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Abstract 
 

Many microorganisms from all domains of life invest large quantities of energy on 

locomotion. Adopting a motile lifestyle, although energetically costly, increases the 

likelihood of encounters with food and nutrients, and reduces the risks of predation or 

prolonged contact with toxic environments. Understanding the reasons behind these 

costly adaptations, and discovering the most economical methods for locomotion at the 

microscopic scale could generate further understanding of many ecological processes at 

this scale, including; the mechanics of locomotion, food web dynamics, evolutionary 

pathways and the fluid mechanics of biological systems. Consequently, this project 

focuses on using the key laboratory bacterial species Escherichia coli, to investigate the 

effect of changes in body shape (aspect ratio) and size on a variety of movement 

behaviours.  

 

E. coli cells treated with the antibiotic cephalexin grow into filamentous forms. Longer 

cells were found to swim more slowly than normally shaped cells. Run speed was 

significantly negatively correlated with increases in cell length (F 1, 8858 = 130.5; 

P<0.001), with speed decreasing approximately -0.109 micrometres per second for each 

micrometre increase in cell length. Elongation of the cell was also found to impact up 

the cell’s ability to ‘tumble’ (re-orientate), with cells >10µm in length being observed to 

‘run and reverse’, rather than ‘run and tumble’. Overall, changes in cell shape 

significantly altered the motile behaviours of E. coli cells.  

 

These results suggest that body shape is essential for the successful locomotion of 

microorganisms, and further study is needed to uncover the evolutionary purposes 

behind the diverse array of shapes observed in nature.  



8 

Acknowledgments 
 

I would like to offer thanks to the many people who contributed to the completion of 

this research project. Firstly, I would like to thank Professor Stuart Humphries for his 

continued advice, support, and patience as my supervisor throughout the project. 

Further thanks go to Dr Oscar Guadayol-Roig for teaching me how to successfully 

culture the organisms, for writing countless drafts of the MATLAB code used within 

my analysis and for his guidance throughout the entire experimental and analysis 

processes. Furthermore, I am grateful to Dr Michael Orchard for his continual support 

and tolerance, and for supplying copious amounts of coffee. Finally, special thanks goes 

to the entire Physical Ecology Lab Group; for answering all my questions, helping out 

wherever possible and providing very interesting scientific debates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 

 

 

 

 

 

 

 

 

 

Chapter 1: 

General Introduction 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 

1.0. Introduction 

 

1.1. Size in nature – from the macroscopic to the microscopic world 

Naturally occurring organisms span a size range of over eight orders of magnitude; from 

the largest mammal, a blue whale (Balaenoptera musculus); approximately 30 metres 

long, to the smallest bacteria (Nanobacterium sanguineum); only 200 nanometres in 

length (Shulz & Jorgensen, 2001). With either end of the size spectrum occurring within 

the marine environment, it is understandable that aquatic organisms found at the ends of 

this scale, experience the fluid around themselves in very different ways. Larger 

organisms (> 1mm) encounter a world dominated by inertial forces, whereas 

microscopic organisms (< 1mm) are subjected to a more viscous environment. The ratio 

of these forces (viscous/inertial) affecting the fluid flow experienced by an object or 

organism is often summarised in terms of a Reynolds number. The Reynolds number 

(Re) is a dimensionless scaling factor that was first introduced by Osborn Reynolds 

(1883); the value of which can be calculated using equation 1:  

Equation 1 

𝑅𝑒 =
𝜌𝑙𝑈

𝜇
 

Whereby: 𝒍 is the characteristic length of the object; the length most likely to affect 

fluid movement (usually the largest axial length of an object facing the direction of 

flow), U  is the velocity of the fluid moving around a stationary object, or the velocity 

of an object moving within a motionless fluid. µ is the dynamic viscosity of the fluid 

and ρ is the density of that fluid.  
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At Re >1, inertia is the dominant force and turbulent flows are experienced. In turbulent 

fluids, although smooth flows often appear to be observed on a larger scale, the 

individual particles that form the fluid move in a highly irregular manner. As velocity 

increases (leading to an increase in the Re) flows become less stable, resulting in the 

creation of vortices and eddies which mix the fluid, making it non-reversible (Reynolds, 

1883; Vogel, 1994). In comparison, at Re <1, laminar flow is present due to an increase 

in the relative importance of viscous forces. Viscosity is a measure of the ‘stickiness’ of 

a fluid, calculated as the amount of force required (per unit area) to deform (shear) that 

fluid. This deformation occurs as a result of the ‘no slip condition’, the fluid particles 

directly in contact with a surface are unable to move, therefore, any movement of that 

surface results in the surrounding fluid shearing (Denny, 1993). Fluid moving in 

laminar flow occurs at much slower rates than in turbulent flows, with the fluid particles 

moving in smooth paths with almost no mixing (Vogel, 1994).  Consequently, fluid 

flow at this scale becomes reversible, with reciprocal motions returning disturbed fluid 

particles to their original starting positions.  

 

Aquatic macro-organisms (those easily visible by the human eye; approximately ≥ 1mm) 

experience the fluid around themselves in roughly the same way as a human would. 

Inertial forces are dominant at this scale (Figure 1); resulting in the need for organisms 

to generate thrust and reduce drag in order to successfully propel themselves through 

the liquid medium (Vogel, 1994). Furthermore, if a motile macro-organism were to 

abruptly halt its swimming effort, the animal would continue to be propelled though the 

fluid for several body lengths as a result of these inertial forces (Nachtigall, 1981). In an 

effort to maximise the effects of inertia and minimise levels of drag, the fastest aquatic 

swimmers have adapted smooth, streamlined body shapes that are elongated and tapered 

at either end (e.g. whales, dolphins, and mackerel), (Lighthill, 1969). Streamlining 



12 

encourages the fluid to flow around an object (or organism) causing a deceleration in 

the flow rate as the fluid nears the end of the object.  This prolongs the duration of time 

the fluid remains attached to the object, creating a reduction in the Re as the fluid leaves 

the object, consequently, reducing drag and preventing the formation of eddies. This 

results in an increase in the overall speed per unit effort of the organism, and an 

intensification of the previously mentioned inertial effects (Vogel, 2002).  In addition to 

streamlining, aquatic macro-organisms have developed several different types of 

locomotion to ensure effective movement through their environment. These include; 

drag powered swimming (where thrust is gained by creating drag in the opposite 

direction to travel, e.g. frog leg kicks), lift based swimming (a paddle-shaped limb or fin 

is moved backwards though the water, e.g. turtles), body undulations (the bending of the 

whole or partial body into successive waves, e.g. an eel) and jet propulsion (the 

expelling of rapid jets of water in the opposite direction to travel, e.g. squid), (McNeill, 

2002). Each of these methods, in their simplest form, moves a portion of the 

surrounding fluid to the rear of the organism, increasing the momentum of this unit of 

fluid, to generate forward propulsion. Due to the non-reversible nature of higher Re 

flows, these motions can be repeated in a reciprocal and asymmetric manner, 

transporting a new section of the fluid with each movement cycle.  
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Figure 1: Comparison of Reynolds numbers for different organisms with increasing size, highlighting the 

dominant forces present at each scale (From Nachtigall, 1981). 

