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ABSTRACT 

QUANTIFYING BACTERIAL MOTION IN TWITCHING COLONIES AND THE EFFECT 

OF THE AGAR-GLASS INTERFACE ON BACTERIAL TWITCHING MOTILITY 

 

Erin Shelton 

University of Guelph, 2020

Advisor: 

Professor John R, Dutcher 

We have used bright-field optical microscopy, together with a custom-built, temperature- 

and humidity-controlled environmental chamber, to study the growth of colonies of 

Pseudomonas aeruginosa PAO1 due to twitching motility driven by type IV pili. The advancing 

front of colonies consisted of finger-like protrusions (fingers) containing many bacterial cells, 

with the cells within the expanding colony moving within a lattice-like pattern. We studied the 

expansion of twitching colonies at the interface between agar and glass for a range of agar 

concentrations 1.0 % w/v < 𝐶 < 1.9% w/v, and we interpreted the microscopy results by 

characterizing the adhesion and local agar concentration at the interface using micropipette 

deflection and Attenuated Total Reflectance–Fourier Transform Infrared (ATR–FTIR) 

spectroscopy. To analyze the collective morphology and dynamics of the fingers, we used a 

combination of custom particle image velocimetry and Fourier analysis techniques. For agar 

concentrations below 𝐶 ≤ 1.5% w/v, the average finger width and the density of the lattice region 

increased with increasing 𝐶, whereas the average edge speed remained constant. We observed a 

transition at 𝐶 ~ 1.6% w/v in which the average edge speed dropped significantly while the 

average finger width remained constant. For  𝐶 > 1.7% w/v, all measured quantities remained 

constant and the colonies were visually indistinguishable. We attribute this transition to a 



 

 

 

 

corresponding increase in the agar-glass adhesion that occurred because of an enhanced local 

concentration of agarose helices at the agar-glass interface at large agar concentrations. 

During the outward expansion of fingers along the interface, cells can vertically displace 

the agar to form multilayered regions. We observed a transition from monolayer to stable 

multilayer coverage within fingers at 𝐶 = 1.5% w/v. We studied this transition by characterizing 

multilayer formation and dissolution, and transient and stable multilayer regions within fingers. 

We observed that a minimum finger width was required for multilayer stability, and we 

described the dependence of multilayer lifetime on finger width using a simple nucleation model.
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1 Introduction  

 

The focus of this thesis is the study of the effect of the agar-glass interface on the 

morphology and dynamics of twitching Pseudomonas aeruginosa colonies in a well-controlled 

experimental geometry. We also characterize the transition from two-dimensional to three-

dimensional growth in twitching colonies that occurs when bacteria form multilayer structures. 

In this Chapter, I will begin with a discussion of three forms of bacterial motility: swimming, 

swarming, and twitching motility. This will be followed by a description of the Type IV pilus 

(T4P) system, the bacterial species Pseudomonas aeruginosa, and a discussion of collective 

motion in bacterial systems. I will also provide a summary of studies characterizing the transition 

of bacterial microcolonies from two-dimensional to three-dimensional growth, and I review key 

properties of agar and agarose hydrogels. Finally, I will describe the scope of this thesis. 

1.1  Bacterial Motility 

      Bacteria are capable of colonizing surfaces in many different environments, and as such, 

have evolved many different modes of surface motility. Here, we describe the forms of motility 

specific to P. aeruginosa:  swimming, swarming, and twitching. 

1.1.1 Swimming Motility 

      Swimming is a mode of motility in bulk liquid media that is mediated by a bacterial 

appendage known as the flagellum. Although swimming is most commonly studied in species 

that are peritrichously flagellated, P. aeruginosa bacteria possess a single polar flagellum (1). 

Flagella are long (5-10 μm) helical filaments that are typically 20 nm in diameter and driven by a 
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motor at their base in the cell envelope. The motor is capable of rotating both clockwise and 

counter-clockwise at frequencies up to 100 Hz (1) (2). 

      In peritrichous bacteria such as Escherichia coli, swimming follows a ‘run and tumble’ 

pattern caused by the bundling of multiple flagella (2). Runs are long periods (~1 s) in which 

cells move steadily forward at speeds up to 40 μm/s, flagella are bundled, and the motors rotate 

counter-clockwise (CCW). Tumbles are short (~0.1 s) periods in which the bacterium randomly 

reorients its cell body, one or more flagella rotate CW, and the bundle disperses. During the 

dispersal of flagella out of the bundle, they undergo a polymorphic change that propagates from 

the cell body outwards along the flagella (2).    

      In the monotrichous marine bacteria, Vibrio alginolyticus, swimming is due to a cyclic, three 

step process called ‘run-reverse-flick’ (3) in which CCW rotation of the flagellum propels the 

cell body forwards, while CW rotation pulls the cell backwards. Fluorescent labeling of flagella 

revealed that, during the flick, the flexible base of the flagellum develops a small kink, so that 

the flagellum and cell body are not coaxial. The kink angle is amplified by CCW flagellar 

rotation and this pushes the cell at an angle with respect to the cell axis. This allows the cell to 

rapidly (~0.1 s) and randomly reorient its body (3).  

      Qian et al. recently performed microscopy experiments in which bacteria are tethered to a 

glass surface by their flagella to clarify the mechanism of swimming and reorientation in P. 

aeruginosa (4). They found that the flagellum rotates in CW and CCW directions for equal 

durations, and equal speeds, indicating that the flagellar motor is symmetric. They also observed 

an additional pause phase, in which the flagellum ceased to rotate for a variable amount of time. 
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The authors found a positive correlation between pause duration and turn angle, suggesting that 

the length of the pause may control cellular reorientation (4). 

1.1.2 Swarming Motility 

      Swarming is a mode of surface motility in which bacteria move collectively across a soft 

substrate, typically corresponding to agar concentrations of 0.4 – 0.7 w/v (1) (5) (6). When 

swarming, cells align along their long axis and travel in groups called rafts; rafts are dynamic, 

and cells lost from a raft become non-motile. Swarming appears to require both flagella and 

surfactant synthesis in several bacterial species. During swarming, many bacteria synthesize 

additional flagella, and can transition from monotrichous to peritrichous.  When swarming, P. 

aeruginosa synthesizes an alternative motor for its single polar flagellum and/or increases the 

number of polar flagella (7). There are several phenotypes that appear in swarming colonies but 

are not purely necessary for swarming behaviour; these include cell elongation, swarming lag 

and colony pattern formation. P. mirabilis cells are short rods when grown in liquid, while they 

are elongated with multiple nucleoids when swarming on surfaces. E. coli cells also show 

elongation when swarming, and several other bacterial species show a subpopulation of 

elongated cells near the swarm edge. The swarming lag refers to a period of inactivity that 

appears when cells are transferred from a liquid medium to a solid surface. Studies of the 

swarming lag have indicated that swarming is highly dependent on cell density. Swarming 

colonies can form different macroscopic patterns that depend on environmental conditions, 

which include bull’s-eyes in P. mirabilis, terraces in Proteus vulgaris, and dendrites in P. 

aeruginosa (5). 



 

 

4 

 

1.1.3 Twitching Motility 

       Twitching motility in bacteria occurs by extension, surface binding, and subsequent 

retraction of T4P in the cell surface. This “grappling hook” mechanism produces the forward 

motion of the cell (8) (9) (10). Mertz et al. provided evidence that the extension and retraction of 

T4P drives twitching motility in N. gonorrhoeae (11). In optical tweezers experiments, the pili of 

immobilised bacteria pulled a latex bead at a rate of 1 μm/s. Bacteria were also optically trapped 

near growing microcolonies, and cells were pulled towards the microcolonies through retractile 

pilus forces. When confined to an optical trap, PilT mutants (lacking functioning pili) were able 

to occasionally tether to latex beads but were unable to retract. The authors concluded that T4P 

filaments retract, directly mediating cell movement, and that the PilT protein is necessary for 

proper pilus retraction  (11).  

      Twitching is typically observed at the interface between a soft, deformable surface such as 

agar and a solid surface such as glass. It can also occur on the top surface of a gel, and in flow 

environments such as catheters (12) (13). Twitching occurs for agar concentrations between 

1.0% w/v and 2.0 % w/v. Twitching dominates for agar concentrations greater than those 

corresponding to swarming motility (0.4% - 0.7% w/v) (6), becoming ineffective for agar 

concentrations near 2.0% w/v. Jin et al. observed and tracked the motion of individual twitching 

P. aeruginosa cells in a flow cell environment (14). They identified two main methods of motion 

in the twitching cells. First, a slow motion in which the velocity is small over a long time (up to 

20 s), and motion is translational along the forward direction. Second, a fast motion in which the 

velocity is large over a short time (~ 100 ms) and motion is both rotational and translational. The 

authors suggested that fast motion may be due to a ‘slingshot’ mechanism in which one of the 

attached pili under tension is released.  
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      Shen et al. used microfluidic devices and fluorescence microscopy to analyse trajectories of 

P. aeruginosa bacterial cells in flow environments. The authors found that flow oriented the cells 

along the flow direction, and the alignment with the flow direction increased with increasing 

shear stress. The authors suggested that, as bacteria attached to the surface at their pole, flow 

caused the cells to pivot such that the leading pole aligned in the flow direction. Only a fraction 

of the total bacterial population remained attached to the surface and migrated upstream under 

flow conditions (13).    

      The effect of the exopolysaccharide Psl on the formation of microcolonies of P. aeruginosa 

bacteria within a flow cell was studied by Zhao et al. (15). By using cell tracking of bacterial 

mutant strains of controllable variable Psl production, the authors were able to show that, with 

increasing Psl concentration, bacteria visited a smaller fraction of the total surface.  The 

frequency distribution of bacterial visits on the surface was described by a power law, which 

characterized the shift from a more uniform surface visit distribution to a more hierarchal 

distribution (larger range of visit frequencies) with increasing Psl production.  The authors used 

simulations of Psl secreting motile bacteria to elucidate the role of T4P and Psl in microcolony 

formation. Their simulations were consistent with T4P associating with Psl-rich regions on the 

surface with higher probability than on bare glass. Additionally, tracking of bacterial cells post-

division revealed that cells were more likely to remain near the division event when the local Psl 

concentration was high (15).  

      Bacterial twitching of densely packed cells between hydrogels, e.g. agar and gellan gum, and 

solid transparent surfaces has been observed using optical microscopy (8) (12) (16). In an early 

study, Semmler et al. (12) observed bacterial twitching at a hydrogel-glass interface.  Samples 
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were prepared by submerging slides in gellan gum medium, air drying, and inoculating the top 

surface with P. aeruginosa bacteria taken from a plate culture. A second coverslip was placed 

over the bacteria and incubated. During optical microscopy, bacteria were imaged through the 

thickness of the hydrogel. Because of this, gellan gum was chosen since it has improved optical 

clarity compared to agar. Using this experimental geometry, the authors observed that the 

twitching colonies expanded by forming small rafts or finger-like projections (fingers) of 

bacteria at the leading edge in which cells moved collectively, similar to that observed by 

Bradley (9). Within the interior of the colonies, a lattice-like network was present in which the 

cells twitched individually and tended to follow paths taken previously by other cells. The rafts 

consisted of 10-50 cells, while the trails in the lattice network were 1-5 cells in width. Closer to 

the centre of the colony, the voids in the lattice network were noticeably smaller. By performing 

video microscopy of expanding colonies on various gellan gum, agar, glass, and plastic 

surfaces/interfaces, the authors concluded that twitching motility is favoured at interfaces and 

smooth surfaces that may be exposed to liquid or air.    

      Subsequent bacterial twitching studies have used similar sample preparation protocols, in 

which bacteria are imaged through the gel (16) (17) (18). Gloag et al. performed phase contrast 

microscopy and cell tracking of P. aeruginosa cells at a gellan gum/glass interface.  
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Figure 1.1: The leading edge of a twitching P. aeruginosa colony at a gellan gum/glass interface. 

The width of the scale bar corresponds to 20 µm. Image adapted from (16). 

 

By tracking individual bacteria within the colony for 100 s, the authors revealed that cells at the 

leading edge of fingers have a high degree of orientation coherence (high alignment along the 

longitudinal axis of the cell) and velocity coherence (cells move in the same direction as their 

neighbours) (16), which decreased with distance from the leading edge of the fingers. They 

showed that bacteria in the lattice-like network behind the leading edge had reduced orientation 

and velocity coherence, showing frequent directional changes. The authors also noted that, as 

rafts/fingers separated from the lattice network, they slowed and stalled, until they reconnected 

with bacteria from the expanding colony. From AFM measurements of the gel surface, the 

authors inferred that the twitching bacteria formed a network of furrows in the gellan gum 

substrate, facilitating the motion of trailing cells along this network. Bacterial motion along these 

trails is further enabled by secreted Psl exopolysaccharide (15). In addition, extracellular DNA 

(eDNA) was found to enhance local cell alignment, allowing twitching cells to efficiently travel 

through the furrow network and to increase their coherence within the fingers. Through staining 
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with TOTO-1, it was observed that eDNA was distributed throughout the colony by the 

twitching bacteria. In the presence of DNaseI, cells within the leading rafts lost coherence with 

their neighbours and had a reduced migration rate.  The authors suggested that the apparent 

traffic jams in the lattice network induced by DNaseI reduced the supply of bacteria to the 

leading rafts, causing them to become stationary (16).  This research group also used the concept 

of stigmergy to describe the motion of twitching colonies (19), in which the formation of 

complex structures by collective behaviour of organisms is influenced by individual organisms 

modifying the local environment. They proposed that the pattern formation of bacterial cells in 

interstitial twitching colonies is primarily due to individual cells forming the network of furrows.  

      More recently, Li et al. (17) created motility maps for densely packed twitching P. 

aeruginosa cells that they used to characterize the degree to which bacteria modulated light 

intensity in differential interference contrast (DIC) images of expanding colonies. Maps of 

relative bacterial velocities were created by taking the standard deviation of intensities in image 

sequences. Histograms of these maps allowed for the discrimination between low and high 

motility samples. Numerical values of colony velocities were calculated by measuring the 

distance travelled by 10 individual bacteria selected at the colony edge at 10 s intervals during 5 

min data collection times. Typical colony velocities ranged from 0.018 μm/s to 0.04 μm/s for 

colonies incubated on gellan gum soaked with PBS buffer.  

      Sabass et al. used traction force microscopy to characterize cell-substrate forces in groups of 

twitching Myxococcus xanthus bacteria (20). Since M. xanthus is capable of an alternative form 

of surface motility, gliding, a mutant strain deficient in gliding motility was used for twitching 

studies. Gliding is a form of active surface motility in bacterial cells that occurs without the aid 
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of flagella or pili. In traction force microscopy, cells are imaged on an elastic gel that has 

embedded nanometer-sized fluorescent beads. Beads are tracked to create a displacement field 

that, together with the known stiffness of the elastic gel, allows the calculation of traction forces 

applied to the substrate by the bacteria.  The authors found that groups of twitching cells exerted 

local and fluctuating traction ‘hotspots’ of magnitude comparable to the stall force of one or a 

few pili (~ 50 pN). By measuring the traction orientation of selected cells near the edge of the 

twitching group, it was revealed that groups of twitching M. xanthus cells do not exert 

coordinated traction (20).  

1.2 Type IV Pili 

      Type IV pili (T4P) are bacterial appendages that serve a wide range of biological functions, 

including motility and signaling, self-organization of microcolonies, and DNA uptake (21). T4P 

are thin protein filaments that are helical polymers consisting of pilin A subunits (22). The 

filaments are typically several micrometers in length, and 6 nm in diameter. T4P polymers are 

assembled and disassembled through the cell wall by the collective action of a large number of 

proteins. Pilin subunits diffuse from an inner-membrane reservoir into the base of the growing 

pilus, where they are added along a right-handed helix. In P. aeruginosa, the assembly and 

disassembly of pilin A subunits are mediated by the proteins PilB, PilU, and PilT. After a pilus 

extends from the cell, it may adhere to many different surfaces, including glass, eukaryotic cells, 

and other bacterial cells. During retraction, the cell is pulled towards the location of surface 

binding (8) (21) (22) (23) (24). 

      AFM pulling measurements on P. aeruginosa PAO1 by our research group have provided 

direct evidence for a high degree of flexibility of T4P, and their tendency to form close-packed 



 

 

10 

 

bundles. Pili adsorbed to both hydrophilic and hydrophobic surfaces, and measurements on PilT 

mutants provided evidence that nonspecific adhesion to the surface occurs along the length of the 

pilus. (25). Maier et al. used optical tweezers to determine the force-velocity relationship for 

individual T4P pilus retraction events in Neisseria gonorrhoeae. They determined that single 

pilus retraction events generate an average of 110 pN of force, with a maximum of 140 pN (26).  

Mertz et al. also used optical tweezers to determine the retraction rate of Neisseria gonorrhoeae 

pili to be 1.2 μm/s (11). 

      Skerker and Berg used total internal reflectance fluorescence (TIRF) microscopy to observe 

the extension and retraction of Cy3 fluorescently labeled P. aeruginosa T4P. The authors 

measured both the mean pilus extension rate and retraction rate to be 0.5 μm/s. When they 

observed pili extension and retraction in specific cells, the authors noted that the intensity of 

fluorescence of newly formed pili was comparable to pili that had already extended. Due to this, 

the authors proposed that fluorescent pilin subunit are recycled (27). Micropillar assay studies by 

Biais et al. demonstrated that pili in N. gonorrhoeae can bundle to form higher order structures. 

In these bundles, pili retract in a coordinated manner, and retract with a force that is 8-10 times 

higher than that measured for a single pilus (28). 

      Recently, Tala et al. used label-free interferometric scattering (iSCAT) microscopy to image 

extension, attachment and retraction of T4P of P. aeruginosa (29).  The authors observed a short 

dwell time (~130 ms) of relaxed T4P on a glass surface, which implied that retraction occurred at 

high frequency or systematically after pilus contact with the surface. The authors suggested that 

high frequency retraction would lead to inefficient conversion of force to displacement, while the 

systematic retraction would indicate that cells sense attachment to the surface. They also 
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observed that most extended pili did not retract unless attached to the surface. The authors 

concluded that dwell time and extension measurements support the hypothesis that cells can 

sense surface attachment with their T4P.  

1.3 Pseudomonas aeruginosa Bacteria 

      Pseudomonas aeruginosa PAO1 is a rod-shaped, Gram-negative bacterium, typically 2-5 μm 

in length and 0.5 μm in diameter. P. aeruginosa cells possess a single polar flagellum, and 

multiple polar Type IV pili (T4P). Both flagella and T4P are necessary for biofilm development 

in P. aeruginosa PAO1 (30). PAO1 cells engage in swimming motility in aqueous environments, 

and swarming and twitching motility across surfaces (1) (22). P. aeruginosa PAO1 is considered 

an opportunistic pathogen, infecting immunocompromised patients. It is associated with hospital 

acquired infections, urinary tract infections, and lung infections in cystic fibrosis patients (31).  

P. aeruginosa is also known to secrete exopolysaccharides Psl, Pel, and alginate, which assist in 

surface adhesion and play an integral role in biofilm formation and architecture (32). 

1.4 Bacterial Collective Motion 

       Collective motion is found in a diverse array of systems, such as flocks of birds, insect 

swarms, schools of fish, and bacterial suspensions (33). Collective motion is characterized by the 

emergence of long-range order and spatiotemporal coherence in groups of self-propelled 

particles. Recently, many studies have demonstrated the ability of bacteria to act as a model 

system for studying collective motion (34), since they can display collective motion swimming 

in liquid and moving on surfaces when the density of the cells is sufficiently high. 

       Zhang et al. demonstrated that when confined to a 1 μm thick liquid film on an agar 

substrate, swimming Bacillus subtilis cells aggregate in dynamic clusters of up to 20 cells (35). 
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By tracking individual bacterial cells, they showed that bacterial motion within the clusters was 

highly correlated, and that speed increased with increasing cluster size. They found a cluster size 

distribution that was similar to that observed in schools of fish and herds of buffalo. Within the 

imaging window, mobile clusters caused large fluctuations in density. These density fluctuations 

showed ‘giant number fluctuations’, in which fluctuations scaled with the mean differently than 

in systems in thermodynamic equilibrium (35). 

      Studies of swarming B. subtilis by Chen et al. showed that the cells travel in highly 

correlated dynamic clusters with characteristic dimensions that are up to ~60 μm (34). 

