sensing, but the biofilm did not disperse as efficiently as WT. 

Moreover, PA0847 did not show any difference in motility, EPS production or NO-

induced c-di-GMP decrease, but after NO treatment the swarming motility was not 
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enhanced as much as WT and the biofilms showed reduced dispersal in response to NO. 

It was suspected that PA0847 might be locally regulating swarming related 

genes/proteins, while MorA might be regulating other phenotypes not tested in this study, 

such as rhamnolipid production and eDNA production that contribute to the strength of 

EPS. Alternatively, the altered swimming motility of ΔmorA might have changed the 

texture of biofilm that forms a barrier to the penetration of NO. Further studies on 

disclosing which genes/proteins pa0847 and morA control by using qPCR/proteomes 

might help to reveal the possible pathways, while tests on other phenotypes can also be 

carried out. These suggest that localized c-di-GMP modulations on certain phenotypes 

might bypass the influence from the general “intracellular c-di-GMP – swarming” 

pathway and control the dispersal effect specifically.  

7. The loss of two genes makes the dispersal more efficient 

When the loss of our selected proteins was supposed to either inhibit dispersal or show 

no difference to prove they are or are not involved in NO-induced biofilm dispersal, it 

was surprising to find the deletion of two proteins, PA0285 and PA4959 (FimX), 

resulted in much more efficient dispersal compared to all other strains. The loss of these 

two proteins resulted in variation in biofilm structures that were less compact and 

aggregated, which might have made them easier to be dispersed by NO. This was 

probably due to the deficiency in both Type IV pili and flagella function in these two 

mutants. Δpa0285 was shown to increase intracellular c-di-GMP while FimX was not, 

indicating this increased efficacy of NO was not simply coming from the alteration of 

the intracellular c-di-GMP level. Whether these two proteins contribute to localized c-

di-GMP pools that interact with certain c-di-GMP receptors controlling both phenotypes, 

or these two genes simply regulate the function of pili and flagella through 

transcriptional/translational/post-translational remains unknown. Investigations such as 

qPCR, proteomes and pull down assay can be carried out in the future. Nevertheless, the 

results shown here provided a new insight that the deficiency in both pili and flagella 

function can promote the efficiency of NO. Some combinations of double knockouts of 

well-studied flagella and pili related genes can be done in the future to see if the results 

are similar. 

 

Taken together, our results shed light on the understanding of how NO influences the 

potential DGCs and PDEs in the c-di-GMP network in PAO1 that leads to biofilm 
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dispersal.  PA0847, PA0861 (RbdA), PA4601 (MorA) and PA5017 (DipA) were 

selected as several important proteins involved in PAO1 biofilm dispersal.  The 

deficiency in both Type IV pili and flagella after the loss of PA0285 and PA4959 (FimX) 

leads to the decrease of biofilm compactness, making the mutants easier to be eliminated 

and providing a new insight into biofilm treatment. Further studies such as 

complementary overexpression, more phenotypic assays, enzymatic kinase 

measurement and detailed information from crystallography are needed in the future. 

Moreover, a novel NO donor, S150, was discovered to be dispersing PAO1 and many 

CF clinical isolates biofilms very efficiently, providing its potential applications in 

clinical trials.  Some CF clinical isolates form much less surface-attached biofilms 

compared to others, but they form macro cell aggregates in liquid medium. In order to 

quantify the aggregation levels, a novel index, Concentration Coefficient (CC) was 

proposed to calculate from a simple maximum projection CLSM image. Overall, my 

work provides advanced investigations into both molecular and applied aspects in NO-

induced P. aeruginosa biofilms, shedding light on wider applications of a commercially 

available NO donor as well as more in-depth research into the NO signaling mechanisms. 
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Fig A1. The growth curves of 14 KO mutants in LB broth 
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Fig A2. The colony morphologies of 14 KO mutants on Cetrimide agar plates. Plates were incubated at 

37℃ for 24 hrs. 
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Fig A3. Representative CLSM images of 2 d KO mutants’ biofilms. Biofilms are stained using 

LIVE/DEAD™ BacLight™ Bacterial Viability Kit. Scale bar = 25μm 
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Fig A4. Representative CLSM images of 3 d KO mutants’ biofilms. Biofilms are stained using 

LIVE/DEAD™ BacLight™ Bacterial Viability Kit. Scale bar = 25μm.  
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Fig A5. Raw data of swimming assay for 14 KO mutants. Each swimming plate contained 2 KO mutants 

and 1 PAO1 WT. Data analysis were grouped according to the KO strains on each plate. Measurement of 

swimming zone areas of KO mutants using ImageJ. n=6 from individual plates. Welch T-test was applied 

due to large variations. *** represents p<0.01, ** represents 0.01<p<0.05. 
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Fig A6. Selective images from swarming plates of 14 KO mutants. Scale bar = 1cm. 
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Fig A7. Raw data of swarming assay for 14 KO mutants. Due to the widely accepted inconsistency and 

less reproducibility of swarming assay, 5 KO strains plus one WT were inoculated into the same batch of 

agar plates resourced from the same bottle of agar and pouring procedures. Data shown in bar graphs were 

therefore grouped based on the 5 KO strains used together and compared to the WT within the same batch.  
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Swarming zone areas were measured using ImageJ. n=6 from individual plates. Welch T-test was applied 

due to large variations. *** represents p<0.01, ** represents 0.01<p<0.05.  
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Fig A8. Raw data of twitching assay 

for 14 KO mutants. Each twitching 

plate contained 2 KO mutants and 1 

PAO1 WT. Data analysis were 

grouped according to the KO strains 

on each plate. Twitching zone areas 

were measured using ImageJ. n=6 

from individual plates. Welch T-test 

was applied due to large variations. 