 

Within low Re regimes (Re < 1), the relative effect of viscosity is considerably 

increased and reciprocal locomotion becomes ineffective. Higher viscosities result in 

the reduction of inertial forces, therefore, when a unit of fluid is moved forwards as a 

result of powered swimming, the fluid stops moving almost immediately after the 

swimming effort is removed. Consequently, if an object was to move forwards then 

backwards (like a paddle or turtle limb) the same unit fluid would move with the object, 

both forwards and backwards, returning to its original position at the end of the 

movement cycle, thus preventing any forward propulsion (Purcell, 1977). Consequently, 

microscopic organisms; such as bacteria and plankton, have developed locomotion 

through cyclic motions which utilize two or more degrees of freedom rather than the 

inefficient reciprocal motions used in higher Re regimes. Microscopic organisms 

generate movement via the rotational motion of long, thin appendages; either cilia or 

flagella. Flagella typically occur at greater lengths and in fewer numbers than cilia; 
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moving via a rotary, helical (corkscrew) motion (prokaryotes) or via undulatory 

sinusoidal waves (eukaryotes), either individually, or within a co-ordinated motion. 

Whereas cilia typically beat from left to right, with a powerful main stroke that offers 

the propulsive force and a returning recovery stroke which minimises drag (Denny, 

1993; Vogel, 2008).  To enable the cell to travel at a constant speed, the total amount of 

thrust produced by the cilial or flagellar appendages must be equal to the amount of 

viscous drag acting upon the cell as a whole (Sleigh, 1991).  

 

The earliest studies of movement at these microscopic scales were undertaken by Anton 

Van Leeuwenhoek (1702), who described the abundance of life within a single water 

droplet. He labelled the tiny life forms which he observed as ‘animalcules’ and 

described the movement of several of these microscopic organisms in great detail; ‘each 

had their different motion’ ‘swimming in circles thro the water’. His descriptions (the 

first of many to follow) detailed the variations in types of locomotion across a range of 

microorganisms swimming at high viscosities. In more recent years, the movement of 

organisms living in low Re regimes, including numerous species of; zooplankton, 

phytoplankton, and bacteria, has become a topic of varied scientific interest, with many 

studies exploring both the physiological adaptations and motile behaviours of numerous 

species of microscopic organisms (useful reviews include; Brennen & Winet, 1977; 

Jarrell & McBride, 2008; Guasto et al., 2012).  This study aims to focus specifically on 

the motility within the bacterial domain of life, the primary focus being on the 

fundamental experimental species: Escherichia coli.  
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1.2. The Relationship between Size and Motility in Bacteria 

Bacteria are single-celled prokaryotic organisms that range in size from 0.2µm 

(Mycoplasmsa pneumoniae) to 750µm (Thiomargarita namibiensis), and are highly 

dependent on the diffusion of nutrients from surrounding fluids for their growth and 

development (Schulz & Barker-Jorgensen, 2001). Swimming in larger species can 

augment this necessary diffusion by raising the Péclet number (a dimensionless ratio 

representing the importance of advection with respect to diffusion) above the level of 

unity (a value of one), to instigate a higher rate of delivery (via advection) than is 

possible from diffusion alone (Vogel, 1994). However, for a single cell of E. coli to 

increase its rate of nutrient uptake by as little as 10% it would have to swim 

approximately 20 times faster than its normal linear speed (Purcell, 1977). As a result of 

this, the majority of motile bacteria are unable to swim fast enough to increase their 

own food supply above the level achieved through diffusion alone (Dusenbury, 2009). 

Consequently, the main purpose for cell motility must be to re-orientate towards areas 

of increased or more beneficial nutrient compositions, and away from areas where the 

nutrients have become depleted or which contain toxic substances (Purcell, 1977). In 

order to do this effectively, the individual cell must use chemical sensors 

(chemoreceptors) located on the cell membrane, to detect nutritional gradients and swim 

faster than the rate of nutrient diffusion through the surrounding fluid to be able to track 

and utilize a nutrient flux (Mitchell & Kogure, 2006).  

  

Cell size affects the efficiency of both motility and the diffusion of nutrients into and 

out of single-celled organisms. Nearly every organism on earth (irrespective of size) 

swims at a speed on the order of ten body lengths per second (Berg, 2004), therefore, 

larger unicellular organisms are often able to travel greater distances within a given time 

period, than their smaller counterparts. However, for a given shape increased cell 
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volume lowers the surface to volume ratio, thus both lowering the relative space on a 

cell’s surface for diffusion sites and increasing the length of the internal diffusion 

pathway (Koch, 1996). Consequently, any nutrients absorbed by the cell take longer to 

diffuse to the required location(s) within that cell. Therefore, there is an upper limit for 

cell size at the point where internal nutrient transportation can still function at an 

adequate rate to fuel a cell’s metabolism.  It is estimated that cells larger than 800µm in 

diameter would be unable to absorb nutrients at a rate equal to or faster than the rate of 

consumption by the cell, without resorting to other feeding strategies (Dusenbery, 2009).  

 

Dusenbery (1997) predicted that there would also be a minimum size limit of 0.3-0.6µm 

in diameter, for locomotion to have a beneficial effect on the organism. However, this 

value is highly dependent upon the physical constraints of the organism’s natural habitat. 

In areas of continuously poor nutrient concentrations, the benefits of being small far 

outweigh the motility cost of a reduction in the net relative distance travelled by smaller 

cells, as the higher surface-to-volume ratio reduces the cell’s internal diffusion pathway 

and increases the number of chemoreceptors per unit volume of the cell, enabling more 

efficient utilization of the available nutrients than in larger cells (Mitchell, 2002). 