Correlations of velocity, speed, direction of motion and orientation were found to be scale 

invariant, i.e., the range of correlations was set only by the size of the cluster. These long-range, 

scale invariant correlations were similar to those observed in flocks of birds, despite large 

differences in length scale, speed, and the nature of the interactions between individuals of the 

groups. Bacteria interact through excluded volume and hydrodynamic interactions, as well as 

physical entanglement of flagella, whereas birds within flocks are typically well-separated and 

have less physical interaction with their neighbours. The authors suggested that long range scale 

invariant correlations may be a general feature of collective motion (34).   

      Studies of swimming filamentous E. coli in a thin (~ 2 μm thick) liquid monolayer of cells 

also showed the presence of long-range order and giant number fluctuations (36) . Bacteria were 

grown in the presence of an antibiotic, and persistent swimming motion was ensured by using a 

non-tumbling mutant. Weak nematic alignment was observed at low cell densities; bacteria that 

collided at some nonzero angle became approximately parallel after the collision. At high 

densities, global nematic order was observed without clusters of bacteria (36).  Rabani et al. 



 

 

13 

 

observed that spherical swimming Serratia marcescens bacterial cells exhibited collective 

motion when confined in a two-dimensional liquid monolayer, demonstrating that a rod-like 

geometry is not necessary for bacterial collective motion (37).  

1.5 Transition to Three-Dimensional Growth in Bacterial Colonies 

      In the early stages of biofilm formation, bacterial cells transition from reversible to 

irreversible attachment to a surface (38). Once irreversibly attached, cells multiply, produce 

extracellular matrix components, and form small aggregates called microcolonies (38). 

Spatiotemporal dynamics of microcolony and biofilm growth are affected by the physical 

interactions between bacteria and their surroundings. Specifically, mechanical forces are 

important in the transition from two-dimensional to three-dimensional growth in bacterial 

microcolonies.  

      The transition of an E. coli colony from two-dimensional to three-dimensional growth during 

the first two generations of bacterial division was characterized by Su et al. (39). Bacteria were 

grown on a thin agar layer on a glass slide, which was covered with a small reservoir of LB 

medium. Fluorescence microscopy, confocal laser scanning microscopy, and image analysis 

allowed the identification of the location and orientation of individual bacteria within the colony. 

As the colony grew, bacteria within the center of the circular microcolony moved up into a 

second layer forming a central multilayer core that was surrounded by a monolayer ring. With 

continued growth, the width of the outer monolayer ring appeared to remain constant, while the 

extent of the multilayer region grew monotonically, and cells at the center of the colony 

accumulated into third and fourth layers. Additionally, bacteria in the monolayer at the outermost 

edge of the colony adopted orientations in which the long axis of the cell body was oriented 
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perpendicular to the radial direction of colony growth. As the area of the multilayer region grew 

monotonically, only a fraction of the daughter cells produced in the first layer during growth and 

division moved up in to the second layer. The authors suggested that this indicates a constant 

force per unit length along the monolayer-multilayer boundary, representing a balance between 

the cell-expansion force and the cell-agar retraction force (39).  

      Grant et al. studied the planar-to-bulk transition of growing non-motile E. coli bacteria in 

microcolonies (40).  Bacteria were confined between a thin slab of agarose and a microscope 

slide and imaged using confocal microscopy during growth. A discontinuity in the area growth 

rate of colonies coincided with the transition to three-dimensional growth. The authors observed 

that vertical invasion of the agarose always initially occurred near the center of the 

microcolonies, and that secreted biochemical factors were not required for this invasion. The 

behaviour of the microcolonies showed a complex dependence on the agarose concentration; the 

colony density increased with agarose concentration, while the colony area at the vertical 

invasion showed a maximum at intermediate agarose concentrations. A phenomenological 

mechanical theory showed the importance of vertical and radial compression forces of the 

agarose gel, and the frictional forces between bacteria and agarose. Vertical invasion was 

proposed to occur when the radial compression in the microcolony overcame the vertical 

compression from the agarose gel. Translation from horizontal radial forces to vertical motion 

was thought to occur through small inhomogeneities in the agar surface and Euler buckling 

instabilities between the rod-shaped bacteria.  

      Duvernoy et al. also observed a two-dimensional to three-dimensional transition in growing 

microcolonies of E. coli and P. aeruginosa bacteria at an agarose/glass interface (41). Force 
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microscopy on bacteria at a rigid agarose/soft polyacrylamide gel interface was used to measure the 

adhesive stress on the substrate generated by growing microcolonies. The adhesive stress within 

colonies was measured to be heterogeneous and dynamic. The total sum of force magnitudes in the 

colony was measured, and the global stress beneath the colony was calculated as the slope of this 

curve. The global stress and  radial average stress beneath the colony remained constant during 

growth. Bacterial adhesion mutants were used to show that the strength of the adhesion of bacteria to 

the substrate determined the number of bacteria in the microcolony at the time of formation of a 

second layer.  

      Warren et al. used confocal microscopy to observe the two-dimensional to three-dimensional 

transition in growing non-motile E. coli colonies on an agar substrate (42). Bacterial colony growth 

was observed from a single cell, for up to 1.5 days. The formation of a second layer was consistently 

observed in the center of the colony at approximately 14 h at a colony radius of 75 μm. The authors 

implemented numerical simulations to show that the important factors in colony growth were the 

mechanical interactions between bacterial cells, nutrient diffusion, friction between the bacterial cells 

and agar, and the surface tension between the bacteria and the agar. 

1.6 Agar and Agarose Hydrogels 

      Agar is a gelling agent derived from seaweed that has a wide range of applications, including 

as a support for bacterial cell cultures, and as a separation medium in gel electrophoresis. Agar is 

a mixture of two polysaccharide components: agarose and agaropectin. Agarose is neutral linear 

polymer of alternating units of 1,3-linked β-D-galactopyranose and l,4-linked 3,6-anhydro-α-L-

galactopyranose, and it is the polysaccharide fraction with the highest gelling potential. 

Agaropectin is a heterogeneous mixture of smaller charged polysaccharide components that gel 
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poorly (43) (44). The proportion of agarose to agaropectin varies with the source of the material, 

but it is typically about 70 % agarose (45).  

      In an aqueous solution, agar forms a thermoreversible gel with a melting temperature of 

approximately 85 ⁰C and a gelling temperature of approximately 35⁰ C. X-ray diffraction, small-

angle x-ray scattering, and rheological studies have indicated that the gelling mechanism of agar 

is related to the structure of agarose (43) (46) (47).  At high temperature, agarose polymers adopt 

a random coil conformation. Upon cooling below the gelation temperature, coils rearrange to 

form left-handed double-helices that subsequently aggregate into bundles called suprafibres. 

Suprafibres are formed through hydrogen bonding, are polydisperse in thickness, and may 

contain up to 104 agarose double helices. The resultant agarose gel is composed of a three-

dimensional network of cross-linked suprafibres that have a characteristic pore size that depends 

on concentration (44) (48). 

 

Figure 1.2: Schematic of agarose helices aggregating into bundles. 
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The pore size of agar and agarose gels is highly dependent on the method of preparation of the 

gels, as well as the method of measurement. However, several independent measurements have 

shown that the mean pore size of agar and agarose gels decreases with increasing gel 

concentration. Maaloum et al. used both atomic force microscopy (AFM) and λ-DNA 

electrophoretic mobility measurements to measure the pore size of agarose gels. They found a 

power law dependence 𝑎 ~ 𝐶−𝛾 of the mean pore diameter, 𝑎, on the agarose concentration 𝐶, 

where γ ≅ 0.6. The mean pore diameter of 1.0% agarose gels was 509 ± 90 nm. They also 

determined that the pore diameter distribution of the gels narrows as the agarose concentration is 

increased (49). Xiong et al. measured the mean pore diameter of agarose gels between 0.5% and 

1.5% concentration. From a turbidity spectrum, the authors calculated the correlation length of 

the agarose network - this is the average distance between entanglements (effective pore size). 

Pore sizes from turbidity measurements were confirmed with DNA electrophoretic mobility 

experiments. The authors found that the mean pore size of 1.0% agarose gels was 162 nm (48). 

Ackers and Steere developed a gel-diffusion technique to measure of the pore size of agar gels. 

An effective pore size was calculated by measuring the hindrance to the diffusion of virus 

particles through a thin agar gel membrane. The pore diameter of a 1.0% agar gel was 

determined to be 170 nm (50). Chui et al. used NMR to determine pore size probability 

distributions for both agar and agarose gels. They found a mean pore diameter for 1.0% agar gels 

to be 400 nm, and also found that the distributions narrowed with increasing gel concentration 

(51). 
1
H NMR spectroscopy measurements by Davies et al.  showed that the self-diffusion 

coefficient of water within the pores of agar-water gels decreases with increasing gel 

concentration (45). 
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      Agar is often an attractive choice as a hydrogel due to its high elastic modulus at low 

concentration, and the direct relationship between concentration and strength of the gel. Fujita et 

al.  measured the elastic moduli of agar gels of 2% - 5% concentration under compression. The 

Young’s modulus of each gel was calculated from the linear portion of the stress-strain curves, 

corresponding to low values of applied stress. The authors measured a power law dependence of 

elastic modulus on gel concentration 𝐸 = 𝑘𝐶1.7, where 𝑘 is a proportionality constant. The 

authors also observed that after gelation the elastic modulus of the gel rapidly increased in the 

first 30 – 40 min, after which it approached a constant value (52). Grant et al. determined the 

elastic modulus of 0.5% - 2% w/v agar gels using AFM nanoindentation experiments. The elastic 

modulus of gels increased with increasing concentration, from 28.7 ± 8.9 kPa for 0.5% w/v gels 

to 549.4 ± 67.1 kPa for 2% w/v gels. They also measured that the surface roughness decreased 

with increasing gel concentration (53).  

1.7 Scope of Thesis 

      In this thesis we investigate the effect of confinement at the agar-glass interface on twitching 

colonies of P. aeruginosa colonies in a well-controlled experimental geometry using bright-field 

microscopy. By characterizing twitching at the agar-glass interface over a range of agar 

concentrations, we observed unexpected transitions in the morphology and dynamics of finger-

like projections at the leading edge of the expanding bacterial colonies as the agar concentration 

was increased. We related these transitions to changes in the properties of the agar-glass 

interface (adhesion and local agar concentration) with increasing agar concentration. We also 

characterized the motion of the bacteria at high spatial and temporal resolution and the formation 

and dissolution of multilayer regions within the finger-like projections, which were well 

described by a simple nucleation model. Taken together, the results of the present study highlight 
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the importance of physical interactions and forces acting on the bacterial cells in determining the 

overall morphology and dynamics of the twitching bacteria, and they can be used to inform 

simulations of the collective dynamics of twitching bacterial colonies.  

      In Chapter 2, we describe the biological protocols and experimental techniques used in this 

thesis. This includes optical microscopy, micropipette deflection, and Attenuated Total 

Reflectance–Fourier Transform Infrared (ATR–FTIR) spectroscopy. In Chapter 3, we describe 

the details of the image analysis procedures developed and used to characterize both bacterial 

colony morphology and behaviour from our optical microscopy image sequences. In Chapter 4, 

we present results characterizing twitching colonies at two agar concentrations, C = 1.0% w/v 

and 1.5% w/v. Here we examine overall colony morphology using fractional bacterial coverage, 

finger width, and bacterial orientation as metrics. We characterize colony dynamics using the 

average colony edge speed and compare our results between differing sample preparation 

procedures. In Chapter 5, we use the metrics defined in Chapters 3 and 4 to quantify the effect of 

agar concentration (C = 1.0% - 1.9% w/v) on twitching bacterial colonies. We also relate our 

observations to the changes in the adhesion and local concentration of agarose helices between 

the agar and glass surfaces, measured using micropipette deflection and ATR-FTIR 

spectroscopy. In Chapter 6, we quantify bacterial motion at higher resolution and within the 

fingers, at C = 1.0% w/v and 1.5% w/v. We describe the clear transition of bacterial cells within 

fingers from monolayer to multilayer coverage, and we examine multilayer stability as a function 

of finger width. We also present a simple nucleation theory that explains the trends in our data. 

Finally, in Chapter 7, we summarise our results of the thesis and present suggestions for future 

work.  
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2 Materials and Methods 

2.1 Preparation of Bacterial Cells 

       Wild type Pseudomonas aeruginosa PAO1 bacterial cells were used in the twitching 

experiments. As a control, twitching experiments were also performed using the P. aeruginosa 

mutant fliC (lacking flagella but possessing T4P) to ensure that bacterial motion was due to 

twitching. The bacterial strains were stored as frozen stock cultures at -80 
o
C and transferred to 

1.5% w/v agar plates for growth at 37 
o
C until multiple single colonies were observed. A single 

colony was then extracted using a sterile loop from the agar plate and grown at 150 rpm in a 

shaker (Fisher #SHKA4000) for 16 to 18 h at 37 
o
C in lysogeny broth (LB) nutrient medium 

(Difco #244620). 

 

2.2 Preparation of Agar and Pristine Agar-Glass Interface 

      The agar was prepared in concentrations of 1.0 to 1.9% w/v in 0.1% w/v increments by 

mixing granulated agar (Difco #214530) with 20 mL of LB medium. The mixture was 

autoclaved for 30 min at 121 
⁰
C at 15 psi, then immediately transferred to a heat bath heated to 

approximately 80 
⁰
C to prevent gelling. 

      To prepare pristine agar-glass interfaces, a 24  60 mm #1 glass coverslip was rinsed in 

methanol, passed quickly through the flame of a Bunsen burner and placed within the base of a 

custom environment chamber (Figure 2.1) that was designed to fit on the translation stage of an 

inverted optical microscope (Olympus IX-71). The design of the custom environmental chamber 

allowed the observation of twitching motility under controlled temperature and humidity 

conditions.  
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      A schematic diagram of the custom environmental chamber used in the bacterial twitching 

experiments is shown in Figure 2.1, in which the sealed chamber is mounted in the optical 

microscope. The base of the chamber contained a slot for the 24  60 mm #1 coverslip on which 

the bacterial twitching sample was prepared, as well as two heating strips (Omega, KH-110/5-P), 

with the sample temperature controlled to within ±0.05 
⁰
C using a proportional-integrative-

derivative (PID) temperature controller (Eurotherm 808) and a type-J thermocouple. A Parafilm 

gasket was placed onto the outer edges of the coverslip, with the central portion of the Parafilm 

removed to expose the underlying coverslip. The top plate of the environmental chamber was 

bolted onto the base to define a central well into which 2 mL of molten agar was pipetted to 

create the agar-glass interface.  The chamber was transferred to a sterile Petri dish containing a 

small (1 mL) water reservoir sealed with Parafilm. After 30 min, a small vertical cylindrical hole 

was formed in the center of the agar, through the entire thickness of the agar, using a 20 μL 

pipette. 2 μL of bacterial suspension, prepared as described above, was then transferred into the 

vertical cylindrical hole in the agar (Figure 2.1). As the bacteria were not able to penetrate the 

agar (due to the small pore size in this concentration range), this sample geometry forced the 

bacteria to twitch at the agar-glass interface, as indicated by the black arrows in Figure 2.1b. The 

chamber was sealed by placing a 24  40 mm #1 coverslip with the edges coated with silicon 

vacuum grease (Dow Corning) over the top plate of the environmental chamber, and it was 

incubated at 37 
⁰
C for times between 1 and 6 h.  The top plate of the chamber also contained two 

smaller 0.5 mL wells that were filled with water to prevent dehydration of the agar during the 

bacterial twitching experiments. This design allowed the measurement of bacterial twitching 

motility at the agar-glass interface under controlled temperature and humidity conditions. The 

chamber temperature was monitored continuously throughout experiments. 
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Figure 2.1: Schematic diagram of sample geometry. (a) Cross-section of environmental chamber 

containing sample mounted on microscope stage. The 2 mL agar volume is indicated in green, 

and the 2 μL bacterial suspension volume is indicated in blue. (b) Expanded view of region 

highlighted by dashed blue rectangle in (a). 

 

2.3 Alternative Inverted Puck Method for Preparing Agar-Glass Interface 

      To further investigate the effect of the agar-glass adhesion on twitching motility, a second 

method was used to prepare the agar-glass interface. Molten agar was prepared as described in 

the Materials and Methods section, poured into sterile Petri dishes to a height of 3-5 mm, and 

allowed to solidify. Each plate was then sealed with Parafilm and refrigerated. To prepare the 

twitching sample, an agar puck, about 10-15 mm in diameter, was removed from a sterile agar 

plate using a sterile syringe barrel. Using a sterile toothpick, a single bacterial colony was 

transferred from the agar plate on which it was grown to the center of the surface of an agar puck 

that was originally in contact with the Petri dish. Sixteen μL of water was also added to the agar 

puck surface around the inoculation point to ensure a fully hydrated environment for the bacterial 
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cells. The agar puck was then inverted onto a clean glass coverslip, creating a sealed 

environment in which the bacterial cells could twitch at the agar-glass interface. The agar puck 

was then placed in a sterile Petri dish with moist paper towels surrounding the puck and sealed 

with Parafilm. The sample was incubated at 37 
o
C for 3-6 h, which allowed sufficient time for 

the bacterial colony to expand outward from the inoculation point. Following the incubation 

period, the sample was transferred onto the custom-built environmental chamber (Figure 2.1) for 

imaging under controlled environmental conditions. To prepare agar pucks for ATR-FTIR 

studies (Section 2.6), 2.1 mL of hot agar was pipetted into a Teflon ring placed on the bottom 

surface of a plastic Petri dish. A large aluminum cylinder (as in section 2.5) was placed on the 

Teflon ring to prevent the liquid agar from flowing out of the ring. The agar was allowed to cool 

for 10 min at room temperature, removed from the Teflon ring, and sliced along the center of the 

puck into two halves using a scalpel. The central section (bulk agar) of each half was measured 

using the germanium ATR crystal. 

2.4 Optical Microscopy Measurements 

      The environmental chamber containing the bacterial twitching sample was placed onto an 

inverted optical microscope (Olympus IX-71) equipped with a 40 objective lens such that part 

of the leading edge of the bacterial colony was in the field of view (Figure 2.1). The sample 

temperature was fixed at 37 
⁰
C. Bright field microscopy images were collected using an Orca-

Flash4.0 V2 sCMOS camera (4.0 Megapixel, Hamamatsu) and HC Image software 

(Hamamatsu). We collected times series of images for agar concentrations (w/v) of 1.0 to 1.9% 

w/v, with images collected at 0.2 frames per second (fps) for 17 min intervals. Four to six 17 min 

time series of microscopy images were collected on separate colonies at each concentration. Still 

images (between two to four) were collected near the colony edge for eight to ten additional 
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colonies at each concentration for use in the finger width and fractional surface coverage 

analysis. For high resolution experiments, we collected time series with a 150x objective at 10 

fps for 100 s for the 1.0% w/v agar.  

 

2.5 Micropipette Deflection Experiment 

      Micropipette deflection experiments have been used to measure the cell detachment force of  

red blood cells and amoebae (54),  and the adhesion and membrane tension of lipid vesicles and 

living HeLa cells (an immortal human cell line) (55). In these experiments, the micropipette acts 

a cantilever, and the force applied to the sample is directly proportional to the deflection 

experienced by the cantilever (Hooke’s law). Additionally, the use of the micropipette as a 

cantilever allows the application of suction such that samples are directly adhered to the 

micropipette. In experiments by Colbert et al., the displacement of the micropipette was 

measured using cross correlation image analysis, giving a resolution of 0.1 μm (1/100 of the 

micropipette diameter) (55). We have taken direct inspiration from this experiment and analysis 

to create a simple micropipette deflection experiment, as shown schematically in Figure 2.2. 
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Figure 2.2: Schematic of a micropipette deflection experiment. A sample (Teflon ring containing 

agar formed directly on the glass microscope slide) is translated perpendicular to the free end of 

a micropipette with the other end of the micropipette fixed.  

      Glass micropipettes (World Precision Instruments 1B100-6, 1B150-6) of two thicknesses and 

variable length were used as cantilevers. The spring constants of the micropipette cantilevers 

were measured with a vertical translation stage (Newport 436A), a mass balance (Mettler 

AJ100), and a 2 cm diameter Teflon ring. The micropipette was secured to the translation stage 

using a custom-built stainless steel mount and placed in contact with the Teflon ring on top of 

the mass balance. The Teflon ring was used to ensure that the contact area between the mass 

balance and micropipette was minimal. The micropipette was then translated downwards towards 

the mass balance, resulting in a deflection. The resulting mass and displacement were recorded 

for several different deflections.      
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Figure 2.3: Force versus distance curve for the calibration of a micropipette cantilever.  