*** represents p<0.01, ** represents 

0.01<p<0.05. 
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2d ∆rbdA biofilm Control 2d ∆rbdA biofilm 250µM S150 
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Fig A9. Selective CLSM images of 2 d old KO mutants’ biofilms treated with 250μM S150. 

2d ∆fimX biofilm Control 2d ∆fimX biofilm 250µM S150 

2d ∆dipA biofilm Control 2d ∆dipA biofilm 250µM S150 

2d ∆pa5442 biofilm Control 2d ∆pa5442 biofilm 250µM S150 
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Fig A10. Dispersal effect of 2 hrs 250μM S150 treatment on 2 d old KO mutant biofilms in MatTek plates. 

Welch T-test was carried out to compare the treated and non-treated groups. Data represents data means 

of n=6 of 3 biological replicates. *** represents p<0.01, ** represents 0.01<p<0.05. 
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3d ∆mucR biofilm Control 3d ∆mucR biofilm 250µM S150 
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Fig A11. Selective CLSM images of 3 d old KO mutants’ biofilms treated with 250μM S150. 
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Fig A12. Dispersal effect of 2 hrs 250μM S150 treatment on 3 d old KO mutant biofilms in MatTek plates. 

Welch T-test was carried out to compare the treated and non-treated groups. Decrease percentages are 

marked above the bars. Data represents data means of n=6 of 3 biological replicates. *** represents p<0.01, 

** represents 0.01<p<0.05. 
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Fig A13 (A)-(C) Selective images of PAO1 WT swimming, swarming and twitching motility agar plates 

with/without SNP. Twitching zone is the semi-transparent area marked with red arrow. (D) Measurement 

of swimming zone areas of PAO1 WT with/without SNP using Image J. n=12 from individual plates, 

Welch T-test was applied due to large variations.  *** represents p<0.01, ** represents 0.01<p<0.05. (E) 

Measurement of twitching zone maximum distance of PAO1 WT with/without SNP using Image J. 

Maximum distance was applied due to the limitation of software in distinguish twitching zone. n=12 from 

individual plates, Welch T-test was applied due to large variations.  *** represents p<0.01, ** represents 

0.01<p<0.05. (F) Measurement of swarming zone areas of PAO1 WT with/without SNP using Image J. 

n=12 from individual plates, Welch T-test was applied due to large variations.  *** represents p<0.01, ** 

represents 0.01<p<0.05.  
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∆pa0285 ∆pa0285+1µM SNP 

∆pa0290 ∆pa0290+1µM SNP 

A 
PAO1 WT PAO1 WT+1µM SNP 
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∆pa0338 ∆pa0338+1µM SNP 

∆pa0575 ∆pa0575+1µM SNP 

∆pa0847 ∆pa0847+1µM SNP 
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∆rbdA ∆rbdA+1µM SNP 

∆yegE ∆yegE+1µM SNP 

∆bdlA ∆bdlA+1µM SNP 
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∆nbdA ∆nbdA+1µM SNP 

∆morA ∆morA+1µM SNP 

∆mucR ∆mucR+1µM SNP 
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∆fimX ∆fimX+1µM SNP 

∆dipA ∆dipA+1µM SNP 

∆pa5442 ∆pa5442+1µM SNP 
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Fig A14 (A) Selective images of KO mutants swarming agar plates with/without SNP. Scale bar = 1cm. 

(B) Measurement of swarming zone area of KO mutants with/without 1µM SNP using Image J. Due to 

the widely accepted inconsistency and less reproducibility of swarming assay, 5 KO strains plus one WT 

were inoculated into the same batch of agar plates resourced from the same bottle of agar and pouring 

procedures. Data shown in bar graphs were therefore grouped based on the 5 KO strains used together and 

compared to the WT within the same batch. It can be found that even for PAO1 WT, different batches led 

to different results. n=6 from individual plates, Welch T-test was applied to compare SNP treatment 

groups with control due to large variations. *** represents p<0.01, ** represents 0.01<p<0.05. Swarming 

areas increase percentages were marked above bars. 
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Fig A15. Growth curves of PAO1 WT and Tn mutants 

 

 

 

 

 

Fig A16. P. aeruginosa PAO1 Tn mutants on Cetrimide agar plates. Plates were incubated at 37℃ for 

24 hrs.  
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Fig A17. Comparison of biofilm formation abilities of different Tn strains in MatTek plates after 2 d. 

Welch T-test was carried out to compare the PAO1 WT and Tn mutants. n=3 biological replicates. *** 

represents p<0.01, ** represents 0.01<p<0.05. 
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