Conversely, in nutrient loaded environments, smaller cells are unable to effectively 

move away from diminished nutrient patches created by their rapid rate of nutrient 

consumption, and due to their lower net movement over a given time period. Therefore, 

in higher nutrient concentration conditions, an increase in cell size and its associated 

increase in speed become more advantageous, enabling larger motile cells to move 

away from depleted areas into new areas more efficiently than their smaller counterparts 

(Mitchell, 2002).   
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Allometric scaling relationships have been associated with many aspects of anatomical 

and physiological attributes of a wide variety of organisms, spanning multiple orders of 

magnitude. However, to date, little correlation has been found to suggest a direct link 

between cell size and cell motility in single-celled micro-organisms (Brown & West, 

2000). This may be due, in part, to the small number of species studied, but also the 

variety of ecological niches that the test species naturally inhabit (Crawford, 1992 & 

Johansen et al., 2002). Vogel (2008) plotted swimming speed data from previous 

studies (Brennen and Winet, 1977 & Mitchell et al., 1995), as a function of body length; 

revealing a slight tendency towards larger cells being slower than smaller individuals on 

a relative scale (Figure 2). However, this is only a small subset of the wide variety of 

micro-swimmers observed in nature, and represents individuals covering a range of 

motility structures, swimming patterns, ecological niches, body sizes and shapes.   

 

 

Figure 2: Body length plotted against swimming speed as a measure of body lengths per second for a 

variety of micro-organisms. Circular markers denote the flagellated species, the triangular markers denote 

the ciliates, and the diamond marker denotes the bacterial species Vibrio harvevi (Vogel, 2008). 
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1.3. Motile Cell Shape 

When considering bacterial motility, cell shape is highly influential in helping to 

determine the maximum speeds and efficiency at which a cell can move through the 

surrounding fluid (Young, 2007). The majority of motile cells have elongated/rod-

shaped bodies, with only 10% of motile bacterial genera exhibiting spherical (coccoid) 

forms (Dusenbery, 2009). Rod-shaped cells are thought to be the first bacterial shape to 

have arisen from an evolutionary perspective, with coccoids being a derivative of the 

initial rod shape (Young, 2007).  Elongation of a cell appears to have a number of 

advantages for movement within a liquid environment. Firstly, increasing the axial 

length of a cell has been shown to reduce its sinking rate, thus optimizing the time spent 

near the surface of the water, in areas of higher nutrient and oxygen concentrations 

(Dusenbery, 1998). Rod shapes also generate less frictional resistance than spherical 

cells of the same volume, when moving through surrounding fluid. Furthermore, it has 

been suggested that highly efficient rod shapes can move up to five times more easily 

than spherical counterparts of the same volume or mass (Young, 2006).  Finally, rod 

shapes are also believed to enable superior chemotactic responses than those observed 

within spherical cells (Dusenbery, 2009). It is estimated that rod shaped bacteria have 

the ability to measure changes within the chemical gradient 650 times more accurately 

than coccoid cells, due mainly to the significant reduction in rotational displacement by 

Brownian Motion (Young, 2006; Dusenbery, 2009).  

 

Wild-type E. coli cells are rod-shaped, with a length-to-width ratio of approximately 3.7, 

which is almost identical to the optimal shape suggested by Cooper and Denny (1997) 

to provide the cell with the most efficient shape to move through the fluid environment 

using the least amount of force. However, Dusenbury (2009) argued that the optimal 

aspect ratio for increased swimming efficiency would be less than 2 (1.952), yet this is 
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not representative of observations in nature, as the median axial ratio observed within 

swimming bacterial species is above 3. To date there has been little research into the 

importance of cell shape across the huge range of single celled microorganisms 

currently known to science. The diverse array of forms observed within nature (Figure 

3), suggest that shape plays some key role in the success of microorganisms (Young, 

2007).  

 

 

 

 

Figure 3: Examples of the diverse array of prokaryotic shapes currently recorded (From Young, 2006). 

All cells are drawn to scale, colours are for emphasis only. 
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1.4. Mechanisms for Motility 

Many bacterial cells attain forward propulsion through the rotation of one or more 

flagella filaments.  Flagella are long, thin appendages attached to the membrane of the 

cell, and comprised of Flg and Fli proteins (Berg, 2003). Prokaryotic cells have flagella 

filaments which are cylindrical and rigid, with a helical from. The individual flagella 

filaments are each attached to a reversible rotary motor located within the cell 

membrane, via a flexible hook. Each filament is rigid and comprised of single 

polypeptide chains of the protein flagellin (Fli.C) (Berg, 2003), (Figure 4). The rotary 

motor of bacterial cells is powered by the movement of ions or protons along an 

electrochemical gradient. In many marine bacteria this is created by the movement of 

calcium ions, however, in the case of E. coli, the motor power is generated by the 

movement of protons down the electrochemical gradient (Berg, 2003).  This rotary 

motor drives the base of the flagellum, controlling both rotation direction and rate; 

based upon specific chemical cues received from the surrounding environment 

(Silverman & Simon, 1974). The primary direction of rotation is dependent upon the 

handedness of the spiral, as the aim of the motion is for the helical waveform to 

propagate outwards, and as such generate a ‘pushing’ motion (e.g. left-handed forms 

generally rotate counter-clockwise), (Figure 5), (Sleigh, 1991).  However, during 

periods of motor reversal, as a means of re-orientating the cell, the wave propagates 

inwards towards the cell body, often resulting in the intertwining of several of the 

individual filaments (Macnab, 1977).   

 

 

 

 



21 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Structure of a single bacterial flagellum. Figure highlights the position of each 

of the Flg and Fli proteins, and the general structure of the organelle (From Berg, 2003). 

Figure 5: Model swimming cell; arrows denote the direction of fluid 

flow generated by a singular rotating flagellum (From Sleigh, 1991). 
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Swimmers propelled by flagella can be categorized as either ‘pushers’ or ‘pullers’. E. 

coli, like many other bacteria, can be considered ‘pushers’ as they push fluid away from 

the poles of the cell. This causes fluid to move inwards at the centre of the axial length 

of the cell creating a force exerted forwards by the body of the cell, and backwards by 

the flagellum. The movement of fluid (fluid flow-field) surrounding swimming 

organisms driven by a single flagella bundle can be considered as a stokeslet – a 

theoretical single point of force (Flores et al. 2005). For a cell moving in this manner, to 

travel at a constant speed the total level of thrust produced by the flagella bundle must 

equal the level of viscous drag acting upon the cell (Sleigh, 1991).  