The slope of the resulting force distance curve was taken to be the cantilever stiffness k (Figure 

2.2). The spring constants of the micropipettes ranged from 5 to 292 N/m. Calibrated 

micropipettes were then secured to an optical table using a custom-built stainless steel 

attachment. 

      For the micropipette deflection experiments, hot agar was prepared as in section 2.2 at 

specific concentrations of 1.0%, 1.5%, 1.6%, and 1.9 % w/v. The agar was poured into a Teflon 

ring (2 cm diameter) placed on an acid-cleaned 25 x 75 x 1mm glass slide (Fisher 12-544-4). A 

large aluminum cylinder was placed on the Teflon ring to prevent liquid agar from flowing 

between the Teflon and glass. The agar was allowed to cool for 5 min, and then the glass slide 

was transferred and secured to an x-y translation stage (Newport 436A) with a stepper motor 

(Newport 1624-2621-16/8). The motor was operated with a Newport Universal Motion (ESP 
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300) controller. The sample slide was translated towards the secured micropipette at 0.25 mm/s 

until the ring was dislodged from the glass surface. The deflection of the micropipette was 

recorded using a Point Grey Flea-3 camera (FL3 U3 13y3m) with an attached Fujifilm lens 

(YV33X155A-2) (Figure 2.4 a). Image sequences were taken at 10 fps for 2 – 7 s. To aid in the 

analysis of our image sequences, the sample was illuminated along the length of the 

micropipette, which made the end of the micropipette visible in the images (Figure 2.4 b).  

 

 

Figure 2.4: a) Optical image of the secured glass micropipette and Teflon ring containing agar. b) 

Optical image of a deflected glass micropipette and Teflon ring containing agar with light 

directed along the length of the micropipette such that the end of the micropipette was visible. 
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2.6 Attenuated Total Reflectance–Fourier Transform Infrared (ATR–FTIR) 

Spectroscopy 

 

      Fourier transform infrared (FTIR) spectroscopy is a vibrational spectroscopic technique that 

is used to characterize the molecular bonds within a sample through measurement of the 

frequencies and intensities of vibrational modes of the bonds (56) (57) (58). It has a wide variety 

of applications and is well-suited to studying interfaces (57).  In FTIR spectroscopy, a sample is 

irradiated by an infrared beam and the absorbance spectra is measured. Molecules absorb at 

frequencies corresponding to vibrational modes, which depend on the molecular structure and 

local environment. Thus, the absorbance spectra can be used to identify functional groups and 

vibrational modes in chemical bonds (e.g. stretching or bending) within samples (56). 

      In ATR-FTIR, the sample is placed on an internal reflection element (IRE) of high refractive 

index, and an IR beam is directed onto the element (Figure 2.5). The beam is directed at an angle 

𝜃 with respect to the normal to the crystal surface such that the infrared beam undergoes total 

internal reflection within the element. At the sample-IRE interface, an evanescent wave is 

established. The evanescent wave has an electric-field amplitude which decays exponentially 

into the sample, with the penetration depth 𝑑𝑝 given by equation 1.1:  

𝑑𝑝 =  
𝜆

2𝜋𝑛1√𝑠𝑖𝑛2𝜃− (𝑛2 𝑛1)⁄ 2
                                                        (1.1) 

where 𝑛1 is the index of refraction of the IRE, 𝑛2 is the index of refraction of the sample, 𝜃 is the 

angle of incidence, λ if the wavelength of light, and the penetration depth is defined as the 

distance at which the electric field of the evanescent wave falls to 𝑒−1 of its value at the IRE 

surface.  
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Figure 2.5: Schematic of a general ATR-FTIR experiment. 

If the sample interacts with the evanescent wave, it attenuates the reflected IR beam which is 

directed to the detector (56) (58).  A schematic of a general ATR-FTIR experiment is shown in 

Figure 2.5. FTIR has been used to characterize polysaccharide films containing agar and agarose; 

the absorption band at 1073 cm−1 is attributed to the C–OH stretching vibrations of the pyranose 

ring (59) (60) (61). 

      ATR-IR spectra were collected on a Bruker Vertex 70 FTIR spectrometer equipped with a 

MCT-A detector using an angle of incidence of 45°. The spectra were acquired at a resolution of 

4 cm
−1

, and background spectra of water were collected before measuring each agar sample. Hot 

agar was prepared as in section 2.2 at specific concentrations of 1.0%, 1.3%, 1.5%, 1.6%, 1.7%, 

and 1.9 % w/v. The agar was deposited onto a germanium ATR crystal for which the penetration 

depth of the infrared beam was 0.5 μm and allowed to cool for 5 min at room temperature. To 

measure agar absorbance within the bulk of an agar puck, an alternate sample preparation 
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method was used, as described in section 2.3. To investigate the role of the rate of cooling on 

agar absorbance, we prepared samples using ‘quick’ and ‘slow’ cooling protocols. In the quick 

cooling method, 0.5 mL of hot agar (section 2.2) was deposited on the ATR crystal, and allowed 

to cool for 5 min at room temperature. The ATR crystal was then heated using a Pike MIRacle 

temperature control element. Absorbance spectra were collected at temperature intervals of 1 ⁰C- 

2 ⁰C, in the range of 28 ⁰C to 38 ⁰C. Background water spectra were collected at each 

corresponding crystal temperature. In the slow cooling method, the ATR crystal was initially set 

to 80 ⁰C, and 0.5 mL of hot agar was deposited on to the crystal. The liquid agar was then 

covered by a solvent trap to prevent evaporation. After approximately 1 min, the ATR crystal 

was set to 28 ⁰C, which slowly cooled the agar to the set point temperature in ~20 min. 

Absorbance spectra were collected at intermediate temperatures between 80 ⁰C and 28 ⁰C, 

including those temperatures chosen for the quick cooling method. It was necessary to collect 

spectra at the same temperatures for both cooling methods as the IR throughput of the 

germanium ATR crystal changes significantly with temperature. The ATR temperature control 

unit cannot actively cool the crystal, so it was not feasible to choose a temperature of less than 28 

⁰C for the slow cooling case since it took a very large (> 60 min) amount of time to reach room 

temperature from 28 ⁰C through passive cooling.   
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3 Image Analysis 

 

        In this chapter we describe the background and details of the image analysis procedures 

that we developed to characterize the morphology and dynamics of finger-like projections at the 

leading edge of the bacterial colonies. These include procedures for analysing bacterial surface 

coverage, average bacterial orientation, and determining the location of the colony edge. We also 

analysed bacterial motion of single cells and the overall colony using a combination of open 

source software and custom image analysis procedures. Additionally, a cross-correlation 

technique that was adapted for the analysis of micropipette deflection experiments is discussed. 

3.1 Bright Field Microscopy Image Sequences 

      Microscopy images were stored as 16-bit TIFF stacks and converted to 8-bit grayscale TIFF 

images within Fiji (62). Background artifacts in the images produced by the time varying 

illumination were removed by applying a Gaussian blur filter with a radius of 20-35 pixels to the 

image sequence and dividing the original images by their corresponding blurred versions. These 

corrected images were used as the input for the calculations described below. 

3.1.1 Radial Dependence of Fractional Surface Coverage of Bacterial Cells 

      We calculated the fractional surface coverage 𝑛(𝑟) of the bacterial cells at the edge of the 

bacterial colonies with respect to the radially inward distance 𝑟 measured from the front of the 

outermost finger. For microscopy images (typically 328 μm  328 μm) near the edge of bacterial 

colonies, for which the curvature of the colony edge across the field of view was negligible, we 

constructed lines that were parallel to the edge of the colonies and separated by 10 μm.  
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Figure 3.1: Edges of the radial intervals (blue) used to calculate the fractional surface of bacteria 

(black) in the image.  

Between each set of parallel lines, we calculated the fraction of the area occupied by bacterial 

cells in 10 μm radial intervals, and the average of these values allowed the determination of the 

radial dependence of the fractional surface coverage near the edge of the colony (Figure 3.1). 

We determined the radial position at which the fractional surface coverage increased to one-half 

of its maximum value from the colony edge by fitting the data to a function of the form: 

 

𝑛(𝑟) =
a

1+e−b(r−c)                                                              (3.1) 

where a, b and c are fitting parameters. The calculation of the fractional surface coverage does 

not account for multilayer coverage of cells, as observed in fingers at the leading edge of the 

colony at large agar concentrations (𝐶 ≥ 1.5% w/v). 
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3.1.2 Particle Image Velocimetry 

      For a typical image sequence of a twitching bacterial colony, particle tracking of individual 

bacteria can be difficult due to the high density and close packing of cells within the colony. For 

high cell densities, and to emphasize the collective motion of the cells, we used Particle Image 

Velocimetry (PIV). PIV uses the cross-correlation of pairs of images to determine the average 

two-dimensional displacement field of areas of tracer particles (bacterial cells) between frames. 

We converted this displacement field to a velocity vector field using the measured time between 

images using the PIVlab software (63). For the present experiments, PIV has several distinct 

advantages over other image analysis approaches such as segmentation-based methods used 

previously to study bacterial twitching: PIV is computationally fast, allowing the characterization 

of many fingers in many bacterial colonies; it is well suited to features containing densely 

packed bacteria, such as the fingers; it is not necessary to tune the analysis parameters manually, 

unlike segmentation-based approaches; and it can tolerate less-than-optimal image quality. In 

addition, it can be used to analyze features that contain multilayered regions, such as in the 

fingers for larger agar concentrations, for which it is not possible to track individual bacterial 

cells. 

3.1.3 Bacterial Orientations 

      We developed a Fourier transform-based analysis procedure to determine the average 

bacterial orientation in a high-density environment. By filtering the images in the frequency 

domain, i.e. multiplying the FFT of the image by an appropriate filter, we obtained information 

about directional orientations that were present in the images. In our procedure, the intensity of 

an input image was inverted (such that the bacteria were represented by a ‘high’ signal) and its 

Fourier transform was calculated. The Fourier transform image was then multiplied by a first 
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order Butterworth filter that was oriented with the filter axis defined by a filter angle 𝜙 with 

respect to a reference direction (in this case the reference is the x-axis). We chose a first order 

Butterworth filter since it has a smooth transition between low and high frequencies and does not 

introduce ringing artefacts (64) The spatial variation isolated from filtering correspond to the 

dimensions of a typical bacterium in a finger.  

      This procedure was performed for filter angles between 0 and 180⁰ in steps of 4⁰. The inverse 

Fourier transforms (IFFTs) of these resultant images were divided into the same 16 x 16 pixel 

grid that was used for PIV analysis. For each grid region, we selected the IFFT image with the 

highest mean intensity inside the grid region to obtain the optimal angle of the filter. The overall 

preferred direction of the bacterial cells was perpendicular to this filter angle. An example of the 

steps of this procedure is shown in Figure 3.2. The mean pixel intensity as a function of filter 

angle for the entire image of Figure 3.2d is shown in Figure 3.3, with the maximum intensity 

occurring at 𝜙 = 20⁰. 
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Figure 3.2: (a) An inverted optical microscopy image of a finger for 1.5% w/v agar measured 

after 5.5 h of incubation. (b) The Fourier transform of the image in (a). (c) A Butterworth filter 

oriented at 𝜙 = 24⁰ from the x-axis. (d) Inverse Fourier transform (IFFT) of the multiplication of 

images in (b) and (c). Regions of high intensity correspond to a preferred orientation along a 

direction perpendicular to the filter angle 𝜙. The white box corresponds to the 16 x 16-pixel used 

to calculate the plot shown in Figure 3.3. The width of the images in (a) and (d) corresponds to 

54.4 μm. 
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Figure 3.3: Mean pixel intensity of a subsection of the IFFT image in the white box in Figure 

3.2d as a function of filter angle. The maximum intensity occurs at 𝜙 = 20⁰. 

3.1.4 Identification of Colony Edge 

      Each image sequence was loaded into Fiji (62), a standard deviation filter of 15 pixels (2.4 

μm) was applied, followed by an intensity threshold filter, and the resulting image sequence was 

imported into MATLAB. The implementation of the standard deviation filter produced two 

unwanted results: features of the bacterial colony in these binary images were slightly larger than 

those of the original images, and the binary images also contained ‘holes’ (areas of missing 

intensity within otherwise continuous features). These issues were corrected using hole-filling 

and erosion procedures. The erosion procedure was repeated 1-4 times until a visual inspection 

of the eroded images confirmed that the size and shape of features were consistent with those in 

the original image sequence. Finally, a Canny edge detection algorithm (65) was applied to 

determine the edges of the colonies. A step-by-step example of this procedure is shown in Figure 

3.4. 
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Figure 3.4 : Example of the edge detection process to determine the leading edge of a bacterial 

colony. (a) A cropped optical microscopy image after image pre-processing. (b) Image after 

applying a standard deviation filter with a 15-pixel radius. (c) Image after applying a binary 

threshold and hole filling. (d) The multiplication of images (a) and (c). (e) Image after a series of 

erosions. (f) Image after edge detection. The width of each image corresponds to 72 μm. 

 

To determine the PIV displacement values that corresponded to the colony edge, the edge matrix 

of the image was multiplied by the corresponding PIV data matrix. The resultant matrix 

contained the PIV displacement values only at the locations identified as edges. 
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3.1.5 Average Speed of Colony Edge 

      For each time series of optical microscopy images, particle image velocimetry (PIV) and 

colony edge detection were performed, and the magnitudes of the displacement vectors between 

subsequent images were used to calculate the average speed of the leading edge of the colonies 

(average edge speed) for each frame. This procedure yielded 50 colony edge speed values during 

the course of each experiment, with four or five experiments performed for each agar 

concentration. The average edge speed describes the motion of all of the fingers in the optical 

microscopy images, and therefore includes a wide range of finger behaviours such as collisions 

between fingers, splitting of fingers, turning of fingers, and stalls of fingers. Because of this, the 

average edge speed is smaller than the speed of a single, unimpeded finger, but it provides a 

useful measure of the overall expansion of the bacterial colony. Typical average edge speeds 

were 1-2 pixels per time step (~0.016- 0.032 μm/s). Upper and lower thresholds were 

implemented during the averaging procedure, such that speed values outside the bounds of 0.2 – 

10 pixels per time step were discarded. The lower bound was chosen such that the speed values 

in the PIV vector field were greater than the background noise level of 0.08 pixels/time step. 

Background noise resulted from small intensity fluctuations in the images. The upper bound was 

chosen to avoid including unphysical vectors (greater than 10x the typical velocity value) that 

were not removed during the vector post-processing procedure. 

3.1.6 Line Profiles of Fingers 

      The finger-like protrusions at the leading edge of the expanding bacterial colonies are a 

distinctive collective feature produced by twitching motility. To quantify the morphology and 

dynamics of the fingers, we calculated line profiles of the PIV velocity and bacterial orientation 

across individual fingers. It was first necessary to crop each microscopy image to isolate the 



 

 

39 

 

finger of interest. The cropped time series was processed using Fiji and MATLAB as described 

above (without edge detection) using a 4-pixel standard deviation filter. Small objects (< 70 

pixels, corresponding to areas less than 1.3 μm
2
) produced by the filtering procedure were 

removed by applying an area opening operation, which removed all objects with a total number 

of pixels less than the 70-pixel threshold value. Next, any irregularities introduced by applying 

the area opening operation were removed by applying a two-dimensional Gaussian smoothing 

kernel with a standard deviation of 4. In many cases, several fingers were present in the cropped 

times series, and it was necessary to remove all objects other than the finger of interest.  

      To determine the coordinates of a line that spans the width of the finger and is perpendicular 

to its direction of motion, we rotated the image so that the finger was oriented along the x-axis. 

For each image, the angle of orientation of the finger was identified, corresponding to the angle 𝜃 

between the x-axis and the major axis of the ellipse that has the same second-moment as the 

finger. We then rotated the images by the corresponding angle of orientation. The leading edge 

of the finger was identified by locating the last foreground pixel along the finger axis. The 

location of the lateral profile across each finger was chosen to be 40 pixels (corresponding to 6.4 

μm) from the leading edge of the finger. The fingers used in our analysis had lengths that were 

greater than 100 pixels (16 μm). This corresponds to between three and eight bacterial lengths.   

      Since we are interested in describing features in the reference frame of the original image, we 

converted the coordinates of our line scan in the rotated reference frame (𝑥𝑟,𝑦𝑟) to those in the 

original reference frame (𝑥𝑜,𝑦𝑜). Using the center of the image (𝑥𝑐,) as the new origin, a rotation 

of (−𝜃) provided the corresponding coordinates in the reference frame of the original image:  
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(
𝑥0

𝑦0
) = (

cos(−𝜃) sin(−𝜃)

−sin(−𝜃) cos(−𝜃)
) {(

𝑥𝑟

𝑦𝑟
) − (

𝑥𝑐

𝑦𝑐
)} + (

𝑥𝑐

𝑦𝑐
)                             (3.2) 

Using the coordinates of the line scan in the reference frame of the original image, the PIV 

displacement and orientation values along the line scan were identified, as described above. To 

allow comparison of fingers of different widths, each finger was divided into five lateral 

segments and the average PIV displacement and orientation values within each segment were 

calculated. A step-by-step example of this procedure is shown in Figure 3.5. 

 

Figure 3.5: Example of the procedure used to calculate the line profile of a finger. (a) Image of 

the finger after pre-processing. (b) Image after area opening and Gaussian filtering. (c) Image 

after rotation resulting in the finger oriented along the horizontal direction (red dashed line). The 

region corresponding to the line profile is indicated as a blue rectangle. (d) Image after rotation 

back to the original frame of reference. The line profile has been divided into five equal 

segments for calculation of the average PIV displacement and orientation values. The width of 

each image corresponds to 72 μm. 
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3.2 High-Resolution Image Sequences 

      Our high-resolution microscopy images of P. aeruginosa PA01 cells twitching at an agar–

glass interface typically contained one to three fingers, as well as a small number of cells within 

the lattice-like region behind the fingers. Despite the high resolution of these images, the very 

dense packing of cells within fingers makes identification of bacteria by segmentation non-

trivial. Additionally, most currently available bacterial segmentation software is unsuitable for 

our images as they require differential interference contrast (DIC) imaging, phase contrast 

imaging, fluorescence imaging, or very well-defined shape distributions for bacteria (66) (67) 

(68) (69). We have chosen to develop a custom segmentation technique based on common 

morphological operations and filters to analyse our image sequences.  

3.2.1 Segmentation 

      Initially, our microscopy images were loaded into Fiji, and converted to 8-bit grayscale TIFF 

images. Each image sequence was inverted and smoothed using a 2 x 2 median filter to reduce 

noise. The marker-controlled watershed-transform was chosen as the segmentation algorithm for 

our image sequences. This method required significant processing to develop appropriate input 

markers for segmentation. The processing and segmentation procedure for a single image is 

described below. 

3.2.1.1 Edge Detection and Skeletonization 

      Initially, the Laplacian of Gaussian (LoG) filter was applied to the median-filtered input 

image. The LoG filter computes the spatial second derivative of the input image, highlighting 

regions in which the image intensity changes rapidly. The two-dimensional LoG filter centred 

about zero, with a standard deviation of σ is given by equation (3.3): 
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𝐿𝑜𝐺(𝑥, 𝑦) =  −
1

𝜋𝜎4
[1 −

(𝑥2 + 𝑦2)

2𝜎2
] 𝑒

−(
𝑥2+𝑦2

2𝜎2 )
                                         (3.3) 

 

We have chosen the LoG filter for edge detection as it guarantees closed contours (70). 

Guaranteeing closed contours helps to ensure that bacteria will be segmented as individual 

objects without ‘breaks’ in their edges. A LoG standard deviation of 2.3 was chosen, as this 

consistently and reliably identified bacterial edges in our image sequences across different 

samples. The LoG filter created some undesired artefacts, primarily small looped features that 

filled the background region. To remove these artefacts, we first created a crude binary mask. A 

15 x 15 pixel standard deviation filter was applied to the original image, and the result was 

converted to binary and any holes were filled. This mask very roughly distinguished between 

bacteria and background. The LoG output image was multiplied by the binary mask, and a size 

threshold was applied to remove small objects. The closed contours in this image were filled to 

create the preliminary binary image used to identify individual bacteria. Figure 3.6 shows the 

intermediate steps of this procedure on a sample microscopy image. This binary image was 

skeletonized, de-spurred, and thinned to create a template skeleton to be used as input to a 

marker-controlled watershed transform. 
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Figure 3.6: Skeletonization process of a cropped microscopy image. a) An inverted optical 

microscopy image. b) The result of applying the LoG filter on the image in a). c) The 

preliminary binary image used to identify individual bacteria. d) The corresponding template 

skeleton. 