 

 

1.5. The Random Walk Model 

All micro-organisms moving through a fluid medium are subject to the rotational forces 

created by Brownian motion. Brownian motion is the random migration of particles as a 

result of thermal energy, first observed by Robert Brown in 1827, and later linked to the 

kinetic theory of matter in 1905 by Albert Einstein (Kac, 1947). The thermally driven 

movement of particles is impeded by frequent collisions between individual particles; 

the higher the density of particles, the greater the frequency of these collisions. With 

each collision, the affected particles are re-orientated towards a new direction, the 

observed effect of which has been termed the ‘Random Walk’ of a cell (Berg, 1983). 

Brownian motion creates an average rotational displacement of approximately 30 

degrees about a random axis, and the translocation of a particle in any random direction 

of roughly 1µm/s (Berg, 2004). However, the extent of these effects varies, as the 

amount of displacement is inversely proportional to a cell’s size and velocity (Schulz & 

Barker-Jorgensen, 2001).  At diameters of less than 0.6µm Dusenbury (1997) predicted 

that cells would be unable to bias this ‘random walk’ through the use of their own 
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motility mechanisms, and directional movement would become impossible.  This value 

is supported by the fact that the smallest motile bacterium recorded to date; is 0.8µm in 

diameter, with all smaller species belonging to non-motile genera (Dusenbury, 1997). 

 

 

1.6. Ballistic and Diffusive Movement 

The movement paths of all microscopic organisms can be defined as either ballistic or 

diffusive, using the continuous random walk model described in the formative work by 

Taylor (1922). Ballistic movement is defined by straight path types which do not back-

track over previously covered areas, thus the total distance travelled by a cell is 

equivalent to the net movement in any particular direction (Scheuch & Menden-Deuer, 

2014). Ballistic movement is generally exhibited by larger, predatory planktonic 

organisms, as straighter path types increase the swimming area covered, and as such, 

increase the likelihood of encounter rates between prey items and potential mates 

(Visser & Kiorboe, 2006).  

 

In comparison, diffusive movement incites more convoluted path types and is 

representative of the ‘random walk’ associated with many bacterial species. The short 

chemotactic ‘memory’ and Brownian displacements linked to bacterial movement, 

confines many micro-organisms to tortuous path types, which often revisit previously 

explored territory (Berg, 2000; Codling et al., 2008).  Diffusive movement is indirect 

and has a small mean squared dispersal distance (MSDD), resulting in the organism 

displaying behaviour close to that predicted for the random walk model, thus only slight 

net movements in a chosen direction are exhibited (Kareiva & Shigesada, 1983; Codling 

et al., 2008). Various studies on E. coli suggest that it has an effective diffusivity of 
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between 7.0x10-1µm2/s and 8.7x10-3µm2/s dependent upon temperature and strain/type 

(Kim, 1995). 

 

 

1.7. Study Species 

 

1.7.1. Bacterial Strain 

Escherichia coli are common enteric bacteria, naturally found in the lower intestine of 

endothermic organisms. As a result of large availability and easy of culture, they have 

been heavily studied and are now considered a model species for experimentation.  The 

strain of E. coli used for these experiments was the wild-type AW405, a derivative of 

the K-12 strain which originated from Lederberg’s W2580 strain (Armstrong et al., 

1956). AW405 was selected because of its known high motility levels in comparison 

with some other E. coli strains and frequent use in motility and chemotactic studies (e.g. 

Adler et al., 1967; Mesibov & Adler, 1972; Berg & Turner, 1979; Segall et al., 1985). 

AW405 has successfully been used in a variety of shape alteration experiments, and has 

been shown to retain both motility and chemotactic responses in elongated forms 

(Ishihara et al., 1983; Maki et al., 2000; Takeuchi et al., 2005). The culture was 

purchased from NCIMB specialist microbial and chemical services (NCIMB Ltd, 

Ferguson Building, Craibstone Estate, Bucksburn, Aberdeen) and was received freeze-

dried, before initial growth on Agar (Melford Laboratories ltd, UK; prepared as directed 

by manufacturer) plates, followed by regrowth in LB broth (Melford Laboratories ltd, 

UK; diluted according to manufacturer’s instructions to 25g/l). The liquid cultures were 

aliquoted into 1ml eppendorf tubes before being frozen at -70°C; these frozen stock 

cultures were then used as isolates to initiate all experiments.  
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1.7.2. Cell Culture 

Before experimentation, cells were thawed and resuscitated in Minimal Growth Media 

(MGM) in an attempt to maximise motility levels (Maki et al., 2000). The media was 

prepared as detailed by Vogel and Bonner (1956) through the addition of; Magnesium 

Sulphate Heptahydrate, Citric Acid Monohydrate, Potassium Phosphate Dibasic and 

Ammonium Sodium Phosphate Dibasic Tetrahydrate (all purchased from Sigma-

Aldrich Co., UK), to deionised (DI) water. The media solution was then autoclaved on a 

liquid cycle, before the addition of specific nutrients for E. coli wild-type AW405; 

Sodium DL-Lactate, L-Histidine, L-Leucine, and L-Threonine (Mesibov & Adler, 1972) 

(All purchased from Duchefa Biochemie B.V, Netherlands; except Sodium DL-Lactate 

which was received from Sigma-Aldrich Co., UK). After thawing, 0.5ml of sample 

bacteria were added to 24.5ml of MGM and grown overnight at 33°C in an incubator 

and rotary shaker (New Brunswick Scientific Innova 44) at 200 rpm.  

 

 

1.8. Escherichia coli Movement  

E. coli form rod-shaped cells that are approximately 800nm wide and 1.5µm long. The 

cells are peritrichous (have randomly distributed flagella along their body), with each 

having approximately 8 to 10 flagella filaments arranged in a left-handed helix, that 

rotate synchronously (at a rate of approximately 270 rotations per second) in a counter-

clockwise direction (CCW) to form a bundle at one pole of the cell (Kudo et al., 1990; 

Berg, 1996). This flagellar bundle is highly advantageous, as it acts as a single propeller 

generating more thrust, but almost identical levels of drag, than an individual filament 

(Magariyama et al., 2001).  Bundle formation is also useful in the reduction of 

rotational movement due to Brownian Motion, increasing the accuracy of the cell’s 

directionality. In E. coli cells, this stabilization equates to a 3-10% reduction in the 
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random rotational movement created by Brownian motion (Mitchell, 1991). However, 

the rapid rotational movement of the flagella also generates torque, which the cell 

combats by rotating its body in the opposite direction to the flagellum, ensuring 

accurate forward propulsion (Berg, 2004).  As the cell speed increases, the level of 

torque produced decreases in a linear manner, suggesting that maintaining faster cell 

speeds is advantageous for reducing both body rotations and flagellum motor effort 

(Lowe et al., 1987).  