3.2.1.2 Filtering and Watershed-Transform 

      The preliminary skeleton contained many errors, primarily at the junctions where the poles of 

bacterial cells were in contact with one another. To correct this, we used information from 

several metrics to identify locations where the skeleton should be broken into separate segments. 

First, we applied a distance transform to the preliminary binary image, using a Euclidean 

distance parameter. The distance transform is a morphological operation applied to binary 

images, which calculates the distance between foreground pixels and their closest boundary (70). 
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The output is a grayscale image in which pixels closest to the center of the object are of high 

intensity, and those near the edges are of low intensity. In our images, the regions in which the 

distance transform is low correspond to the regions where the rounded poles of two bacteria are 

in contact. 

      Second, we applied a top-hat transform to the original bacterial image. The top-hat transform 

computes the morphological opening of the image and then subtracts the result from the original 

image. If 𝑏(𝑥) is the greyscale structuring element, then the open top-hat transform of the image 

𝑓 is given by equation (3.4), where ∘ denotes morphological opening. The opening operation is 

the dilation of the erosion of an object A by a structuring element B (70). 

 

𝑇𝑜(𝑓) =  𝑓 − 𝑓 ∘  𝑏                                                                (3.4)  

 

The top-hat transform behaves as a high-pass filter, highlighting the regions of the image that are 

smaller than the structuring element and brighter than their surroundings (acting to selectively 

increase contrast) (64). This transform highlights the small changes in contrast between bacteria 

that are present in the original microscopy images that are not consistently captured in the LoG 

filter process.  
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Figure 3.7: a) Distance transform of the image in Figure 3.6 c). b) Top-hat transform of the 

inverse image of Figure 3.6 a). 

 

      The output of both the distance and top-hat transforms were normalized such that regions of 

high intensity indicated that the pixel was likely located between bacteria. These output matrices 

were multiplied together, and then overlaid onto the template skeleton, as shown in Figure 3.8 b).  

The skeleton was then broken at locations in which three consecutive pixels in the skeleton had 

an intensity greater than 0.28. To ensure that breaks were chosen at reasonable locations within 

the skeleton, we also used information about the typical length of a bacterium in our samples 

(two to five microns). Due to the wide distribution of bacterial lengths in our samples, we did not 

incorporate length distribution information into our procedure. We ensured that the skeleton 

would not be broken into segments that were shorter than the length of a typical bacterium. The 

final skeleton produced by this procedure typically had an accuracy of 90 – 95%. To ensure the 

best possible segmentation and tracking, the skeleton was manually revised, and any errors were 

repaired. The movement of each bacterium during each time-step was typically very small, so we 
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used the same skeleton for each consecutive block of 20 frames. For the few exceptions in which 

bacteria made very rapid jumps, the skeleton was adjusted manually. For segmentation, the final 

skeleton was imposed as local minima on the median-filtered original bacterial image, and this 

was used as input for a marker-controlled watershed transform. The final output of the 

watershed-transform (and segmentation procedure) is shown in Figure 3.8 d).  

 

 

Figure 3.8: Segmentation process of a cropped microscopy image. a) Template skeleton overlaid 

over a subsection of the inverted original microscopy image of Figure 3.6. b) Normalized 

skeleton with top-hat and distance transform information. c) Image in a) in which locations 

where the skeleton metric identified break points have been indicated with arrows. d) Final 

segmentation after the watershed transform. 
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       In the watershed transform, the input image is treated as a topographical surface with ridges 

and valleys. Elevation values are represented by the greyscale pixel intensities. The algorithm 

first locates local minima (catchment basins) and places a water ‘source’ at these locations. The 

basins are flooded, and a watershed ridge line is formed at locations where water from different 

catchment basins meet. Watershed ridge lines form the partitions for the segmented image. The 

watershed transform is particularly susceptible to over-segmentation, as extraneous local minima 

will be identified when there is noise present in the image. To combat this, we use a marker-

controlled watershed, in which the catchment basins are predefined by forcing known minima to 

artificially low intensity values (-inf). This significantly reduces segmentation error, at the cost 

of image pre-processing (71).  

 

 

Figure 3.9: Schematic diagram of the marker-controlled watershed transform. Watershed regions 

are indicated by the red and green regions. Local minima without markers are not given their 

own water ‘source’, and thus become part of the watershed region of another marker.  
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3.2.2 Particle Tracking 

3.2.2.1 Tracking Routine 

      Bacteria tracking was performed on the final watershed images using a routine based on the 

MATLAB implementation (written by Daniel Blair and Eric Dufresne) of John Crocker and Eric 

Week’s IDL particle tracking technique (72). In this procedure, the particle coordinates in each 

consecutive frame are computed from each object’s centroid. Particle trajectories must be 

constructed from a scrambled list of particle coordinates. To achieve this, Crocker and Week’s 

technique uses information about particle proximity between images to link particle coordinates 

into trajectories. The probability that a single Brownian particle with diffusion coefficient 𝐷 will 

diffuse a distance δ in the plane in time τ is given by:  

 

𝑃(𝛿|𝜏) =  
1

4𝜋𝐷𝜏
exp (−

𝛿2

4𝐷𝜏
)                                                    (3.5) 

 

The probability distribution of an ensemble of 𝑁 identical non-interacting particles is the product 

of the N single particle distributions: 

 

𝑃({𝛿𝑖}|𝜏) =  (
1

4𝜋𝐷𝜏
)

𝑁

exp (− ∑
𝛿𝑖

2

4𝐷𝜏

𝑁

𝑖=1

)                                           (3.6) 

 

 

The most likely assignment of particle labels from one image to the next is the one which 

maximizes equation (3.6). This direct calculation is prohibitively computationally intensive for 

any reasonable number of particles. First, we consider labelling a particle trajectory as forming a 
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bond between particles in consecutive frames. The set of all possible label assignments forms a 

network in the plane. To reduce computational complexity, equation (3.6) can be truncated such 

that δ is a characteristic length scale 𝐿.  This means that when labelling a particle between 

frames, only bonds shorter than 𝐿 are considered. If 𝐿 is smaller than the typical inter-particle 

spacing, then the label assignment network becomes a collection of disconnected, smaller 

subnetworks. Optimal label assignments are then calculated within each sub-network separately, 

reducing computational complexity significantly (72). In our implementation, we set the 

maximum displacement 𝐿, to be 28 pixels (1.26 μm). 

3.2.2.2 Trajectory Post-processing 

       At the beginning of each image sequence, bacteria were labelled from one of three groups 

based on their location within the finger: ‘front of the finger’, ‘inside of the finger’ and ‘behind 

the finger’. The bacteria labelled ‘behind the finger’ were those outside of a finger structure that 

were still fully visible within the frame. Additionally, to aid in the interpretation of our 

trajectories, we calculated the distance traversed each time step in directions parallel and 

perpendicular to the bacterium’s long axis (bacterial axis), which is taken to be the major axis of 

an ellipse which has the same second moments as the bacterial region (foreground pixels of the 

segmented bacterium). Distances were calculated from the change in position of the center of 

mass of the bacterium.  

      We also wished to identify the arrests in movement for each bacterium that lasted for a 

significant period of time.  Identifying these segments of a trajectory could be significantly 

impeded by tracking noise. Tracking noise arises from precision level noise (limitations due to 

finite pixel size), and body wobble (noise in the location of the center of mass due to small 
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differences in segmentation across frames). To circumvent this, we applied a ‘repeated running 

median’ (RRM) procedure, adapted from Tukey (73). In this procedure, a running median of a 

specified window size is applied iteratively to a sequence until convergence is achieved. In our 

implementation, five successively smaller windows ranging from 41 to 5 pixels were applied to 

each time sequence. If there was no change in position (below some threshold) between 

successive points in the sequence, an arrest was identified. In our procedure, a threshold of 0.12 

was used, and a segment was regarded to be a true arrest if there was no change in position for 

greater than 5 seconds. Figure 3.10 shows the output of the RRM procedure, along with 

calculated arrests for a sample bacterial trajectory. 

 

 

Figure 3.10: Example of RRM procedure. The parallel component of a bacterium’s position is 

shown in black. In red, the RMM of the time sequence is shown. The green lines represent the 

segments identified as arrests.   
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3.3 Micropipette Deflection Image Sequences 

      Our micropipette images included a portion of a glass micropipette, and a Teflon ring with 

agar in each frame, as shown in Figure 2.4 a). To track the position of the micropipette across the 

image sequences, we adapted a cross-correlation based technique based on that described in (74). 

To enhance contrast and improve the tracking procedure, images were illuminated solely through 

the length of the micropipette, as shown in Figure 2.4b). In the tracking procedure, a line 

segment was chosen along the width of the image that isolated an intensity profile that included a 

‘high’ region corresponding to the end of the micropipette, as shown in Figure 3.11. 

 

 

Figure 3.11: Intensity profile along the width of a micropipette deflection image. Inset: 

micropipette deflection image with illumination along the length of the micropipette. The blue 

line indicates the line profile in the image. The width of the image segment (700 pixels) 

corresponds to 14 mm.    
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A line profile was chosen for each image in the sequence, and the cross correlation between each 

successive line profile and the original line profile was computed. The peak in the cross-

correlation corresponded to the horizontal shift in the two intensity profiles (i.e. the distance 

between the end of the micropipette in both images). The output of this procedure was the time 

dependence of the location of the center of the end of the micropipette over time, as shown in 

Figure 3.12. 

 

Figure 3.12: Displacement of the end of the micropipette versus time.   
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4 Quantifying Twitching Motility and Finger Motion  

 

       In the present study, we used bright-field optical microscopy under temperature- and 

humidity-controlled conditions to quantify the movement of bacteria that are confined to twitch 

at pristine interfaces between glass and agar that was solidified directly on the glass. In the 

present chapter, we present results measured for two different agar concentrations, which show 

large differences in the morphology and dynamics of the advancing front of the twitching 

bacterial colonies in which groups of bacteria moved collectively in fingers to break through the 

agar-glass interface. These results motivated the more in-depth study of the agar concentration 

dependence presented in Chapter 5.  

4.1 Bacterial Colony Morphology 

      We observed the expansion of P. aeruginosa PAO1 colonies for agar concentrations 𝐶 of 

1.0% w/v and 1.5% w/v, for which movement of the cells is due to twitching motility (12). In 

Figure 4.1, we show optical microscopy images of the leading edge of expanding colonies of P. 

aeruginosa PAO1 cells at the agar-glass interface for the two agar concentrations after ~ 4-6 h of 

colony growth. The bacterial colonies are characterized by finger-like projections of cells 

(fingers) at the leading edge of the expanding colonies, and loosely packed cells arranged in 

“lattice-like” networks away from the leading edge of the colonies. The bacteria within the 

fingers are highly constrained by the thick agar layer, which limits the lateral spread of the 

fingers, forces the bacteria into close contact, and results in alignment of the bacteria along their 

long axes within the fingers.  
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Figure 4.1: Optical microscopy images of the advancing front of expanding colonies of P. 

aeruginosa PAO1 cells. (a) Large scale view of colony edge for 1.0% w/v agar after 4 h of 

colony growth (late stage incubation). (b) Finger-like projections at the colony edge for 1.0% 

w/v agar. (c) Large scale view of colony edge for 1.5% w/v agar after 4.5 h of colony growth 

(late stage incubation). (d) Finger-like projections at the colony edge for 1.5% w/v agar. The 

darker areas within the red rectangles in (d) indicate regions of multilayer coverage. The width of 

the images in (a) and (c) corresponds to 218 μm, and the width of the images in (b) and (d) 

corresponds to 72.5 μm. 
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      For 𝐶 = 1.0% w/v, there is a smooth transition between the lattice-like network and fingers, 

with a monolayer coverage of cells in the fingers, whereas for 𝐶 = 1.5% w/v, there is an increase 

in the cell density within the lattice-like network that is accompanied by multilayer coverage of 

cells in the fingers. We observed that, as new fingers formed for the larger agar concentration, 

multilayered regions emerged from the stacking of cells along the centerline of the leading edge 

of the finger, with the upper layer of cells extending to span several micrometers along the finger 

length within several minutes. 

      We quantified the spatial coverage and packing density of the bacterial cells in the finger and 

lattice-like regions near the outer edge of the expanding colonies by plotting the dependence of 

the fractional surface coverage of bacterial cells on the radially inward distance 𝑟 measured from 

the front of the outermost finger (Figure 4.2). For each agar concentration, the fractional surface 

coverage of bacterial cells increased over a distance of 50 – 100 m, corresponding to the radial 

extent of the region occupied by fingers, and it remained approximately constant within the 

lattice-like region of the colonies. The fractional surface coverage of bacterial cells for 1.5% w/v 

agar was significantly larger in the lattice-like region away from the outer edge of the colony 

than for 1.0% w/v agar. This increase in the fractional surface coverage for the larger agar 

concentration is likely due to increased resistance to the radial motion of the bacteria because of 

the corresponding increases in agar stiffness and agar-glass adhesion. The radial distance 

corresponding to the increase to half of the maximum fractional surface coverage, as determined 

by fitting the fractional surface coverage profiles to Eq. 3.1, increased significantly from 31 m 

to 47 m as the agar concentration was increased from 1.0% w/v to 1.5% w/v. We note that the 

fractional surface coverage does not account for the additional increase in bacterial density 

within the multilayered regions in the fingers observed for 1.5% w/v agar.  
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Figure 4.2: Fractional surface coverage of bacteria versus inward radial distance measured from 

the front of the outermost finger for 1.0 % w/v (square symbols) and 1.5 % w/v (diamond 

symbols) agar concentrations. The surface coverage measurements were performed on 10 optical 

microscopy images of 8-10 colonies at each concentration after 4-6 h of colony growth (late 

stage incubations). The error bars correspond to the standard deviation of the measurements at 

each agar concentration. The solid curves were calculated using the best fit parameters of the fit 

of each data set to Eq. 3.1.  

4.2 Bacterial Colony Growth at Early and Late Stage Incubation Times 

      The optical microscopy images in Figure 4.1 show that, for late stage incubations, the 

expansion of bacterial colonies occurred through the motion of fingers at the advancing front, 

with loosely packed cells forming a lattice-like pattern near the outer edge of the colonies. We 

also measured the morphology as the colonies began to expand outward at the agar-glass 

interface at positions next to the inoculation point (early incubation times). We found that the 
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initial outward growth of the colonies also occurred via fingers breaking the contact between the 

agar and glass (Figure 4.3). In Figure 4.4, we show the growth of bacterial colonies at early and 

late incubation times for agar concentrations of 𝐶 = 1.0% w/v and 1.5% w/v, and we find a 

strong resemblance in the colony growth morphology, with both finger and lattice regions clearly 

visible in the optical microscopy images. 

 

 

Figure 4.3: Optical microscopy image of the outer edge of an expanding colony of P. aeruginosa 

PAO1 cells at the interface between glass and 1.0% w/v agar after 1.5 h of incubation. The edge 

of the central inoculation well is shown by the dashed red line. Bacteria grew to high density in 

the liquid inoculation medium (upper right) and are blurred in the image due to rapid swimming 

motility coupled with Brownian motion. Bacteria that attached to the bottom glass surface near 

the edge of the well aligned with their long axis perpendicular to the well edge, and grouped 

together to form small finger structures. The width of the image corresponds to 54.5 μm. 
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Figure 4.4 : Optical microscopy images of the outer edge of expanding colonies of P. aeruginosa 

PAO1 cells at the interface between glass and 1.0% w/v agar for (a) early (1.5 h), and (b) late (6 

h) incubation times, and 1.5% w/v agar for (c) early (2.5 h) and (d) late (5 h) incubation times. 

Incubation times differ due to differences in the inoculation densities of bacteria. The bacterial 

suspension in the liquid inoculation well can be seen in the lower left of the images in (a) and (c). 

The width of the images in (a) and (b) corresponds to 282 μm, and the width of the images (c) 

and (d) corresponds to 300 μm. 

 

We quantified the comparison of bacterial colony morphologies at early and late incubation 

times by calculating the average finger widths, which were the same to within experimental 
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uncertainty (Figure 4.5), and the fractional surface coverage, which demonstrated that the radial 

profile of the density of cells did not change significantly during colony expansion (Figure 4.6).  

 

 

Figure 4.5: Finger width values for expanding colonies of P. aeruginosa PAO1 for 1.0% w/v and 

1.5% w/v agar, at early (1.5 h and 2.5 h, respectively) and late (6 h and 5 h, respectively) 

incubation times. The average values for 1.0% w/v agar were 6.2 ± 1.4 μm (early) and 6.4 ± 1.8 

μm (late), representing 62 and 250 measurements, respectively. The average values for 1.5% w/v 

agar were 9.9 ± 2.7 μm (early) and 11.9 ± 2.6 μm (late) for 1.5% w/v agar, representing 85 and 

210 measurements, respectively. The two values for 1.0% w/v agar are not statistically different 

(labelled as n.s). The two values for 1.5% w/v agar are statistically different, with a p-value for 

an unpaired t-test of less than 0.0001 (labelled as ****).  
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Figure 4.6: Fractional surface coverage of bacteria versus inward radial distance measured from 

the front of the outermost finger for (a) 1.0% w/v agar and (b) 1.5 % w/v agar during early stage 

incubation (1.5 h and 2.5 h, respectively; square symbols) and late stage incubation (6.0 h and 

5.0 h, respectively; diamonds). The fractional surface coverage within individual fingers is 

approximately 1. 

 

4.3 Finger Morphology and Motion 

4.3.1 Average Finger Width and Average Edge Speed 

      To quantify the morphology and dynamics of the advancing front of the bacterial colonies, 

we characterized the average properties of the fingers such as their average width and speed, as 

well as average lateral profiles of speed and orientation of bacterial cells within the fingers. In 

each optical microscopy image, such as those shown in Figure 4.1a and c, 10 – 15 fingers were 

visible in the field of view. We carefully selected the fingers included in our analysis: we 

required that each finger contained at least eight bacterial cells, while being separated from the 

rest of the colony and remaining completely within each image during the entire time series of 
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images. Each finger that satisfied these selection criteria was measured at 5 different times 

during each experiment, with between four and five experiments performed under the same 

conditions. We also included fingers from still images for eight to ten additional colonies at each 

concentration for finger width measurements. This resulted in a total of between 210 and 250 

finger measurements for each agar concentration. In Figure 4.7, we show the particle image 

velocimetry (PIV) and local orientation fields for a representative finger for an agar 

concentration of 1.5% w/v, which were calculated using the procedures described in Chapter 3. 

For this finger, the PIV field showed that the bacterial cells were traveling essentially parallel to 

the length of the finger, with the cells at the leading edge traveling fastest, while the 

corresponding local orientation field showed that the long axes of the rod-shaped bacteria within 

the finger were essentially aligned along the direction of motion of the finger.  

      Superimposed on the finger in Figure 4.7b and c are rectangular bands that are subdivided 

into quintiles across their width, which allowed comparison and compilation of data measured on 

fingers of different width. In Figure 4.8, we compare the average finger width and the average 

edge speed for fingers for the two agar concentrations and, later on in Figure 4.12, we show the 

average speed lateral profile and the average orientation lateral profile of fingers for an agar 

concentration of 1.5% w/v. The data in Figures 4.8- 4.12 are represented by box plots, in which 

the central horizontal line represents the median value, and the surrounding box contains all of 

the data between the 25
th

 and 75
th

 percentiles. The whiskers extend to the extrema of the data, 

which are considered to be within 1.5  IQR (inter-quartile range). The data outside 1.5  IQR 

(indicated by ) are considered to be outliers.  

      In Figure 4.8a, we show the average finger width for the two agar concentrations, which 

increased significantly from 6.5  1.8 m to 11.9  2.6 m as the agar concentration was 



 

 

62 

 

increased from 1.0% w/v to 1.5% w/v, indicating that additional bacteria were recruited into the 

fingers at the larger agar concentration. 

 

Figure 4.7 : Characterization of physical properties of a representative finger at the outer edge of 

an expanding bacterial colony for 1.5 % w/v agar concentration: (a) raw image of finger, (b) PIV 

velocity field (red arrows), and (c) local orientation field (blue lines). In both (b) and (c), the 

band across the finger indicates the quintile regions used to calculate the corresponding lateral 

profiles across the width of the finger. 
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In addition, there is a transition to multilayer coverage of cells within the fingers at the larger 

agar concentration (Figure 4.1), corresponding to a further increase in the number of bacteria 

within the fingers. In Figure 4.8b, we show the average edge speed of the fingers for the two agar 

concentrations.  