 

E. coli move at a rate of approximately 14µm/s by a series of straight ‘runs’ and re-

orientating ‘tumbles’ (Previously known as ‘twiddles’ (Berg & Brown, 1972)) (Figure 

6). When the flagella motors work in unison, turning in a CCW direction, the cell 

moves in a linear path and is said to be ‘running’. Each ‘run’ phase lasts approximately 

one second, compared with a much shorter ‘tumble’ time of approximately 0.2 seconds 

(Berg & Brown, 1972). A ‘tumble’ occurs when one or more of the flagellar motors 

reverse their direction, resulting in the affected filaments turning in a clockwise (CW) 

direction (Turner et al., 2000). During the CW rotation of the flagellum, the individual 

filament(s) form more tightly wound (curled) helical structure(s), roughly half the pitch 

of their usual formation (Berg, 2003). This alternate form, coupled with the flagellar 

motor reversal, provides the negative wave propagation required for the cell to ‘tumble’; 

rotating rapidly in a random direction (Macnab & Ornston, 1977). A ‘run’ phase only 

returns when the reversed filament reverts back to the CCW direction, uncurls and re-

joins the bundle. The cell is then moving in a new, random direction (Figure 7), 

(Darnton et al., 2006). This continuous cycle of ‘run’ and ‘tumble behaviours enable the 

cell to orientate towards areas of more favourable conditions, as the cell is unable to 

consciously ‘steer’ towards positive environmental cues. By increasing the duration of 
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runs during positive conditions, and increasing tumbles during negative conditions, the 

cell increases its chances of following valuable chemical gradients.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: An example of E. coli flagella movements during one complete run-tumble cycle (From 

Darnton et al., 2006). By the end of the tumbling period (stage 4), the reversed flagellum has become 

tightly curled and the cell has re-orientated into a new directionality of movement. 

Figure 6: A typical track following the random movement of 'runs' and 'tumbles' of 

a single E. coli cell, produced using a custom-built tracking microscope (From Berg 

& Brown, 1972). 



28 

1.9. Project Aims 

Very little is known about the importance of microbial shape (Young, 2006). Single 

celled microorganisms have a range of forms; from simple coccoid and rod shapes, to 

more complicated spirals, stars and even squares. Many of these differing forms expend 

large percentages of their metabolic energy synthesizing motility structures and 

generating the power required to move (Dusenbery 1998; Mitchel, 2002). By focusing 

experimentation on a single species (in this case the well characterised experimental 

bacterium E. coli) observed changes in behavioural responses can be directly linked to 

alterations in body size and shape. Motility differences which could be linked to 

ecological and structural differences between differing species can be controlled for, 

and an optimal shape for powered locomotion in low Reynolds environments can be 

hypothesised.  

 

The main goal of this study is to characterise individual cell motility in filamentous 

forms of E. coli. Particular focus will be placed upon the comparison of the key 

components of bacterial motility at varying axial lengths. The changes in aspect ratio 

are expected to create alterations in the iconic ‘run’ and ‘tumble’ behavioural patterns, 

as well as overall speeds and directionality. The key aims of this study include: 

 To determine changes in run speed with increasing cell length. 

 To locate changes in tumble frequency and magnitude (angle) at differing sizes. 

 To observe any alterations in the swimming behaviour of filamentous cells.  

 To identify the minimum size at which the force produced by motor reversal 

produces an insufficient force to generate the tumbling behavioural response. 

 To identify an optimal size for cell movement. 
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2.0. The Effect of Changes in Cell Aspect Ratio on 

Locomotory Behaviours 

 

2.1. Introduction 

Single celled microorganisms require stability in their shape to control necessary 

biological processes such as cell division, polarisation and motility. Within eukaryotic 

cells, a cytoskeleton created by actin filaments is the main structural component used to 

maintain a controlled cellular shape (Fletcher & Mullins, 2010). However, as most 

prokaryotes lack internal actin filaments and a structural cell wall, the ability of bacteria 

to maintain the wide variety of shapes observed in nature was, until recently, largely 

unexplained. Schwarz and Leutgeb (1971) established that this essential cell stability 

was a result of morphogenetic structures within the cytoplasmic membrane rather than a 

specific chemical composition within the cell. However, it was later revealed that these 

structures are formed by the protein MreB (found in the Murein Cluster E gene cluster), 

which produces helical actin-like filaments that span the entire longitudinal axis of the 

cell (Figure 8), providing rigidity and enabling the stabilization of a particular cellular 

diameter (Doi et al., 1988; Shih et al., 2003). The cytoskeleton produced by these 

filaments is comparable to that found within eukaryote cell walls, and generates a 

similar level of stiffness to that of the peptidoglycan chains observed in eukaryotic cells 

(Wang et al., 2009). Furthermore, the MreB proteins are thought to be homologous to 

the actin found in eukaryotic cells; biochemical and structural similarities between the 

two proteins suggest that they both arose from an early common ancestor (van den Ent 

& Löwe, 2001; Doolittle & York, 2002).  
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Figure 8: Cell wall structure of rod-shaped prokaryotes. The purple patches forming a helical pattern are 

the actin-like filaments (MreB) which give the cell its rod structure. The blue and green patches in the 

centre of the cell are the FtsZ and FtsA fiilaments involved in cell division (Juarez & Margolin, 2012). 

 

 

2.1.1 Antibiotic Treatments 

MreB proteins are restricted to the major axial length of the cell, to enable cell division 

to occur at the poles.  In cells of E. coli, natural cell division occurs when the protein 

FtsZ (Figure 8) moves to the centre of the cell to form the Z-ring. This Z-ring facilitates 

the binding of other division proteins to create a division septum. The septum constricts, 

pulling the cytoplasmic membrane inwards, resulting in the creation of a dividing wall 

in the centre of the cell, thus producing two daughter cells (Weiss, 2004) (Figure 9).  
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Figure 9: The various stages of natural prokaryotic cell division, highlighting the role of the FtsZ protein 

(Z-Ring) in the division process (Margolin, 2005). 

 

Cephalexin is a β-lactam antibiotic which, when added to cultures of E. coli, has been 

shown to cause the filamentation of cells, without otherwise altering their growth 

patterns (Greenwood and O’Grady, 1973a). Cephalexin, unlike many other β-lactam 

antibiotics, specifically targets the FtsZ protein, inhibiting the synthesis of a Z-Ring 

(cross walls) within the cell and preventing the division process without affecting other 

structural aspects of the cell (Spratt, 1975; Greenwood and O’Grady, 1973a). Since the 

side walls of the cell remain intact the cell continues to grow, without dividing, into an 

elongated ‘snake-like’ form (Figure 10). These elongated cells have been recorded at 

lengths of up to 50 times larger than that of an untreated cell (Maki et al., 2000).  