 

 

Figure 4.8: (a) Average finger width and (b) average edge speed for expanding colonies of P. 

aeruginosa PAO1 versus agar concentration, measured at 37 ⁰C. The data are represented using 

the box plot representation described in the main text. The values shown in (a) represent 

measurements on 250 (1.0% w/v agar) and 210 (1.5% w/v agar) fingers in time series of images 

and still images. The values shown in (b) represent measurements performed on time series of 

images collected on four (1.0% w/v agar) and five (1.5% w/v agar) colonies, with 50 

measurements collected for each colony. The values in (a) are statistically different, with a p-

value for an unpaired t-test of less than 0.0001 (labelled as ****). The values in (b) are not 

statistically different (labelled as n.s). 
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Surprisingly, we observed no significant difference between the values, with an average speed of 

0.016  0.004 μm/s, despite the increase in agar stiffness and agar-glass adhesion with increasing 

agar concentration. This value of the average edge speed corresponds to the average forward 

motion of the 2 m long bacterial cells of one body length every 2.1 min. The similarity of the 

values of the average edge speed at different agar concentrations can be understood by 

examining the nature of the finger motion for the two agar concentrations. At the small agar 

concentration, the fingers move, on average, more quickly but their motion is less directed since 

the agar provides less mechanical confinement. In contrast, at the large agar concentration, the 

fingers move, on average, slower but their motion is more directed due to the larger mechanical 

confinement provided by the more concentrated agar. To quantify the difference in the 

directionality of the motion, we have calculated an effective persistence length 𝐿𝑝 defined for the 

motion of the fastest and most well-defined fingers that have speeds in the top 10% of those 

measured at each agar concentration. Defining 𝐿𝑝 as the distance traveled before the finger 

deviates by 30
o
 from its initial direction, we find that the value for 1.5% w/v agar is a factor of 2 

larger than that for 1.0% w/v agar (Figure 4.9). This interplay between finger speed and 

persistence length leads to an average edge speed of the expanding colony that is very similar for 

the two agar concentrations.  
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Figure 4.9: Average persistence length 𝐿𝑝 of the fastest, well-defined fingers in expanding 

colonies of P. aeruginosa PAO1 on 1.0% w/v and 1.5% w/v agar, with values of 16.5 ± 5 μm 

and 34 ± 7.5 μm, respectively. 

4.3.2 Inverted Puck Method 

      The average edge speed of the fingers for a second method of sample preparation (agar puck 

inoculated with bacteria and placed onto a glass coverslip, which we call the inverted puck 

method), is shown in Figure 4.10. It was much larger than the average edge speed of our original 

preparation of the agar-glass interface. This value, 0.05  0.03 μm/s, corresponds to the forward 

motion of one body length in 0.67 min (Figure 4.11). This difference in the average edge speed 

values is likely due to a reduction in the agar-glass adhesion for the second method of sample 

preparation, and it indicates the importance of the nature of the agar-glass interface in 

determining the expansion of the bacterial colony.  

 



 

 

66 

 

 

Figure 4.10: Optical microscopy images of the advancing front of expanding colonies of P. 

aeruginosa PAO1 bacterial cells for 1.5% w/v agar samples prepared using the inverted puck 

method and measured at 37 ⁰C. (a) Well-defined fingers were not observed in some samples. (b) 

Well-defined fingers were observed in some samples that are similar to those observed for 

pristine agar-glass interfaces (Figure 4.2c). Multilayer regions were observed in all samples. The 

width of the images in (a) and (b) corresponds to 218 μm. 

 

      To further investigate the effect of the agar-glass adhesion on the forward motion of the 

twitching bacteria, we measured the average edge speed for samples prepared by breaking the 

adhesion at a pristine agar-glass interface by gently sliding the agar across the glass surface. We 

expected that this would reduce the agar-glass adhesion, making it easier for the bacteria to move 

at the agar-glass interface. For an agar concentration of 1.5% w/v, the colony morphology and 

average edge speed were indistinguishable from that measured on pristine interfaces (Figures 4.1 

and 4.4), indicating that the agar-glass adhesion was restored to that of the pristine interface 

during the incubation time of several hours before the bacteria encountered the interface. This 
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recovery of the agar-glass adhesion for pristine agar-glass interfaces that were subjected to gentle 

sliding is in contrast to the reduced adhesion measured for samples prepared using the inverted 

puck method, which showed a significant increase in the average edge speed of the fingers 

(Figure 4.11). This result suggests that irregularities in the cast agar surfaces used in the inverted 

puck method result in lower agar-glass adhesion that allow the bacteria to twitch more 

efficiently, presumably due to the presence of small pockets of liquid at the agar-glass interface.  

 

Figure 4.11: Edge speeds of expanding colonies of P. aeruginosa PAO1 for pristine agar-glass 

interfaces for (a) 1.0% w/v and (b) 1.5% w/v agar; and for the inverted puck sample preparation 

procedure for 1.5% w/v agar (denoted 1.5*). The average edge speed values are (a) 0.016 ± 

0.003 μm/s, (b) 0.016 ± 0.005 μm/s, and (c) 0.05 ± 0.03 μm/s. All measurements were performed 

at 37 ⁰C. The average values were calculated for each agar concentration using measurements on 

4-9 samples. The value for the inverted puck sample is statistically different from the other two 

values, with p-values for an unpaired t-test of less than 0.0001 (labelled as ****). The two values 

for the pristine agar-glass interfaces are not statistically different (labelled as n.s). 
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4.3.3 Lateral Profiles 

      To further characterize the motion and morphology of the fingers, we calculated the average 

lateral profiles of the speed and orientation of the bacterial cells across fingers measured on 1.5% 

w/v agar. The number of fingers used to calculate the lateral profiles shown in Figure 4.12 

represent a small subset of the total number of fingers measured (Figure 4.8) because we 

included only those trajectories that were straight, for which the direction of finger motion 

deviated by less than 30⁰ from the original finger axis during the course of the experiment, and 

had monolayer coverage of bacteria. Since most fingers follow curved paths, only 12 fingers 

were included in the calculation of the lateral profiles, of which 10 were for straight sections of 

otherwise curved trajectories. These partial trajectories yielded a total of 15 - 40 lateral profiles 

over the course of the experiments.  

      We calculated the magnitude of the velocities across each lateral profile using PIV analysis, 

and the resulting average speed lateral profile is shown in Figure 4.12a. We note that the average 

speed across the lateral profile in Figure 4.8a exceeds the average edge speed of 0.016 μm/s 

shown in Figure 4.8b. This difference is due to the inclusion of only straight trajectories in 

Figure 4.12a, in which the bacteria travel faster than in curved trajectories. There is a slight 

increase of the average speed in the central quintile relative to that in the edge quintiles, 

corresponding to more motion occurring along the center of the fingers. 

 



 

 

69 

 

Figure 4.12: (a) Average speed profile and (b) average orientation profile across fingers for 

straight trajectories (complete and partial), measured for an agar concentration of C = 1.5% w/v 

at 37 ⁰C. The data are represented using the box plot representation described in the main text. 

The values shown for each of the five sections (quintiles) across the fingers represent 354 values 

measured for different fingers at different times during the experiments. The edge and center 

values in (a) are statistically different, with a p-value for an unpaired t-test of less than 0.0001 

(labelled as ****). 

 

      A lower speed at the edge of the fingers is expected because the agar is strongly adhered to 

the glass coverslip outside the edges of the fingers. Near the midline of the fingers, the agar-glass 

adhesion has been broken by the leading cells in the fingers, so that motion occurs more readily. 

For the same set of straight trajectories as for Figure 4.12a, we also calculated the average 

orientation lateral profile shown in Figure 4.12b. In this plot, the average orientation angle values 

for each quintile of the lateral profile were calculated with respect to the direction of the finger 

axis. We find that the average orientation angles shown in Figure 4.12b were approximately 

centered about zero, with more than 50% of measured angles within 20⁰ of the finger axis. This 
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result indicates that the bacteria within the fingers were predominately aligned along their 

direction of motion, as can be seen visually in Figure 4.1. This orientation is consistent with the 

positioning of T4P at the cell poles. 

 

4.4 Comparison with Previous Studies  

      The morphology of the twitching bacterial colonies observed for 1.0% w/v agar in the 

present study are similar to that measured previously (12) (16), characterized by fingers at the 

leading edges of the colonies and a lattice-like network of twitching cells within the interior of 

the colonies in which the cells tend to follow paths taken previously by other cells, a 

phenomenon called stigmergy. The finger widths are comparable in these studies (~ 7 m for 

1.0% w/v agar in the present study (Figure 4.8) versus ~ 10 m measured in ref. (16)), but the 

average edge speed in the present study is significantly smaller: 0.016 m/s (Figure 4.8) versus a 

value of ~ 0.06 µm/s measured in ref. (16). The slower speed is expected in the present study 

since the pristine agar-glass interfaces, in which the agar is allowed to solidify on clean glass 

surfaces, offer a larger resistance to the forward motion of the bacteria while also providing the 

advantage of greater reproducibility of the experiments.  

      In ref. (16), the lattice-like network within the bacterial colonies consisted of a distinct, 

polygonal network in which the bacteria were confined to move along the walls of well-defined 

polygons with large spaces in between the lines of tightly packed bacteria. In contrast, for both 

agar concentrations 𝐶 = 1.0% w/v and 1.5% w/v, we observed more loosely packed, lattice-like 

networks with less well-defined polygons (Figure 4.1) and a substantial increase in the fractional 

surface coverage with concentration (Figure 4.2). These differences in the morphology of the 
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colony may be due to differences in the sample geometry, which results in different confinement 

of the bacterial cells, or the particular strains of P. aeruginosa.  
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5 Effect of the Agar-Glass Interface on Bacterial Twitching 

Motility 

 

       In Chapter 4, we described our observation of differences between P. aeruginosa PAO1 

colony morphology and dynamics measured for two agar concentrations: 𝐶 = 1.0% w/v and 𝐶 = 1.5% 

w/v. Because of the large differences observed for the two agar concentrations, we expanded our study 

to include intermediate and larger agar concentrations: 1.0% w/v ≤ 𝐶 ≤ 1.9% w/v, in increments of 

0.1% w/v. To interpret the results of this study of the detailed agar concentration dependence of the 

colony morphology and dynamics in terms of the physical properties of the agar-glass interface, we 

used micropipette-deflection to measure the agar-glass adhesion strength, and ATR-FTIR experiments 

to measure the local agar concentration near the agar-ATR crystal interface, respectively.  

5.1 Dependence of Colony Morphology on Agar Concentration 

      In Figure 5.1, we show representative optical microscopy images of the leading edge of expanding 

colonies at the agar-glass interface for 1.0% w/v, 1.5% w/v, and 1.9% w/v agar concentrations after ~ 

4 - 6.5 h of colony growth.  
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Figure 5.1 Optical microscopy images of the outer edge of expanding colonies of P. aeruginosa 

PAO1 cells. (a) Large scale view of colony edge for 𝐶 = 1.0% w/v after 4 h of colony growth. (b) 

Finger-like projections at the colony edge for 𝐶 =1.0% w/v. (c) Large scale view of colony edge 

for 𝐶 = 1.5% w/v after 4.5 h of colony growth. (d) Finger-like projections at the colony edge for 

𝐶 = 1.5% w/v. The darker areas within the red rectangles in (d) indicate regions of multilayer 

coverage. (e) Large scale view of colony edge for 𝐶 = 1.9% w/v after 6.5 h of colony growth. (f) 

Finger-like projections at the colony edge for 𝐶 = 1.9% w/v. The width of the images in (a), and 

(c) and (e) corresponds to 218 μm, and the width of the images in (b), and (d) and (f) corresponds 

to 72.5 μm. 
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      For agar concentrations between 𝐶 = 1.0% w/v and 𝐶 = 1.5%, we observed that our three 

metrics of colony morphology (the average finger width, the bacterial cell density of the lattice-

like regions, and the emergence of multilayer structures within fingers at the larger agar 

concentration) increased gradually, with smooth transitions in these quantities between the 

bounding concentrations. This is most clearly indicated by our measurements of the average 

finger width at each agar concentration, as shown in Figure 5.2. We observed that the average 

finger width increased approximately linearly between 1.0% w/v and 1.5% w/v agar 

concentration from 6.4 ± 1.8 μm to 11.9 ± 2.6 μm. Interestingly, for agar concentrations 𝐶 ≥ 

1.6% w/v, we observed no additional significant increase in the average finger width with 

increasing agar concentration. 

 

Figure 5.2: Average finger width for expanding colonies of P. aeruginosa PAO1 versus agar 

concentration, measured after 4 - 8 h of growth. The values shown represent measurements of 

130 - 300 fingers from 5 - 15 colonies for each agar concentration. 
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      We observed a similar agar concentration dependence for the radial density profile of 

bacterial cells at the leading edge of colonies, with large differences between the profiles 

measured for 𝐶 = 1.0% w/v, 𝐶 = 1.5% w/v and 𝐶 = 1.6 w/v, and with no significant change for 

𝐶 ≥ 1.6% w/v (Figure 5.3). This large difference in morphology between 𝐶 = 1.5% w/v and 𝐶 = 

1.6 w/v is notable, and it will be discussed below. For 𝐶 = 1.6% w/v and 𝐶 = 1.9% w/v, the 

fractional surface coverage of bacterial cells within the lattice-like region, which corresponded to 

a rather uniform, close-packed monolayer of bacteria, was essentially the same to within 

experimental uncertainty.     

 

Figure 5.3: Fractional surface coverage of bacteria versus inward radial distance measured from 

the front of the outermost finger for four different agar concentrations within the range 1.0% w/v 

< 𝐶 < 1.9% w/v. The fractional surface coverage measurements were performed on 10 optical 

microscopy images of 8 - 10 colonies at each concentration after 4 - 8 h of colony growth. The 

error bars correspond to the standard deviation of the measurements at each agar concentration. 
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      We quantified the presence of multilayers in the fingers of the expanding bacterial colonies 

using two methods. First, we measured the fraction of the total number of fingers that contained 

a multilayer region. Second, we measured the fraction of each individual finger that was 

occupied by a multilayer region. We calculated this by dividing the width of the multilayer 

regions by the finger width. This was only calculated for fingers which contained multilayer 

regions, as indicated in Figure 5.4. This calculation does not include information about the 

fraction of the length of the finger occupied by the multilayer region. Visual inspection of 

colonies from 1.5% w/v to 1.9% w/v indicated that the length of both fingers and multilayer 

regions within the fingers increased proportionately with increasing agar concentration. 

Measurements of the length of the fingers and multilayer regions were avoided due to concerns 

of reproducibility. At high agar concentrations, the large density of bacteria behind the fingers 

made delineating between bacteria within and outside of the fingers difficult.   

 

 

Figure 5.4: Optical microscopy images of fingers of P. aeruginosa PAO1 cells that contain 

multilayer regions. (a) Finger from a colony at 𝐶 = 1.0% w/v. (b) Finger from a colony at 𝐶 = 

1.5% w/v. The red and blue lines indicate the finger width and the multilayer width respectively. 

The width of the images in (a) and (b) correspond to 24 μm and 30.7 μm respectively,  
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      In Figure 5.5, we show the fraction of fingers that contained multilayer regions and the 

fraction of finger widths covered by multilayer regions in bacterial colonies for 𝐶 = 1.0% w/v, 

1.5% w/v, 1.6% w/v, and 1.9% w/v. Both quantities increased with agar concentration. Unlike 

our observations of fractional surface coverage, we did not observe a substantial change with 

respect to multilayer coverage in increasing the agar concentration from 1.5% w/v to 1.6% w/v. 

In both measures of multilayer coverage shown in Figure 5.5 a and b, our results are the same to 

within experimental uncertainty for concentrations above 𝐶 > 1.5% w/v. This dependence on 

agar concentration is similar to that for our measurements of the average finger width (Figure 

5.2), which saturated to a constant value for 𝐶 > 1.5% w/v. By both measurements of colony 

morphology and visual inspection, colonies between 1.6% w/v < 𝐶 < 1.9% w/v were 

indistinguishable.  
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Figure 5.5: (a) Fraction of the total number of fingers in colonies of P. aeruginosa PAO1 that 

contained a multilayer region versus agar concentration. Measurements were performed on 15 - 

25 optical microscopy images of 8 - 10 colonies at each concentration. The error bars correspond 

to the standard deviation of the measurements at each agar concentration. (b) Fractional 

multilayer coverage for fingers containing a multilayer versus agar concentration. For each 

finger, the fractional multilayer coverage is calculated as the multilayer width divided by the 

finger width. Measurements were performed on 40 – 122 fingers from 8 - 10 colonies at each 

concentration.    

5.2 Dependence of Colony Dynamics on Agar Concentration 

      For agar concentrations 1.0% w/v ≤ 𝐶 ≤ 1.5% w/v, we observed no dependence of the 

average colony edge speed 𝑣edge on the agar concentration 𝐶 (Figure 5.6). As discussed in 

Chapter 4, the interplay between average finger speed and persistence length for measurements 

performed for agar concentrations 𝐶 = 1.0% w/v and 1.5% w/v led to a constant average colony 

edge speed of 𝑣edge = 0.016 μm/s ± 0.004 μm/s. This explanation is consistent with the lack of 
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variation in the average colony edge speed in the intermediate concentration range 1.0 % w/v 

≤ 𝐶 ≤ 1.4% w/v (Figure 5.6).  

      Interestingly, we observed a significant decrease in the average colony edge speed for 𝐶 ≥ 

1.6% w/v agar, approaching a constant average edge speed of 𝑣edge = 0.0064 μm/s for 𝐶 ≥ 1.7% 

w/v (Figure 5.6). Despite the very small average edge speed of the advancing front of colonies at 

larger agar concentrations, individual bacteria have velocities in both the lattice and finger 

regions (average value of 0.05 μm/s) that are comparable to those for bacteria measured for small 

agar concentrations (average value of 0.05 μm/s, shown below in Figure 6.2). Thus, the large 

reduction in average colony edge speed for 𝐶 ≥ 1.5% w/v is primarily due to a decrease in the 

average finger speed (measured along the finger’s direction of motion), which is reasonable since 

the finger persistence length is large (Figure 4.9) and the average finger speed is small (Figure 

5.7).  
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      At 𝐶 = 1.9% w/v, the fastest and most well defined fingers (top 10% of finger speed values) 

have an average finger speed of 0.0093 ± 0.002 μm/s, which is significantly smaller than the 

value of 0.037 ± 0.016 μm/s for the fastest fingers (top 10% of finger speed values) at 𝐶 = 1.5% 

w/v (Figure 5.7). 

 

Figure 5.6: Average edge speed 𝑣edge for expanding colonies of P. aeruginosa PAO1 versus 

agar concentration 𝐶. The 𝑣edge values were calculated from measurements performed on time 

series of images collected on four to six colonies, with 50 measurements collected for each 

colony. 
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Figure 5.7: Average finger speed of the fastest and most well-defined fingers vs. agar 

concentration. The error bars represent the standard deviation of 13, 11, and 9 measured values 

for 1.0% w/v, 1.5% w/v, and 1.9% w/v respectively.  

 

5.3 Physical Properties of the Agar-Solid Interface 

      In Chapter 4, we established that there was a correlation between an increase in agar-glass 

adhesion as the agar concentration was increased from 𝐶 = 1.0% w/v to 1.5% w/v and changes in 

both colony morphology and average colony edge speed. Because of this, we expected that the 

significant transitions observed in the colony morphology and dynamics as the agar 

concentration was increased above 𝐶~ 1.6% w/v discussed in section 5.2 were related to a 

significant agar concentration dependence of the physical properties of the agar near the agar-

glass interface. 
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5.3.1 Agar-Glass Adhesion Measurements Using Micropipette Deflection 

      We quantified relative changes in the agar-glass adhesion with agar concentration using a 

micropipette-deflection technique adapted from (55). A plot of the peak shear stress required to 

dislodge an agar sample contained within a Teflon ring from a glass substrate versus agar 

concentration 𝐶 is shown in Figure 5.8. A schematic diagram of the micropipette deflection 

experiment is shown in Figure 2.2.      