Furthermore, if the dose of Cephalexin remains close to the M.I.C. (Minimum 
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Inhibitory Concentration) of approximately 10-200µg/ml (Goodell et al., 1976; 

Rolinson, 1980), and is added during the mid-to-late logarithmic phase, the E. coli cells 

do not lyse at a rate different to that of untreated cells (Greenwood and O’Grady, 

1973b). Consequently, Cephalexin can (unlike many other Cephalosporins) be used to 

stop division within bacterial cells without otherwise altering their natural growth and 

development, resulting in filamentous forms.  

 

2.1.2 Filamentous Cells of Escherichia coli 

Filamentous cells of E. coli (Figure 10) remain very poorly understood in comparison to 

unaltered cells, with very limited research having been undertaken to understand their 

motile behaviours. Maki et al. (2000) noted that cells treated with β-lactam antibiotics 

develop multiple nucleotides and continue to synthesize flagella across the length of 

their body. These flagella do not rotate synchronously, creating the bundle formation, as 

untreated cells do. Instead, for filamentous cells, only those flagella closest to one 

another move in unison, suggesting that the signal controlling the flagella motors is 

localized and unable to span the entire length of an elongated cell (Ishihara et al., 1983). 

Moreover, filamentous cells of E. coli reach a point where-by the natural movement 

consisting of ‘runs’ and ‘tumbles’ becomes impossible due to their size. The ‘tumbling’ 

behavioural response is unable to take place, as the change in direction of a single 

flagellum does not generate sufficient force to throw the larger cells off balance. 

Consequently, a number of filamentous cells ‘run’ and ‘stop’, rather than changing 

direction (Maki et al., 2000). The exact size at which this occurs remains unclear.  

 

1µm 
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Figure 10: Phase contrast microscope image (x1000 magnification) of filamentous E. coli cells. Cells 

treated with cephalexin and incubated for 24 hours to produce maximum lengths of up to 50 micrometres 

in length. 
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2.2 Methods 
 

2.2.1. Cell Preparation 

Twenty-four hours after the initial resuscitation of frozen cells in MGM, 0.5ml of the 

saturated culture was removed from the incubator, and added to two sterile 250ml flasks, 

each containing 24.5ml of MGM. These daughter cultures were then returned to the 

rotary shaker for approximately two hours. At this point the optical density of the 

culture was assessed using a spectrophotometer (ATI Unicam 8625). Optical density 

(OD) readings at levels above 0.65 absorption (A), when measured with a light beam at 

the 600nm wavelength (OD600~ 0.65A), indicated that the cells had reached the mid-

exponential growth phase, when compared with calibration curves produced prior to 

experimentation, from the same untreated stock cells.  At this point, the cells were 

inoculated with the antibiotic treatment, as cells within the exponential phase are 

considered to be the most motile (Adler & Templeton, 1966), and also provided a 

sufficient optical density for the filming of multiple cells. Absorption readings below 

0.65 were returned to the shaker for 30 minutes, before being re-assessed in the 

spectrophotometer. This process was repeated as necessary until the mid-exponential 

growth phase had been achieved.   

 

 

2.2.2. Cephalexin Treatment 

All cells were treated with the β-lactam antibiotic cephalexin to induce filamentation, 

through the inhibition of the Ftsz protein (Chapter 2.1.1). Cephalexin hydrate (Sigma-

Aldrich) was diluted to 10mg/ml using DI water and extensive vortexing. The resulting 

antibiotic solution was then filter sterilized (200nm mesh size) and aliquoted into 1ml 

eppendorfs, before being stored at -20°C. Due to its light sensitivity, cephalexin was 
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always stored in the dark and all stock solutions of the antibiotics were used within one 

month of dilution, as advised by the manufacturer’s instructions. Before 

experimentation, cephalexin was removed from the freezer and allowed to thaw 

naturally for approximately 30 minutes at room temperature. When the experimental 

cells reached the mid-exponential growth phase (OD600~ 0.65A), 144µl of the 10mg/ml 

cephalexin solution was added to the remaining 24ml of culture to ensure a dilution of 

60µg/ml. Samples from the culture could then be removed at 30 minute intervals for 

filming, to provide cells of varying axial lengths.   

 

 

2.2.3. Slide Selection  

In pilot experiments both cavity and flat slides were used for filming the treated cells 

using an inverted phase-contrast microscope (Zeiss Axiovert A1). Both types of slide 

had limitations for their use within the main experiment. Cavity slides (well size 

≈15mm diameter 0.6mm depth) biased the data towards slower moving cells, as fast 

cells moved out of the focal plane very rapidly, producing shorter tracks. In comparison, 

flat slides filmed all of the cells moving within the field of view, but prevented free 

movement in the z direction. Furthermore, cells close to the boundaries often displayed 

reduced movement as a result of the increase in ‘wall effects’ created by close proximity 

to the solid boundary. Consequently, cavity slides were selected for experimentation, in 

an attempt to reduce movement constraints. However, due to the filming techniques 

used, video analysis was limited to two dimensional swimming in the x-y plane. In an 

attempt to exclude cells which were significantly impeded by close proximity to the 

glass surface; in experimental footage all cells displaying an average speed below half 

of the minimum run speed of E. Coli AW405 observed by Berg and Brown (1972) 

(approximately 4 µm/s) were disregarded. 
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2.2.4. Video Acquisition 

Before filming microscope slides and cover slips were cleaned with 70% ethanol, rinsed 

with DI water, and dried using soft tissue. 40µl of the treated E. coli culture was placed 

onto each slide, and examined using an inverted phase-contrast microscope (Zeiss 

Axiovert A1) at 200X magnification. Phase-contrast microscopy was selected as it 

provided superior image quality compared with standard bright field techniques due to 

low refractive index of most bacterial cells. Furthermore, it is a relatively low cost and 

easy to implement technique, and is preferable to fluorescence microscopy which could 

artificially manipulate motility responses due to the binding of flourophores to motility 

structures. Cells were observed at 33°C on a heated microscope stage, under a bespoke 

stage incubator to reduce the flows created by convection currents.  Video capture was 

undertaken using a high-speed camera (PixiLINK), which captured live video footage at 

30 frames per second (fps), for durations of two minutes per video. Each slide was only 

used once, as longer timespans led to cells migrating towards the solid boundaries and 

sticking to both the glass slide and the cover slip, thus restricting natural movement. 