 

Figure 5.8: Agar concentration 𝐶 dependence of the peak shear stress required to dislodge agar 

samples contained within Teflon rings from the surface of a glass slide. At each agar 

concentration, the peak shear stress values were measured for 79, 148, 101, and 115 samples, in 

order of increasing agar concentration.  
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      Previous AFM nanoindentation measurements of the elastic modulus 𝐾 of agar gels showed 

that, as the agar concentration was increased from 𝐶 = 1.0% w/v to 1.5% w/v, 𝐾 increased from 

57.1 kPa to 221.7 kPa (an increase by a factor of 3.9) (49). In this concentration range, we 

measured a relative increase in the agar-glass adhesion from 140 ± 150 Pa to 520 ± 260 Pa 

(Figure 5.8), which is an increase by a factor of 3.7 that is consistent with the relative increase in 

elastic modulus (49).  

      Despite the large spread in the peak shear stress values measured at each agar concentration, 

it is clear that there is a significant increase in agar-glass adhesion as 𝐶 was increased from 1.5% 

w/v to 1.6% w/v, with no significant difference between the agar-glass adhesion measured for 𝐶 

= 1.6% w/v and 1.9% w/v. This significant increase in agar-glass adhesion coincided with 

changes in the dynamics observed in the twitching bacterial colonies for the same agar 

concentration range: significant decreases in the average colony edge speed (Figure 5.6) and the 

average finger speed (Figure 5.7). Since the increase in agar-glass adhesion that occurs between 

𝐶 = 1.5% w/v and 1.6% w/v increases the force required to break the agar-glass interface, it is 

reasonable to expect that there are corresponding changes in the bacterial colony morphology 

and dynamics. We also note that the lack of a significant change in agar-glass adhesion as the 

agar concentration was increased from 𝐶 = 1.6% w/v to 1.9% w/v coincided with a lack of 

change in the morphology and dynamics (finger width, average edge speed, and fractional 

bacterial surface coverage) of the twitching bacterial colonies.  

5.3.2  ATR-FTIR Measurements of Agar-ATR Crystal Interface 

      To investigate the nature of the distinctive dependence of the agar-glass adhesion on agar 

concentration shown in Figure 5.8, we performed ATR-FTIR experiments on agar films of 
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different agar concentrations. As discussed in Section 2.6, ATR-FTIR can be used to study thin 

films of agar and agarose. Using the sample preparation and ATR-FTIR protocols described in 

Section 2.6, we measured ATR-FTIR absorbance spectra, where the absorbance 𝐴 is defined as:  

𝐴 = − log 𝐼
𝐼0

⁄   ,                                                                       (5.1) 

where 𝐼 and 𝐼0 are the IR single beam intensities of the agar and the water background, 

respectively. The region between 1200 and 900 cm−1 in the ATR-FTIR spectra correspond to the 

C-OH stretch of the pyranose rings of the agarose and agaropectin (59) (60). The maximum 

intensity of the peak at 1074 cm−1  provides a measure of the concentration of agarose helices 

present in the sample within the penetration depth of the IR beam. We also used an alternate 

method to quantify the concentration of agarose near the interface, measuring the area under the 

1074 cm−1 peak. We found no significant difference in our results between either analysis 

method, and so report only the results of the measurement of the maximum intensity of the peak. 

      In Figure 5.9a, we show the average agar absorbance spectra between 1225 and 950 cm−1 for 

a germanium ATR crystal (0.5 μm penetration depth) and, in Figure 5.9b, we show the 1074 

cm−1 peak intensity 𝐴1074 from those spectra versus agar concentration 𝐶. The data in Figure 

5.9b show a general increase in absorbance 𝐴1074  with increasing 𝐶, with a discernable jump in 

𝐴1074  for 𝐶 = 1.6% w/v, which is unexpected since 𝐴1074 should increase linearly with agar 

concentration. We note that the dependence of 𝐴1074 on 𝐶 in Figure 5.9b is similar to that of the 

measured agar-glass adhesion (Figure 5.7), with both quantities increasing significantly as 𝐶 was 

increased from 1.5% w/v to 1.6% w/v and remaining essentially constant for 𝐶 > 1.6% w/v. 

Because of this, we can relate the measured agar ATR-FTIR absorbance near the agar-glass 

interface to the agar-glass adhesion.  
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Figure 5.9: ATR-FTIR measurements of agar deposited onto a germanium ATR crystal. (a) 

Average agar absorbance spectra between 1225 and 950 cm−1. The peak centered at 1074 cm−1 

corresponds to the C-OH stretch of the agarose and agaropectin pyranose rings. (b) Average peak 

intensity at 1074 cm−1, 𝐴1074, versus agar concentration 𝐶. Values represent the average of peak 

intensities measured from 10 to 17 agar samples, and the error bars indicate the standard 

deviation.  

 

      We also used 𝑠- polarized (electric field polarized parallel to the plane of incidence) and 𝑝- 

polarized (electric field polarized perpendicular to the plane of incidence) IR light to investigate 

possible orientation effects in our samples. The absorbance of linearly polarized IR light changes 

with polarization direction if the absorbing dipoles in the sample are ordered with respect to the 

optical axis (58) (75). The dichroic ratio (𝑅) characterizes the linear dichroism of a sample and is 

defined as the ratio of absorbance of 𝑝-polarized light to the absorbance of 𝑠-polarized light. 

With an incident angle of 45°, a dichroic ratio of 2 indicates isotropic orientation of dipole 
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moments within the sample (59) (75). Since the dichroic ratio did not change significantly over 

the entire range of agar concentrations (Figure 5.10), we concluded that the unexpected jumps in 

𝐴1074  at 𝐶 ~ 1.6% w/v were not due to significant orientation in the samples.  

 

 

Figure 5.10: (a) Representative linearly polarized IR spectra for a 1.9% w/v agar sample. The 

2s- and p-polarized spectra overlap well, indicating that the IR dipole moments at the sample 

interface are isotropic. (b) Dichroic ratio 𝑅 versus agar concentration. A dichroic ratio of 2 

indicates isotropic orientation of IR dipole moments.   
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      We used an alternative agar preparation procedure (Section 2.3) to measure the IR 

absorbance of agar gel that was solidified away from the ATR crystal surface. In this technique, 

a sharp blade was used to slice an agar puck midway through its thickness so that the internal 

agar surface could be measured in the ATR-FTIR experiments. This technique is used to 

investigate the bulk of the agar, and is distinct from the ‘puck flip’ method of preparing the agar-

glass interface (Figure 4.10). In Figure 5.11 we show the ATR-FTIR absorbance 𝐴1074  at 1074 

cm−1 for agar on a germanium ATR crystal, normalized relative to the value measured for 𝐶 = 

1.0% w/v, for agar concentrations 1.0% w/v < 𝐶 < 1.9% w/v. Unlike the agar concentration 

dependence observed for agar solidified directly on the ATR crystal, the agar concentration 

dependence for the internal agar surface increased linearly with agar concentration. These 

measurements provide evidence that the unusual absorbance profile measured for agar solidified 

directly on the ATR crystal shown in Figure 5.9b is due to a difference in the gelation process of 

the agar network at the agar-ATR crystal interface.  
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Figure 5.11: Average absorbance peak intensity at 1074 cm−1, 𝐴1074, of agar solidified away 

from the ATR crystal interface (blue symbols, ‘in bulk’) and at the ATR crystal interface (red 

symbol, Figure 5.9b) versus agar concentration 𝐶. Points represent the average 𝐴1074 values for 

5 and 10-17 agar samples from the bulk and at the ATR crystal interface respectively. 

 

      Previous experiments have suggested that the microstructure and mechanical properties of 

agar and agarose gels is dependent on gelation conditions, including ionic concentration and 

thermal history (76) (77) (78) (79) (80). Measurements on high concentration (𝐶 ≥ 4% w/v) 

agarose showed that the cooling rate strongly affected the final mechanical properties and 

microstructure of the gel. Kusukawa et al. prepared 5.5% w/v agarose gels using fast (2.2 

⁰C/min) and slow (0.4 ⁰C/min) cooling rates (77). More rapid cooling produced gels with a more 

homogeneous microstructure and a smaller average pore diameter, and this produced a greater 

resolving power in DNA electrophoresis experiments compared to gels that were slowly cooled. 



 

 

89 

 

The authors of this study attributed the increase in the disorder of the gel network to the inability 

to form higher order structures (aggregates of agarose helices) within the gel during the reduced 

solidification time due to faster quenching (77).  Ioannidis et al. found that the pore size of 

micro-sized 4% w/w agarose gel beads was smaller when the gels were cooled more rapidly (78), 

and they also attributed this difference in the aggregation of agarose helices, as in (77).  Ioannidis 

et al. also used atomic force microscopy to measure the Young’s modulus of the beads, and they 

found that it decreased with more rapid cooling. They suggested that, since the Young’s modulus 

of the gel beads depends on the extent of intermolecular hydrogen bonding between agarose 

helices, factors that increase aggregation (slower cooling) also increase the stiffness of the gel 

(78).  

      Recently, Chen et al. used low-field NMR to investigate the role of cooling rate on the 

properties of 4% w/w agarose microspheres (79) . Gels were cooled from 65 ⁰C to 30 ⁰C using a 

wide range of cooling rates (0.132 ⁰C/min to 16.7 ⁰C/min). They observed that, for cooling rates 

below 6 ⁰C/min, the pore size decreased with more rapid cooling. At faster cooling rates (> 6 

⁰C/min), the pore size was independent of cooling rate. The authors also attributed the cooling 

rate dependence of the gel pore size to reduced helix aggregation during faster quenching (79). In 

contrast, Mao et al. observed no significant effect of the cooling rate (0.1 ⁰C/min to 10 ⁰C/min) 

on the microstructure or elastic properties of lower concentration (1.5% w/w) agar gels (80). The 

authors suggest that at larger cooling rates, the microstructure of the agar gel is frozen far from 

equilibrium, and the relaxation of internal elastic stresses in the network contracts the gel (80). In 

studies on the gelation of agarose, Aymard et al., noted that gels can display a wide variety of 

behaviour depending on specific gelation conditions, such as thermal history, agarose 
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concentration, and ionic concentration. They also noted that the exact mechanism of gelation in 

agarose solutions may be concentration dependent (76). 

      In the present experiments, in which hot agar was poured directly onto the ATR crystal, the 

rate of cooling can be larger at the agar-ATR crystal interface than in the bulk of the gel because 

of the conduction of heat from the hot agar into the ATR crystal. In addition, the presence of the 

solid surface can hinder the rearrangement of the agarose helices near the solid surface. These 

two effects increase the time required to form a well-structured gel near the agar-solid interface 

by effectively ‘freezing in’ an out-of-equilibrium interfacial gel structure, and these effects are 

most exaggerated for the largest agar concentrations. As a result, we expect that the agar near the 

agar-ATR crystal interface will be more disordered and less dense than the agar network 

produced away from the agar-ATR crystal interface. A schematic comparison of the possible 

organization of agarose helices in well-structured and quenched gels is shown in Figure 5.12. 

 

Figure 5.12: Schematic of the organization of agarose helices in (left) well-structured, slowly 

cooled gels and (right) disordered, quickly cooled gels. The quenched gel has a smaller pore size 

and less agarose helix bundling due to the reduced time for aggregation. 
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      This will result in a smaller IR absorbance near the agar-ATR crystal interface for 

sufficiently large agar concentrations. This explanation is consistent with the agar concentration 

dependence of the  𝐴1074 values for agar solidified directly onto the ATR crystal surface (Figure 

5.11), for which we measured smaller values relative to those measured for agar solidified far 

from the ATR crystal (sliced puck), with the largest reductions in 𝐴1074 observed at the largest 

agar concentrations.  

       To directly investigate the effect of the cooling rate on the IR absorbance of agar samples 

that were poured directly onto the ATR crystal, we developed a ‘slow’ cooling protocol using a 

temperature-controlled germanium ATR crystal (section 2.6). In this protocol, the ATR crystal 

was heated to 80 ⁰C before hot (> 80 ⁰C) agar was poured directly onto the surface. The set point 

temperature was then set to 28 ⁰C, and the agar slowly cooled over approximately 20 minutes. 

Absorbance spectra were collected at intermediate crystal temperatures as the agar cooled. We 

also prepared additional reference agar samples (‘quick’ cooling) that were poured directly onto 

the ATR crystal at room temperature. The crystal was then heated, and absorbance spectra were 

collected between 28 ⁰C and 37 ⁰C. As the IR throughput of the germanium ATR crystal changes 

significantly with temperature, it was important to measure both the samples prepared using the 

quick and slow cooling protocols at the same temperatures to allow the direct comparison of 

absorbance values.  

      We performed measurements with 𝑠- and 𝑝-polarised IR light to confirm that any measured 

differences in IR absorbance were not due to orientation effects within the sample (Figure 5.13).  
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Figure 5.13: Dichroic ratio of 1.9% w/v agar versus temperature for the quick (red symbols) and 

slow (blue symbols) cooling protocols. Error bars are not included due to the small number (2) of 

agar samples measured. A dichroic ratio of 2 indicates isotropic orientation of IR dipole 

moments.   

We found that both the 1.9% w/v agar samples prepared using the quick and slow cooling 

protocols measured between 28 ⁰C and 37 ⁰C have a dichroic ratio of approximately 2, indicating 

a random orientation of IR dipole moments within the samples. 

      In Figure 5.14, we show representative ATR-FTIR spectra collected on samples of low (1.0% 

w/v) and high (1.9% w/v) concentration agar samples prepared using the quick and slow cooling 

protocols. We see that the spectra for the two cooling protocols are very similar for 1.0% w/v 

agar, but they differ considerably for 1.9% w/v agar. In Figure 5.15, we show the average 𝐴1074 

values for the two cooling protocols as a function of agar concentration. The difference between 

the IR absorbance at 1074 cm−1 for agar prepared using the quick and slow cooling protocols 

increased with increasing agar concentration for 𝐶 ≥ 1.5% w/v.  
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Figure 5.14: Typical ATR-FTIR absorbance spectra between 1225 and 950 cm−1 of agar at 28 

⁰C for concentrations of (a) 1.0% w/v and (b) 1.9 % w/v. The spectra for samples prepared using 

the quick cooling protocol are shown in red, and the spectra for samples prepared using the slow 

cooling protocol are shown in blue. 

This result is consistent with our explanation that the differences that we observed in IR 

absorbance in the agar bulk and at the ATR crystal interface (Figure 5.11) were due to 

differences in the quenching rate. 

By heating the ATR crystal, we reduced the quenching rate at the ATR crystal interface, which 

slowed the solidification process and increased the time available for agarose helix aggregation, 

producing a denser and likely more ordered agar network at the interface. This is indicated by the 

significantly higher 𝐴1074 values for the slow cooling protocol at higher agar concentrations 

(Figures 5.14 and 5.15).  
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Figure 5.15: Average absorbance peak intensity at 1074 cm−1, 𝐴1074, measured at 28 ⁰C versus 

agar concentration 𝐶. The data points represent the average 𝐴1074 values for 2 and 10 agar 

samples for the slow (blue symbols) and quick (red symbols) cooling protocols respectively. 

 

      From Figure 5.9, we can see that at low agar concentrations (𝐶 < 1.5% w/v), increasing the 

bulk agar concentration increased the IR absorbance 𝐴1074 and therefore the agar density at the 

interface. At larger agar concentrations (𝐶 ≥ 1.5% w/v), 𝐴1074 , and therefore the density of agar 

at the interface, was essentially independent of concentration, indicating that there was 

insufficient time for helices to aggregate that resulted in a disordered microstructure of the gel.  

      We have direct evidence for the impact of cooling rate on gelation near the ATR crystal 

surface, which produces non-equilibrium structure and lower agar densities for agar 
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concentrations 𝐶 ≥ 1.5% w/v. As discussed above, this effect could either be due to a slowing of 

the gelation process in the presence of a solid surface (hard wall), or due to thermal conduction 

of heat away from the interface into the solid surface (temperature quenching). To evaluate the 

effect of temperature quenching, we note that we observed differences between the equilibration 

of gelation of samples prepared using the slow and quick cooling protocols on germanium ATR 

crystal substrates above approximately the same agar concentration (𝐶 ~ 1.5% w/v) as that for 

deviations from a linear dependence of agar-glass adhesion on agar concentration and significant 

transitions in bacterial twitching for quickly cooled agar on glass substrates. Since the thermal 

conductivity of glass at room temperature (~ 1 W mK⁄ ) (81) is significantly lower than that of 

the germanium ATR crystal (58 W mK⁄ ) (82), we cannot attribute the observed behaviour to a 

temperature quenching effect. Instead, it seems likely that the results can be explained in terms 

of slowed gelation near the solid substrate (hard wall). The literature regarding physical gelation 

near an interface is sparse, and primarily consists of investigations of the air-liquid interface. The 

gelation of gelatin has been shown to differ between the bulk and the air-liquid interface (83). 

Gelatin undergoes a gelling process that is similar to that in agarose, in that gelation involves the 

association of gelatin molecules into helices, and helices further aggregate into bundles. AFM 

measurements have shown that gelation in the bulk results in a coarse fibrous network, while the 

network formed by gelation at the air-liquid interface depends on the cooling rate of the sample. 

At the interface, gels formed by slow cooling appeared similar to the bulk, while samples formed 

by fast cooling showed homogeneous gels with low bundle density. The authors suggest that fast 

quenching inhibited helix aggregation into bundles at the surface (83). Experiments on molecular 

gels of Triton X-100 have shown that interfacial gelation occurred at a slower rate than within 

the bulk. The authors noted that this result appears anomalous, as the energy required to self-
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assemble the gel phase within the bulk is larger than at the surface (84). In our agar samples, if 

gelation occurs at a slower rate near the glass surface than in the bulk, then the presence of the 

solid substrate may slow the aggregation of helices into bundles. This region of gel would mimic 

the concentration profile observed at the interface during fast quenching, which also can be 

attributed to slowed helix aggregation.   

5.4 Summary 

      We used the optical microscopy and image analysis methods described in Chapter 4 to characterize 

differences in bacterial colony morphologies and dynamics over a large range of agar concentrations 

1.0% w/v ≤ 𝐶 ≤ 1.9% w/v. For concentrations 𝐶 ≤ 1.5% w/v, the average finger width and the 

density of the lattice region increased with increasing agar concentration, whereas the average edge 

speed of the colonies was independent of 𝐶. We observed a dramatic transition in bacterial twitching 

near 𝐶 = 1.6% w/v in which the average edge speed dropped significantly. For 𝐶 > 1.7% w/v, all 

measured quantities were independent of 𝐶 and the bacterial colonies were indistinguishable. 

Measurements using a micropipette deflection technique revealed that the adhesion of the agar-glass 

interface increased monotonically from 𝐶 = 1.0% w/v to 𝐶 = 1.5% w/v, then increased abruptly to a 

significantly higher value at 𝐶 = 1.6% w/v, and remained constant for 𝐶 > 1.6% w/v. To gain 

additional insight into this intriguing and unexpected adhesion behaviour, we used ATR-FTIR to 

measure the local agar concentration near the agar-ATR crystal interface. We found that the 

concentration dependence of the IR absorbance at 1074 cm−1, 𝐴1074, which is attributed to the C–OH 

stretching vibrations of the pyranose rings, was very similar to the agar concentration dependence of 

the agar-glass adhesion measured using micropipette deflection. By comparing the agar concentration 

dependence of 𝐴1074  for samples prepared using slow and quick cooling, we found that faster cooling 

resulted in smaller values of 𝐴1074   for agar concentrations 𝐶 ≥ 1.5% w/v. We interpreted this result in 
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terms of a temperature quenching effect, localized at the agar-ATR crystal interface, that results in 

insufficient time for helices to aggregate in high concentration agar (𝐶 ≥ 1.5% w/v) and results in 

more disordered and less dense agar than that produced by slower cooling away from the agar-ATR 

crystal interface. In the case of a glass substrate (as in our bacterial experiments), we suggest that the 

slowing of gelation near the solid substrate may produce results similar to the agar-crystal temperature 

quenching effect. The presence of the solid surface may inhibit helix aggregation and result in more 

disordered and less dense agar near the surface at high (𝐶 ≥ 1.5% w/v) agar concentrations.  Since the 

strength of adhesion is determined to a large extent by the concentration of agar at the agar-solid 

interface, we can attribute our observed changes in colony morphology and dynamics with increasing 

agar concentration to reductions in the local agar concentration at the agar-solid interface relative to 

that in the bulk.   
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6 Quantifying Bacterial Motion Within Fingers 

 

       We observed the formation and dissolution of multilayer regions in fingers of P. 

aeruginosa PAO1 colonies for agar concentrations 𝐶 of 1.0% w/v and 1.5% w/v. In Chapters 4 

and 5, we have quantified the effect of increasing agar concentration on colony and finger 

morphology and behaviour. In the present chapter, we characterize individual bacterial motion 

within fingers at 𝐶 = 1.0% w/v using high resolution optical microscopy and particle tracking 

techniques, and we characterize multilayer “events”, in which multiple bacterial cells stack to 

form a second layer within a finger, at both agar concentrations. We only consider events in 

which both the formation and dissolution of the multilayer region are observed. In addition, we 

present a simple nucleation model to explain the trends in our data. 