Furthermore, prolonged exposure to the heated stage led to evaporation of the media, 

rendering the sample useless.  As cell size increased over time, it was advantageous to 

reduce magnification from the 20x objective lens to the 10x objective lens to increase 

the area of the field of view (and reduce total magnification to 100x), to increase the 

number of cells imaged by the video camera. All videos were saved in AVI format and 

converted to 8 bit grey scale using the open-source software Image J (version 1.48) 

prior to analysis. 
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2.2.5. Video Analysis 

All videos were imported into MATLAB (v. R2013b) for track analysis. The custom 

designed tracking script used (Guadayol-Roig et al., (in prep)) created a background 

image from the median pixel intensity of all the frames within the video. This 

background image was then subtracted from each frame to eliminate background noise. 

Particles were detected as regions where the pixel intensity fell above or below a 

particular threshold value. This enabled the separation of the dark (in focus) cells from 

the medium grey background and the white (out of focus) cells (Figure 11). After 

particle isolation, the script located the centroid (centre of mass) of each cell, using the 

function regionprops from the image processing toolbox in MATLAB. Cells could then 

be tracked from one frame to the next, following the X, Y position of the centroid, to 

produce movement trajectories. Tracks shorter than one second long were disregarded 

as they were considered too short to provide an accurate representation of the motility 

patterns.  
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Figure 11: Matlab thresholding process, used to isolate cells for tracking and create a measure of cell 

shape properties. 

 

At this stage of the analysis, a range of data could be extracted for each frame within the 

video, and for each cell within that frame. Firstly, the position of each cell; the X and Y 

co-ordinates of the centroid were established, for each cell within each video frame. 

Moreover, several geometric parameters could be determined for each cell (within each 

frame) (Figure 12). The length of the cell was generated by the application of the 

bwmorph MATLAB function (image processing toolbox), which thinned the detected 

cell to create a skeleton line through the centre of the cell body shape. The major axial 

length was calculated as the arc length of these skeleton lines, extended to meet the 

boundary of the cell. The width of the cell was calculated as the length of the line 

perpendicular to the skeleton line, passing through the centroid, and touching the 
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boundary wall at either end. Other extracted parameters included; the aspect ratio of the 

cell (length/width), the perimeter length of the cell (the length of the boundary of the 

cell), and the orientation (angle) of the cell between the x-axis and the major axis 

(skeleton line) of the cell (determined using the regionprops MATLAB function).  

 

  

Figure 12:  Cell size and shape statistics for each cell isolated within one two-minute video. Frequency 

histograms of longest axial length (µm) (top left), width – perpendicular to axial length (µm) (top right), 

aspect ratio (bottom left) and volume (bottom right) (µm3). 
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The ‘tracking’ part of the MATLAB code used the X and Y positions of the centroid, 

placing overlapping cells within the same track. This, combined with the orientation of 

the pole of the cell, was used to calculate the speed and rotational movement of each 

cell across each frame (Figure 13). From this, the length of each track and average 

speed across the length of the track could also be calculated.  

 
 

2.2.6. Runs and Tumbles  

Due to the nature of E. coli motility, it was necessary to separate the ‘runs’ and ‘tumbles’ 

within each recorded trajectory to gain a true representation of swimming behaviour. 

Each trajectory was re-analysed in MATLAB, with thresholding parameters set, to 

determine time periods displaying run and tumble behaviours (Figure 14). Tumbles 

Figure 4: Visualization of all tracks recorded for an example two minute video (distance is in 

micrometres). (Colours are used to distinguish separate tracks and are not representative of any other 

characteristics). 
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were considered to be any period where the cell speed dropped below 4µm/s, or the 

change in orientation of the pole was greater than 10 degrees, across a moving average 

of 3 frames. Runs were considered longer than 10 frames (0.3 seconds), faster than the 

tumble speed and straighter than the tumble angle. Only complete runs were considered 

for analysis. Any recorded runs where the difference between the minimum and 

maximum recorded speeds was less than 1µm/s, were considered to be passive cells 

drifting and were disregarded.  

 

 

 

 

2.3. Data Analysis 

Tracks from all videos were combined prior to analysis, to produce a single dataset 

consisting of 1498 cell tracks, with over 8000 runs, across a cell length range of 2 - 51 

µm. All data and figures used within the results were produced using R statistics 

software version; I386 3.0.2.INK (R Development Core Team 2009).  

Figure 14: MATLAB plot displaying the thresholding process for runs and tumbles. Left: representation of 

runs and tumbles for a particular track (yellow: incomplete, so disregarded, Red: runs, Blue: tumbles). Right: 

(Red: runs, Blue: tumbles, Black: incomplete), Top-Right: Change in angle of the pole over time, Bottom-

Right: Change in speed over time.   
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2.4. Results 

Cells within a normal length range (3µm +/- 1 µm) were analysed to provide standard 

swimming statistics for cells of E. coli AW405 in minimal media (Figure 15).  The 

mean run speed observed was 14.49 µm/s (n=215, σ=7.2 µm/s), with each run lasting 

0.29 seconds (n=215) on average. Tumbles displayed a range of angles, with the most 

frequent observations occurring +/- 30 degrees of the starting position.  Tumble 

durations were shorter than runs, with a mean time of 0.25s (n=209).  

 

 

Figure 15: Track data from cells 3µm long (+/-1µm), representing the normal length ranges of E. 

coli cells (Legends: n= number of individual data points, µ=mean value, σ=variance). Top Left: 

observed run times (seconds); Top Right: observed run speeds (micrometres/second); Bottom Left: 

observed tumble times (seconds); Bottom Right: observed tumble angles (degrees). 
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Filamentous cells, within a length range (10µm +/- 1 µm) were analysed to provide a 

snapshot of filamentous swimming behaviours for cells of E. coli AW405 in minimal 

media (Figure 16). The mean run speed observed was 15.13 µm/s (n=654, σ=8.47 µm/s), 

with each run lasting 0.46 seconds (n=654) on average. Tumbles rarely occurred outside 

+/- 30 degrees of the starting position.  Tumble durations were shorter than runs, with a 

mean time of 0.13s (n=625). 

 

 

 

Figure 16: Track data from filamentous E. coli cells 10µm long (+/-1µm), (Legends: n= number of 

individual data points, µ=mean value, σ=variance). Top Left: observed run times (seconds); Top Right: 

observed run speeds (micrometres/second); Bottom Left: observed tumble times (seconds); Bottom 

Right: observed tumble angles (degrees).  
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A range of cell sizes were observed throughout the tracking experiments, from 2µm to 

51µm long in the major axial dimension, with the number of observations decreased 

with an increase in size (Figure 18).  Similarly, when considering the cell body aspect 

ratios observed within experiments, the frequency of observed aspect ratios also 

decreases with increasing cell elongation (Figure 19).  