6.1 Analysis of Bacterial Trajectories Within Fingers With Monolayer 

Coverage 

      To quantify the motion of bacteria within fingers with monolayer coverage and the 

surrounding area, we performed high resolution optical microscopy measurements of twitching 

colonies at 1.0% w/v agar. We used the image analysis and particle tracking techniques 

discussed in Chapter 3 to isolate trajectories for 608 bacteria from 8 fingers. Bacteria were 

classified into three groups corresponding to their location within the colony: front of finger, 

inside of finger, and behind finger. Each trajectory consisted of components parallel and 

perpendicular to the long axis of the bacterial cell body (bacterial axis), and were monitored for 

times that varied from 950 to 1000 frames. 
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Figure 6.1: Image of a P. aeruginosa PA01 bacterial finger at 1.0% w/v agar used in trajectory 

analysis. Each bacterium is shaded based on its classification of bacterial group. Each colour 

signifies the following: red for ‘front of finger’; blue for ‘inside of finger’; and white for ‘behind 

finger’.   

 

      At time scales that are relevant for many multilayer events (< 100 s), there is very little 

overall motion of the finger as characterized by the average finger velocity, which is typically ~ 

0.05 μm/s. Despite the slow overall motion of the fingers, bacteria inside the fingers are very 

active. In bacteria tracking experiments at 1.0% w/v agar, we observed bacteria moving quickly 

both forwards and backwards along the finger axis. Bacteria within the fingers are capable of 

very rapid ‘jumps’, reaching instantaneous velocities of up to 0.4 μm/s, which is one order of 

magnitude larger than the radially outward speed of the finger (Section 5.2). Analysis of the 

trajectories of individual bacteria within a finger indicated that most bacterial motion occurred 

along the bacterial axis. We quantified the motion parallel to the bacterial axis by calculating the 

parallel components of instantaneous velocity and step size for bacteria within fingers from our 
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trajectory data, shown in Figure 6.2. Arrests were removed from the instantaneous velocity 

histogram. The step size was calculated as the displacement of each segment of motion in which 

the bacterium was continuously moving (segments separated by arrests are considered separate 

steps).   

 

 

Figure 6.2: Trajectory data from 309 bacteria classified as “inside of finger” for eight fingers at 

1.0% w/v agar.  (a) Normalized histogram of the component of instantaneous velocity parallel to 

the bacterial axis. (b) Normalized histogram of the step size in the direction parallel to the 

bacterial axis.  “Forwards” and “backwards” motion are indicated by the red and blue arrows 

respectively. 
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From the histogram of instantaneous velocity (Figure 6.2 a), we calculated that 34% of the 

motion was backwards along the bacterial axis. Similarly, from the histogram of step size (Figure 

6.2 b), we calculated that 30% of the steps that were greater than 0.8 μm in length were 

backwards along the bacterial axis. These results indicate that a considerable portion of bacterial 

motion corresponded to backward motion, and this is perhaps somewhat unexpected due to the 

polar nature of pili in wild type P. aeruginosa PAO1.  Previous measurements of bacterial 

reversals in P. aeruginosa by Oliveira et al. have shown that cells are able reverse direction ~ 1 

min following a change in the direction of a chemical gradient (85). These cells were primarily 

isolated and far enough from their neighbours for their pili to interact. Given the short time scale 

and high frequency of reversals that we observed within dense fingers, these may be a result of 

the interaction of a cell with the pili of neighbouring cells.  

      We also quantified orientation fluctuations in each bacterial group (behind finger, inside 

finger and in front of finger). For each time step, we calculated the difference between the 

current orientation and the average orientation for an individual bacterium in a finger. We show 

histograms of the orientation fluctuations of all bacteria in each group in Figure 6.3.  

 

Figure 6.3: Normalized histograms of orientation fluctuations of tracked bacteria within each 

group: behind finger, inside of finger, and front of finger.  
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The standard deviations of each histogram of Figure 6.3 are 30.8, 17.8, and 9.2 degrees, for 

bacteria behind finger, inside of finger, and front of finger, respectively. We find that bacteria 

behind the finger have increased rotational freedom compared to bacteria inside the finger. This 

is due to both a smaller local fractional surface coverage of bacteria, as well as the decreased 

adhesion at the agar-glass interface. The bacteria at the front of the finger are highly laterally 

confined which results in small orientation fluctuations.  

 

6.2 Mean Square Displacement Analysis of Bacteria at 1.0% w/v Agar  

      We used the MATLAB class msdanalyzer to perform mean square displacement analysis on 

bacterial trajectories (86). We calculated the mean square displacement (MSD) of the parallel 

and perpendicular components of our trajectories. First, bacteria with a mean MSD of less than 5 

𝜇m2 over the imaging period were considered inactive and they were removed from further 

analysis. The fraction of bacteria removed from each group due to inactivity was comparable (~ 

50%). We found that MSD curves could be separated into two categories: directed motion and 

confined motion. In normal diffusion, the MSD is proportional to time and the diffusion 

coefficient is constant. In directed motion, particles display random movement as well as active 

transport, which produces an additional displacement correlated over long times. MSD curves 

can be fit to equation (6.1) to obtain the best-fit values of the diffusion coefficient 𝐷0 and the 

transport velocity 𝑣:     

⟨𝑟⟩2 = 2𝑑𝐷0𝑡 +  𝑣2𝑡2                                                       (6.1) 
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where 𝑑 is the dimension and 𝑡 is the delay time. In confined motion, the MSD can correspond to 

purely diffusive motion at short delay times but, because the motion is hindered, the MSD curve 

saturates at long delay times (87) (88).  

6.2.1 Trajectories Parallel to the Bacterial Cell Body 

      In Figure 6.4, we show representative bacterial MSD curves for trajectories parallel to the 

bacterial axis from the inside of finger group for both directed and confined motion. We find that 

the fraction of curves for each bacterial group that can be classified as directed motion is similar 

for bacteria behind the finger and bacteria inside of the finger (~ 70%). At the front of the finger, 

all MSD curves show directed motion. In confined motion, the MSD curve saturates at long 

delay times due to the high density of bacteria within and behind the finger – bacteria are limited 

to a maximum displacement that is small for small spacings between bacteria. For bacteria at the 

front of the finger, there is significantly lower confinement parallel to the bacterial axis due to 

the close packing of these bacteria. While these bacteria are confined due to the agar- glass 

adhesion that has yet to be broken, the MSD curves show directed motion as there is not a 

maximum displacement enforced by the presence of an obstacle or other bacterium in front of 

these cells (ie. the front of the finger moves continuously forwards). 

 

 

 

 



 

 

104 

 

 

Figure 6.4: (a) MSD versus delay time for a representative subset of bacteria from inside of the 

finger that show directed motion. (b) MSD versus delay time for a representative subset of 

bacteria from inside of the finger that show confined motion.   

      In Figure 6.5, we show the weighted mean MSD curves for the parallel trajectories of each 

group that were classified as directed motion. MSD curves were fit to equation (6.1), and the 

resulting best-fit diffusion coefficients and transport velocities are listed in Table 6.1.  
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Figure 6.5: Weighted mean MSD versus delay time (black line) for parallel trajectories classified 

as directed motion. The red lines were calculated using the best-fit parameters obtained from 

fitting the data to equation (6.1). The grey shading represents the standard deviation of the mean. 

 

Parallel Trajectories 

 Behind Finger Inside of Finger Front of Finger 

𝐷 (𝜇m2 𝑠)⁄  0.244 0.139 0.029 

95% Confidence Interval of D 0.240-0.248 0.137-0.141 0.028-0.029 

𝑣 (𝜇m 𝑠)⁄  0.098 0.095 0.076 

95% Confidence Interval of v 0.097-0.098 0.094-0.095 0.075-0.076 

 

Table 1: Fit parameters from equation (6.1) with 95% confidence intervals for parallel 

trajectories for each group of bacteria, as in Figure 6.5. 
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      We find similar transport velocities for all three groups, however the diffusion coefficient of 

bacteria behind the finger is approximately one order of magnitude larger than that of bacteria in 

the front of the finger. Bacteria inside and behind the finger experience a lower agar-glass 

adhesion as the contact between the agar and glass has already been broken by preceding 

bacteria. The increase in 𝐷 as the distance from the finger front is increased is likely due to the 

reduction of adhesion and lower fractional surface coverage of bacteria in those regions.    

6.2.2 Trajectories Perpendicular to the Bacterial Cell Body 

      In Figure 6.6, we show the weighted mean MSD curves for the perpendicular trajectories of 

each group that were classified as directed motion. MSD curves were fit to equation (6.1), and 

the resulting best-fit diffusion coefficients and transport velocities are listed in Table 6.2.  

 

 

Figure 6.6: Weighted mean MSD versus delay time (black line) for perpendicular trajectories 

classified as directed motion. The red lines were calculated using the best-fit parameters obtained 

from fitting the data to equation (6.1). The grey shading represents the standard deviation of the 

mean. 
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Perpendicular Trajectories 

 Behind Finger Inside of Finger Front of Finger 

𝐷 (𝜇m2 𝑠⁄ ) 0.092 0.038 0.024 

95% Confidence Interval of D 0.089-0.095 0.037-0.039 0.023-0.025 

𝑣 (𝜇m 𝑠⁄ ) 0.0596 0.043 0.0597 

95% Confidence Interval of v 0.0595-0.597 0.043-0.044 0.0596-0.0599 

 

Table 2: Fit parameters from equation (6.1) with 95% confidence intervals for perpendicular 

trajectories for each group of bacteria, as in Figure 6.5.   

For perpendicular trajectories, we observed the same trends in 𝐷 and 𝑣 that we observed for 

parallel trajectories, although the magnitude of the best-fit parameters of 𝐷 and 𝑣 were 

considerably lower, with the best-fit value of 𝐷 closer to that of the front bacteria than those 

behind the finger. We expect reduced motion perpendicular to the bacterial body axis due to the 

alignment of bacteria along the finger axis when twitching, and our results are consistent with the 

reduced orientation fluctuations perpendicular to the bacterial axis, as discussed in section 6.1. In 

contrast, for parallel trajectories, the best-fit value of 𝐷 within the fingers closer to that of the 

bacteria behind the finger than those of the front bacteria.  
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6.3 Observations of Multilayer Regions 

      Multilayer regions are easily identified as darker regions (reduced intensity) within the 

fingers in the optical microscopy images, as shown in Figure 6.7, where we have highlighted the 

appearance of a dark multilayer region in a finger at 1.0% w/v agar. 

 

 

Figure 6.7: Optical microscopy image of fingers at the leading edge of a P. aeruginosa PAO1 

colony at 1.0% w/v agar. The bacterial cells in the second vertical layer are highlighted within 

the white rectangle and can be identified by the locally reduced intensity within the finger. In this 

case, the multilayer formed one bacterial length from the front of the finger. The width of the 

image corresponds to 27.2 μm. 
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      For bacterial colonies at both 1.0% and 1.5% w/v agar concentrations, we observed that 

multilayer formation typically began with a single bacterium near the front of the finger. We also 

infrequently observed the simultaneous transition of several bacteria into the multilayer. 

Typically, a bacterial cell transitioned from the first to second layer over a time period of 5-10 s, 

beginning with the pole nearest to the front of the finger.  Bacterial cells maintained their 

orientation within the finger during this transition and remained aligned along their bacterial axis 

with respect to cells in the surrounding monolayer region. In Figure 6.8 we show a time series of 

images which shows a single bacterium transitioning from the multilayer to the monolayer 

within a time period of 10 s for a finger at 1.0% w/v agar.  

 

 

Figure 6.8: Image sequence of fingers at the leading edge of a P. aeruginosa PAO1 colony at 

1.0% w/v agar. Some bacteria are outlined for visual clarity. (a) The finger has a single cell in a 

multilayer (red). A bacterial cell directly behind this multilayer cell is outlined in blue. (b) The  

cell that was in a multilayer in part (a) (red) has transitioned back down into the monolayer. A 

bacterium behind this cell (blue) has reversed towards the back of the finger  a distance of  5.1 

μm. The time between the images is 10 s and the width of the images corresponds to 35.7 μm. 
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As discussed in section 6.1, bacteria within the finger monolayer often reverse direction (parallel 

to the cell body). In the time-series shown in Figure 6.8, we can see that, as the bacterium in the 

second layer transitions back down to the monolayer, the bacterium directly behind it 

simultaneously reverses towards the back of the finger (displacement of 3 𝜇m). The reversal of 

bacteria within fingers may provide a mechanism by which bacteria in multilayer regions can 

transition back down to the monolayer regions.  

      To quantify the location of initial formation of multilayer regions, we measured the distance 

between the first bacterium in the multilayer region and the front of the finger. In Figure 6.9, we 

show that there is no significant difference between the average location of multilayer formation 

for two different agar concentrations: 2.30 ± 0.95 μm for 1.0% w/v agar, and 2.73 ± 0.99 μm for 

1.5% w/v agar. At both agar concentrations, multilayers first form approximately one bacterial 

length (2 -5 μm) from the front of the finger. We expect that the stress within the finger is largest 

near the front of the finger, due to the high density of bacteria, and the active stress produced by 

the retraction of pili.  
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Figure 6.9: Distance of initial formation of multilayer coverage, measured from the front of the 

finger, for fingers in expanding colonies of P. aeruginosa PAO1 versus agar concentration. The 

values represent 66 and 22 measurements on 1.0% w/v and 1.5% w/v agar concentrations, 

respectively. 

 

       We observed several common characteristics of multilayer regions as they grew in size with 

time. Additional bacteria tended to accumulate in the multilayer region surrounding the first cell, 

and the multilayer region expanded backwards along the length of the finger. These regions were 

dynamic: bacteria transitioned down to the monolayer, and additional bacteria were added to the 

multilayer. Multilayer regions within fingers were transported along with the monolayer portion 

of the finger as the finger moved radially outward.  We occasionally observed bacteria 

apparently becoming trapped in the agar gel and becoming dislodged from the finger. To 

quantify subtle differences in the formation of multilayer regions in fingers at 1.0% w/v and 

1.5% w/v agar, we used several parameters that allowed us to relate differences in multilayer 
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formation at different agar concentrations to differences in the underlying finger morphology and 

dynamics. 

6.4 Multilayer Lifetime of Fingers at 1.0% w/v Agar  

      At 1.0% agar concentration, we observed multilayer events to be transient, i.e., the multilayer 

both formed and dissolved during the course of the experiment. Because of this, we analyzed the 

data in terms of the multilayer lifetime. In Figure 6.10, we show the multilayer lifetime of fingers 

at 1.0% agar concentration as a function of their finger width measured at the time of initial 

multilayer formation. Most of the multilayer events we observed at this concentration were brief 

(< 100 s in duration), and the multilayer consisted of only one to three bacterial cells. A single 

finger could produce many short multilayer events in a single experiment; in these cases, we 

included only one measurement from this finger in our analysis to prevent oversampling any one 

particular finger.  

      Although the average finger width was 6.5 μm (Figure 4.8), we observed that this could vary 

considerably between fingers and that, with increasing initial finger width, the multilayer lifetime 

increased significantly. Multilayer regions became significantly more stable for finger widths 

greater than approximately 7.5 μm. Above this threshold, we no longer observed very brief 

multilayer events, and the average multilayer lifetime was much larger. It should be noted the 

largest finger widths (> 7.5 μm) are in the upper quartile of measured finger widths at 1.0% w/v 

agar and are typically created through collisions of two to three smaller fingers.  
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Figure 6.10: Multilayer lifetime versus finger width, measured at the point of initial multilayer 

formation at 1.0% w/v agar. (Left) Original data. (Right) Data for which multiple lifetimes 

recorded at the same width are shown as the mean lifetime. 

 

      In Figure 6.11, we recast the data of Figure 6.10 to show the finger width at the time of initial 

multilayer formation (blue), sorted by increasing initial finger width. In some cases, the finger 

width changed over the course of an experiment, as shown in Figure 6.12. Changes in finger 

width with time occurred through a loss of bacteria to the lattice region behind the finger 

(decrease), or through interactions or collisions with other fingers and their trails (increase). We 

observed that in the absence of collisions, fingers at 1.0% w/v agar either maintained or reduced 

their width over the time scale of our experiments. 
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Figure 6.11: Finger width measured at the times of the formation (blue) and dissolution (red) of 

the multilayer region for fingers at 1.0% w/v agar. The data is sorted by increasing initial finger 

width, and in cases of significant width change, an arrow points from the initial to the final finger 

width. For events in which the finger width does not change significantly, the formation (blue) 

and dissolution (red) points overlap and only the red is shown. 
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Figure 6.12: Width of a finger at 1.0% w/v agar versus time. 

      Because the finger width could change during the course of the experiments, we also show in 

Figure 6.11 the finger width at the time of multilayer dissolution (red) and, in cases where there 

is a significant decrease in width, we represent this decrease by a horizontal red arrow. We 

observed that fingers with widths larger than ~7.5 μm always maintained or decreased in width 

over the course of the experiment. In small fingers, there was little change in finger width as the 

multilayer lifetimes were very small and there is a low likelihood of significant changes within 

the fingers for time periods less than 30 s. We observed that for larger fingers, multilayer 

dissolution occurred at finger widths between 7 and 8 μm. Multilayer dissolution may be related 

to the finger width dropping below a minimum threshold value that is required to sustain the 

multilayer.  
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6.5 Multilayer Lifetime of Fingers at 1.5% w/v Agar 

      For 1.5 % w/v agar, the average finger width was 11.9  2.6 μm (Figure 4.8), which was 

considerably larger than for 1.0% w/v agar. As discussed in Chapter 4, fingers at this 

concentration were more directionally persistent and typically had fewer interactions with other 

fingers than those at 1.0 % w/v agar. Additionally, fingers were more likely to maintain their 

width or split into two smaller fingers. The width of a finger at 1.5% w/v agar undergoing a 

growth and split cycle measured over the course of an experiment is shown in Figure 6.13. When 

a finger split into two smaller fingers, we observed that the multilayer regions either dissolved, 

reduced in size, or divided between the two fingers. 

 

 

Figure 6.13 : Width of a finger at 1.5% w/v agar versus time. The sharp drops correspond to the 

finger splitting into two smaller fingers. The rise in finger width over time is due to the 

incorporation of additional bacteria from the lattice region into the finger. 
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      We only rarely observed very brief (< 100 s) multilayer events at 1.5% agar. In these 

instances, however, the monolayer to multilayer transition appeared indistinguishable from the 

transitions observed in fingers at 1.0% w/v agar. In the vast majority of multilayer events that we 

observed at 1.5% w/v agar, the multilayer lifetime exceeded the length of our experiment. In 

these cases, we classified the multilayer as ‘stable’. In the absence of interactions with other 

fingers, multilayers could be present for several hours.  

      In Figure 6.14, we plot the finger width values versus the finger width (sorted from smallest 

to largest initial finger width) of multilayer events for three different regimes.  

 

 

Figure 6.14: Finger width measured at the times of the formation (blue) and dissolution (red) of 

the multilayer region for multilayer events at 1.5% w/v agar. The data is sorted by increasing 

initial finger width, and in cases of significant width change, an arrow points from the initial to 

the final finger width. The yellow, gray, and blue shading represent the three multilayer stability 

regimes (stable, metastable and unstable). 
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For small initial finger widths (< 7 μm), the multilayer events were brief and classified as 

transient. In this regime, the finger width did not change significantly during the multilayer 

lifetime. For intermediate initial finger widths (7 - 8 μm), we observed a transition region in 

which the stability of the multilayer depended on whether the finger width decreased, remained 

the same, or increased. Multilayers existed only for short periods of time and were unstable if the 

width of the underlying finger remained the same or decreased, which is similar to our 

observations at 1.0% w/v agar. Multilayer events were stable if the finger width increased while 

the multilayer was present. Finally, at large initial finger widths (> 8 μm), multilayer regions 

were classified as stable, and often the number of bacteria in the multilayer regions increased 

with time. These results suggest the possibility that a minimum finger width in the range of 7 - 8 

μm is required for multilayer stability.   

 

6.6 Nucleation Model of Multilayer Formation and Dissolution 

      To provide insight into the dependence of multilayer lifetime on finger width, we have 

developed a simple nucleation model in collaboration with Professor Robert Wickham at the 

University of Guelph to describe the formation and dissolution of the multilayer regions in 

fingers. To develop a nucleation model, it is necessary to determine the expression for the free 

energy of nucleus formation (89) (90). We consider a finger of width 𝑤 that forms a second layer 

of bacteria within the finger (Figure 6.15).  
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Figure 6.15: Schematic of finger (blue) geometry during multilayer (dark blue) formation. The 

orange arrows indicate the direction of multilayer growth. Initial small nuclei with radii less than 

half the finger width are assumed to be circular.  At large enough diameters, the shape of the 

nucleus changes to that of a rectangle of width 𝑤 capped by two semi-circular areas of radii 𝑤/

2. The multilayer region is not shown with the same width as the finger for ease of visualization.  

 

      The work of formation 𝑊 of the second bacterial layer of thickness ℎ and area 𝐴 is given by 

equation (6.2): 

 

𝑊 = (𝜎0 −  𝜎)𝐴ℎ < 0                                                            (6.2) 

 

where 𝜎0 is the pressure exerted on the finger due to the elastic deformation of the agar network, 

and 𝜎 is the pressure in the first bacterial layer, which is determined by the density of bacteria in 

the finger and by the active stress produced by bacteria through the extension and retraction of 

their pili. We assume that the pressure in the first bacterial layer is larger than the pressure from 
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the agar. There is a positive line energy 𝛾𝑃 around the perimeter 𝑃 of the second bacterial layer, 

where 𝛾 is the energy per unit length due to interfacial tension between the bacteria and the agar 

(and other sources). We add the expressions for 𝑊 and line energy to get the free energy of 

formation of a nucleus of the second layer, which is given by equation (6.3): 

 

𝐹(𝐴) =  (𝜎0 −  𝜎)𝐴ℎ +  𝛾𝑃                                                   (6.3) 

 

Experimentally, we observed that the multilayer region formed initially as a small nucleus near 

the front of the finger. Small nuclei with radii less than half the finger width are assumed to be 

circular. For nuclei radii greater than a critical value, the circular nuclei grow. When the diameter 

of the nucleus becomes equal to the finger width, the shape of the nucleus is assumed to change 

to that of a rectangle of width 𝑤 capped by two semi-circular areas of radii 𝑤/2. The maximum 

area that can be achieved by the circular nucleus is given by: 

 

𝐴1 =  
𝜋𝑤2

4
                                                                   (6.4) 

 

By substituting equation (6.4) into equation (6.3), we can write the free energy 𝐹𝑐𝑖𝑟𝑐 of the 

largest possible circular nucleus as: 

      

𝐹1 =  𝐹𝑐𝑖𝑟𝑐(𝐴1) =  (𝜎0 −  𝜎)
𝜋𝑤2ℎ

4
+  𝜋𝛾𝑤                                       (6.5) 
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For a larger nucleus with 𝐴 > 𝐴1, which is described by a rectangular area bounded by two 

semicircular areas, the free energy 𝐹𝑟𝑒𝑐𝑡 can be written as equation 6.6. Note that here 

 𝐴 − 𝐴1 = 𝑙𝑤. 

                                            𝐹𝑟𝑒𝑐𝑡(𝐴) =  (𝜎0 −  𝜎)𝐴ℎ + 𝛾(𝜋𝑤 + 2𝑙)  

=  𝐹1 + [(𝜎0 −  𝜎)ℎ +  
2𝛾

𝑤
] (𝐴 − 𝐴1)            (𝐴 > 𝐴1)    (6.6) 

 

For the small circular nucleus, the maximum in the free energy curve occurs for:  

 

𝜕𝐹

𝜕𝐴
= 0 =  (𝜎0 −  𝜎)ℎ +  𝛾√

𝜋

𝐴
                                                    (6.7) 

 

This gives the following critical values for the area, radius and free energy: 

 

   𝐴𝑐 =  𝜋𝑅𝑐
2                                                                     (6.8) 

𝑅𝑐 = − 
𝛾

(𝜎0− 𝜎)ℎ
                                                             (6.9) 

𝐹𝑐 = − 
𝜋𝛾2

(𝜎0− 𝜎)ℎ
                                                           (6.10) 

 

Defining the dimensionless quantities: 

 

𝑥 ≝
𝐴

𝐴𝑐
                                                                        (6.11) 

𝑦 ≝ √
𝐴1

𝐴𝑐
=  

𝑤

2𝑅𝑐
                                                          (6.12) 
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We can write the free energies of the circular nucleus (equation 6.5) and the nucleus consisting 

of a rectangular area bounded by semicircular areas (equation 6.6) as:  

 

                                   
𝐹(𝑥)

𝐹𝑐
=  −𝑥 + 2√𝑥                                     for 𝑥 < 𝑦2                                   (6.13) 

𝐹(𝑥)

𝐹𝑐
= 𝑦(2 − 𝑦) + (

1−𝑦

𝑦
) (𝑥 −  𝑦2)      for 𝑥 ≥ 𝑦2                                    (6.14) 

 

We consider three different cases: 

 

(1)     𝑦 < 1: In this case, the critical radius is larger than half the width of the finger, and 

therefore a circular or rectangular multilayer nucleus will shrink with time. A stable nucleus does 

not form if 𝑅𝑐 > 𝑤 2⁄   or 2𝛾 ≥ (𝜎 − 𝜎0)ℎ𝑤. 

 

Figure 6.16 :  Normalized free energy 𝐹(𝑥)/𝐹𝑐 versus normalized multilayer area 𝐴/𝐴𝑐 for y = 

0.9. Free energy curves calculated for both the circular nucleus (dashed line) and rectangular 

nucleus (solid line) are shown. 
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(2)     𝑦 = 1: This is the marginal case in which the multilayer does not form, or does form but is 

not stable. 

 

Figure 6.17: Normalized free energy 𝐹(𝑥)/𝐹𝑐 versus normalized multilayer area 𝐴/𝐴𝑐 for y = 

1.0. Free energy curves calculated for both the circular nucleus (dashed line) and rectangular 

nucleus (solid line) are shown. 
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(3)     𝑦 > 1: The free energy curve for this case is shown in Figure 6.18. The multilayer region 

begins as a circular nucleus near the front of the finger, and if its area is larger than the critical 

area, it continues to grow in the form of the rectangular nucleus that extends backwards along the 

finger. The multilayer region would continue to grow indefinitely if it was not limited by both 

the finite length of the finger, and the decrease in pressure σ along the length of the finger, which 

is due to the decrease in bacterial density along the length of the finger. Growth ceases at a 

distance 𝑙0 from the front of the finger where the bacteria pressure has dropped sufficiently such 

that there is no decrease in free energy for further growth of the multilayer region.  

 

2𝛾 = (𝜎(𝑙0) −  𝜎0)ℎ𝑤(𝑙0)    𝑜𝑟   𝑦(𝑙0) = 1                                   (6.15) 

 

For simplicity, if we assume that this pressure drops suddenly, then there will be a sharp increase 

in the free energy (𝐹
𝐹𝑐

⁄ ≫ 1) for this value of the area of the nucleus (Figure 6.18), trapping the 

multilayer nucleus in a metastable pocket in the free energy versus area curve. 

 



 

 

125 

 

 

Figure 6.18: Normalized free energy 𝐹(𝑥)/𝐹𝑐 versus normalized multilayer area 𝐴/𝐴𝑐 for y = 

1.2. Free energy curves calculated for both the circular nucleus (dashed line) and rectangular 

nucleus (solid line) are shown. A sharp increase in the normalized free energy of the actual 

nucleus is shown to represent a sudden decrease in bacterial pressure at some point behind the 

front of the finger. The height of the free energy barrier (ΔF) to transition from a multilayer to a 

monolayer is shown in blue. 

The free energy barrier to transition from a multilayer to a monolayer is given by equation 6.16. 

 

∆𝐹

𝐹𝑐
= 1 −

𝐹(𝐴0 𝐴𝑐⁄ )

𝐹𝑐
                                                             (6.16) 

where: 

𝐴0 =  𝐴1 + 𝑙0𝑤                                                                (6.17) 

𝑥0 ≝  
𝐴0

𝐴𝑐
=  𝑦2 +

𝑙0𝑤

𝜋𝑅𝑐
2 =  𝑦2 +

2𝑙0

𝜋𝑅𝑐
𝑦                                 (6.18) 
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Combining equations 6.16 -6.18 gives equation 6.19: 

 

∆𝐹

𝐹𝑐
= 1 − [𝑦(2 − 𝑦) + (1 − 𝑦)

2𝑙0

𝜋𝑅𝑐
]                                 (6.19) 

 

If the rectangle elongates significantly (2𝑙0 𝜋𝑅𝑐⁄ ≫ 1), the free energy barrier to transition from 

a multilayer to a monolayer is given by: 

 

∆𝐹

𝐹𝑐
= (𝑦 − 1)

2𝑙0

𝜋𝑅𝑐
                                                           (6.20)  

 

This is an activated process, so the lifetime of the second layer is given by: 

 

𝜏~𝑒𝛽∆𝐹 =  𝑒
[(𝑤−2𝑅𝑐)

𝛽𝑙0

𝜋𝑅𝑐
2𝐹𝑐]

                                                     (6.21) 

or 

ln(𝜏) = 𝑐𝑜𝑛𝑠𝑡. +𝛽(𝜎 − 𝜎0)ℎ𝑙0(𝑤 − 2𝑅𝑐)                                      (6.22)  

 

In Figures 6.19 and 6.20, we show the best fit of the multilayer lifetime data on 1.0% w/v agar to 

equation (6.21) for both linear and logarithmic axes for the multilayer lifetime.   
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Figure 6.19: Multilayer lifetime versus initial finger width measured for leading fingers of P. 

aeruginosa PAO1 bacteria at 1.0% w/v agar. The black line represents the best fit of the data to 

equation 6.21. 
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Figure 6.20: Natural logarithm of multilayer lifetime versus initial finger width measured for 

leading fingers of P. aeruginosa PAO1 bacteria at 1.0% w/v agar. The straight line corresponds 

to the best fit of the data to equation 6.22 and its slope is 0.572 
𝑁

𝐽
. 

       We found that the simple nucleation model described by equations 6.1 – 6.22 provided a 

good fit to the multilayer lifetime data for 1.0% w/v agar (Figures 6.19 and 6.20), which should 

allow us to make reasonable estimates of both 𝑙0 and 𝑅𝑐. The slope of this line is 𝛽(𝜎 − 𝜎0)ℎ𝑙0, 

which from our fit is 0.572 
𝑁

𝐽
. If we take ℎ to be 500 nm, and 𝑙0 to be 10 μm, this gives a value 

for  𝛽(𝜎 − 𝜎0) of 1.14 x 10
11

 
𝑁

𝐽∙𝑚2. However, to obtain the proper numerical values for these 

parameters from this fit, we require a measurement of either 𝜎 or 𝜎0, and this is not possible with 

our current techniques. We also note that, at 1.0% w/v agar, we observed that the width of larger 

fingers containing multilayer regions often decreased with time (Figure 6.12). According to 
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equation 6.21, a decrease in finger width corresponds to a reduction in predicted multilayer 

lifetime. Because of this, it is likely that our observed multilayer lifetimes for larger fingers (that 

decreased in width) are lower than would be observed for fingers of the same size that 

maintained their width.  

      Because the observed multilayer events are well described by the nucleation model (Figure 

6.20), we can conclude that the multilayer events occur due to physical forces acting on the 

bacteria at the agar-glass interface, rather due to an active biological process within the bacterial 

cells. 
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7 Summary and Conclusions  

 

In this thesis, I have presented studies of the morphology and dynamics of twitching P. 

aeruginosa PAO1 bacterial colonies at agar-glass interfaces as a function of agar concentration 

using bright-field optical microscopy and custom image-analysis techniques. We interpreted the 

agar concentration dependence of the bacterial twitching results through additional 

measurements of the agar-glass adhesion and the local concentration of agar near the agar-

substrate interface, using micropipette deflection and Attenuated Total Reflectance–Fourier 

Transform Infrared (ATR–FTIR) spectroscopy.  

7.1 Summary of Thesis 

7.1.1 Methodology for Quantifying the Dynamics and Morphology of Twitching Colonies 

      We designed and constructed a custom environmental chamber and developed an 

experimental protocol that allowed the fabrication of reproducible, pristine agar-glass interfaces 

at which twitching P. aeruginosa PA01 bacterial colonies grow. Additionally, we developed 

custom image analysis procedures based on collective properties of the bacterial cells, e.g. 

particle image velocimetry (PIV), to quantify different metrics of the dynamics and morphology 

of growing colonies using bright-field microscopy images. These metrics included the average 

finger width, radial profiles of the fractional surface coverage of bacteria, the average colony 

edge speed, bacterial orientation, and lateral profiles of finger speed and orientation.  
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7.1.2 Effect of the Agar-Glass Interface on Bacterial Twitching Properties 

      Initially, we compared the bacterial twitching properties for agar concentrations 𝐶 = 1.0% 

w/v and 1.5% w/v, and we measured significant differences. Specifically, for the larger value of 

𝐶, we measured a larger finger width and fractional surface coverage within the lattice region, 

yet no significant change in the average edge speed of the expanding colonies. In addition, the 

directional persistence of the fingers was larger for 𝐶 = 1.5% w/v, whereas the average finger 

speed decreased, which resulted in an overall colony expansion rate that was essentially the same 

for both values of 𝐶. Another key difference between the results for the two agar concentrations 

was the observation of stable multilayer regions within the fingers for 𝐶 = 1.5% w/v. 

      To understand the origin of the intriguing differences between the twitching behavior at 𝐶 = 

1.0% w/v and 1.5% w/v, we expanded the number of agar concentrations to span the range 1.0% 

w/v ≤ 𝐶 ≤ 1.9% w/v, in increments of 0.1% w/v. Our detailed study of the dependence of the 

bacterial twitching properties on 𝐶 revealed distinct transitions in finger width, average edge 

speed, and fractional surface coverage of bacteria in the lattice region for 𝐶 ~ 1.6% w/v. For 

smaller values of 𝐶, the average finger width and fractional surface coverage of bacteria of the 

lattice region increased with increasing 𝐶, while the average edge speed remained constant. At 𝐶 

= 1.6% w/v, the fractional surface coverage of bacteria increased significantly, the average edge 

speed dropped significantly, and the average finger width remained constant. For 𝐶 ≥ 1.7% w/v, 

there was no significant change in all of the measured quantities and microscopy images of the 

colonies were indistinguishable.  

      We measured the dependence of the adhesive strength of the agar-glass interface on agar 

concentration using a micropipette deflection technique. The adhesive strength increased as the 
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concentration was increased from 𝐶 = 1.0% w/v to 𝐶 = 1.5% w/v, with a significant increase at 𝐶 

= 1.6% w/v that was maintained for 𝐶 ≥ 1.7% w/v. We used ATR-FTIR to show that the 

dependence of the local agar concentration near the agar-ATR crystal interface on the overall 

agar concentration 𝐶 tracked the dependence of the adhesive strength on 𝐶, including the 

significant increase for 𝐶 ~ 1.6% w/v. This result suggests that the dependence of changes in 

bacterial colony morphology and dynamics on 𝐶 were at least partially due to the adhesive 

strength of the agar-substrate interface, as determined by the local agar concentration at the 

interface. By controlling the rate of cooling of liquid agar on an ATR-FTIR crystal while 

monitoring the IR wavelength range corresponding to the C-OH stretch of the pyranose rings of 

the agarose and agaropectin, we were able to control the time scale for the formation for the 

aggregation of agarose helices near the agar-crystal interface. These results showed that rapid 

cooling for 𝐶 ≥ 1.6% w/v resulted in lower local agar concentrations near the agar-crystal 

interface, which is consistent with the inhibition of helix aggregation into bundles near the 

interface. These results could either be interpreted in terms of an enhanced cooling rate 

(quenching) of the agar due to thermal conduction into the substrate, or an increase in the time 

required to form well defined bundles of helices due to the presence of the solid substrate (hard 

wall). Because of the coincidence of anomalies in bacterial twitching, adhesion and local agar 

concentration at 𝐶 ~ 1.6% w/v, with a very large difference in the thermal conductivity of the 

substrates used in the different experiments, we concluded that the presence of the solid surface 

(hard wall) was likely responsible for the local perturbation of the agar concentration near the 

crystal surface, producing the agar concentration dependence of the adhesive strength of the 

agar-solid surface interface and the bacterial twitching motility.  
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7.1.3 Quantifying Bacterial Finger Motion 

      We developed an image analysis protocol that we used to effectively segment and track 

individual bacteria within very dense, monolayer fingers in bright-field images. We calculated 

mean-square displacement curves for a large number of bacterial trajectories and classified them 

as either directed or confined motion. We also analyzed the instantaneous velocity, step size, and 

orientation fluctuations of the bacterial trajectories. We found that bacteria at the leading edge of 

the fingers primarily displayed slow, directed motion with only small changes in orientation. 

Bacteria within the bulk of the fingers moved at higher velocities, with a significant portion of 

their motion directed backwards along the bacterial axis.   

We also observed that bacterial cells within fingers were able to vertically displace the 

agar and form multilayers. We characterized multilayer formation and dissolution at 𝐶 = 1.0% 

w/v and 𝐶 = 1.5% w/v. We found that multilayer regions formed consistently near the front of 

the fingers at both agar concentrations and over a wide range of finger widths. We observed both 

transient and stable multilayers regions within fingers and found that a minimum finger width 

was required for multilayer stability. We interpreted the dependence of the multilayer lifetime on 

finger width in terms of a simple nucleation model.  

7.2 Future Work 

      The present study has provided considerable insight into the complex twitching motility of P. 

aeruginosa PA01 bacteria at the agar-glass interface. Specifically, we have characterized the 

effect of the adhesive strength of the agar-glass interface on the ability of bacterial cells to twitch 

into new territory, and we have related these changes in adhesion to changes in the physical 

properties of the agar hydrogel near the gel-solid interface.  
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      We used agar as the hydrogel in our bacterial twitching studies so that we could relate our 

results to those of previous studies (12) (22). However, the composition of agar is complicated: it 

is a mixture of two polysaccharides, agarose and agaropectin, with agarose making up about 70% 

of the mixture. Given that the dependence of bacterial twitching and interfacial adhesion is 

related to the ability of agarose helices to form during gelation, it would be interesting to study 

pure hydrogels such as agarose that could simplify the interpretation of the results.  

The forward motion of twitching bacteria involves both the breaking of the adhesive bond 

between the agar and the substrate and the deformation of the agar matrix, and the results of the 

present study are determined by the native mechanical properties of agar. It is possible to tune 

the strength of the adhesive interaction between the agar and the glass substrate by introducing a 

layer of interfacial molecules that could either increase or decrease the agar-glass adhesion, 

shifting the balance between the relative importance of the strength of the adhesive interaction 

and the mechanical stiffness of the agar. 

There are other interesting ways to use the protocols developed in the present study to 

investigate aspects of twitching motility. The present experiments were performed with an 

excess of nutrients in the agar gel. It would be interesting to investigate the effects of reducing 

nutrient levels or creating lateral variations in the nutrients levels within the gel to observe the 

effect on twitching that could, for example, trigger enhanced collective bacterial twitching 

towards higher nutrient levels.  Previous work by Oliveira et al. has identified chemotactic 

behavior in single-cell twitching of P. aeruginosa biofilms (85). In addition, micropatterning of 

the agar-glass interface could allow the introduction of microchannels or obstacles to twitching 

motility that would affect overall pattern formation within the expanding colonies.  
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      By establishing a temperature gradient on the substrate during agar gelation, it may be 

possible to establish a gradient in the local concentration at the agar-substrate interface and 

therefore the adhesive strength within a single sample, allowing the study of twitching behavior 

over a range of adhesive strengths in a single sample that would eliminate sample-to-sample 

variation.  

      Previous work on the effect of biosurfactant molecules such as Psl produced by twitching 

cells has focused on the behavior of individual cells or microcolonies in a flow cell environment 

(15). It would be interesting to build upon this work to investigate the effects of biosurfactant 

molecules on the morphology and dynamics of bacterial colonies that are confined to twitch at an 

agar-glass interface.  
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