 

 

Figure 68: Frequency of body aspect ratios (length/width) observed for each ‘run’ analysed. 

Figure 5: Frequency of mean cell lengths observed for each ‘run’ analysed.  
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Linear model regression analysis was employed to further understand the trajectory data.  

 

A simple linear model regression was calculated to predict the changes in run speed, 

based upon increasing in cell length (Figure 20). A significant regression equation was 

found (F 1, 8858 = 130.5; P<0.001), with an adjusted R2 value of 0.0144. Run speed 

decreased approximately -0.109 micrometres per second for each micrometre increase 

in cell length.  

 

A simple linear model regression was also calculated to predict the changes in tumble 

lengths, based upon increasing in cell length (Figure 21). A significant regression 

equation was found (F 1, 8265 = 11.22; P<0.001), with an adjusted R2 value of 0.001. The 

amount of time spent tumbling decreased approximately -0.001 seconds for each 

micrometre increase in cell length. The length of tumble events were very slightly 

negatively correlated with increasing cell axial lengths (Figure 21), signifying that 

larger/more elongate cells tumble for incrementally smaller periods of time than shorter 

cells.   

 

A simple linear model regression was calculated to predict the changes in swimming 

speed (body lengths per second), based upon increasing in cell length (Figure 22). A 

significant regression equation was found (F 1, 8858 = 18160; P<0.001), with an adjusted 

R2 value of 0.6721. The run speed (body lengths per second) decreased approximately -

1.0959 seconds for each micrometre increase in cellular length. 
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Figure 19: Negative correlation observed between the major axial length (micrometres) of the cell and its mean run speed (micrometres per second). Red line denotes the linear 

regression model
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Figure 20: Observed variations in tumbling events (seconds) are very slightly negatively correlated with increases in cell length (micrometres) Red line denotes the linear regression 

model. 
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Figure 21: The change in run speeds as a measure of log body lengths per second (length specific swimming speed) with increasing cell body sizes. Red line denotes the linear 

regression model. 
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2.5. Discussion of Results 

There was a natural decrease in the number of cells observed with increasing cell 

size (Figure 13). This was primarily due to the protocol used for these experiments; 

with the addition of cephalexin all cell division is rapidly halted. However, cell size 

increases led to an increase in the overall cell density of the culture, without an 

increase in the number of cells. Consequently, for larger cell sizes, dilutions had to 

be carried out for optimal viewing, and thus fewer cells remained within the sample 

for observation. To gain a clearer representation of larger filamentous cells, more 

replicates would need to be undertaken at the larger size ranges (approximately >4 

hours after antibiotic inoculation).  

 

Similarly, cell aspect ratios also followed this trend (Figure 14), with fewer 

observations recorded from cells that were elongated. This highlights that cell width 

remained fairly constant throughout all of the experiments, as would be expected 

with this type of treatment.  

 

Initial comparisons were made between normal sized cells of 3µm (+/- 1 µm) and 

elongated cells of 10µm (+/-1µm) (Figures 15 & 16 respectively), showed that 

filamentous cells had a tendency to run and reverse rather than run and tumble (this 

was confirmed with visual observations). The changes in angles of orientation 

observed during ‘tumbling events’ were much smaller in the filamentous cells. This 

suggests that once cells reach a certain size (>10 micrometres in length), the 

directional change in flagella rotation is unable to generate enough force to turn the 

cell body towards a new direction. Consequently, the cell reverses moving 

backwards for a short period of time, before continuing on its original path.  
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Normal sized cells were observed to move at a rate similar to those first observed by 

Berg and Brown (1972) at approximately 14 micrometres per second (mean=14.49 

µm/s) during the ‘run’ phase (Figure 15). Whereas elongated cells (10µm (+/-1µm)), 

moved slightly faster, at a mean speed of 15.13 µm/s (Figure 16). Furthermore, 

longer cells spent more time running, and less time tumbling than normal sized cells 

(Figures 15, 16 & 21). This could be attributed to the larger cells being unable to 

tumble efficiently, and adopting a ‘run and reverse’ behavioural mechanism instead 

of the traditional ‘run and tumble’.  

 

When considering the dataset as a whole, longer cells were observed to ‘run’ 

(straight-line swimming) more slowly than their smaller counterparts. This could be 

attributed to a lack of synchronicity in the rotation of the flagella, due to the 

development of multiple flagella bundles along the length of the cell, suggested by 

Maki et al., (2000). Furthermore, the short-range nature of the chemotactic 

signalling pathway (Ishihara et al., 1983) could further hinder the synchronous 

movements of the individual filaments, as some of the flagella motor may be too far 

away from the large sensory complexes located at the pole of the cell (Sourjik, 

2004). Although it has been suggested that filamentous cells generate 

chemoreceptors along the length of their body (Maki et al., 2000), it currently 

remains unclear whether these chemoreceptors are fully functional, and how the 

introduction of multiple chemical detection sites affects the synchronicity of the 

flagella motors. Moreover, increased elongation of the cell body and the addition of 

more flagella would also lead to an increase viscous drag, further slowing the 

movement of the cells (Dusenbury, 2009). Due to observations at 10µm (+/-1µm) 

indicating a higher swimming rate, it could be suggested the cells speed up slightly 
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with small changes in axial length, but slow down after a threshold length is reached. 

Further experiments would need to be undertaken to investigate this hypothesis, and 

to pinpoint exact threshold values for these occurrences.  

 

By plotting a linear regression of the changes in length specific run speed with 

changes in body length (Figure 22), similarities can observed between our data and 

the existing literature (see Figure 2 from Vogel). The data follows the same general 

trend of reduced length specific cell speed at increasing cell lengths. However, due 

to the small sample of species currently examined, any definitions of allometric 

scaling trends between body size and swimming speed for microorganisms would be 

inadequate at this time. With an increase in research directed towards swimming 

microorganisms, and rapid advances in imaging techniques, this remains a future 

goal.  

 

Overall, this study found that there were significant effects on the natural motile 

behaviours of E. coli cells with increasing cell lengths. Alterations in motility with 

response to changes in cell axial length clearly show that cell shape must play an 

important role in the swimming of microorganisms. The understanding of microbial 

shape to date is very limited, and further exploration into the evolution of the range 

of forms observed in nature, is key to developing a greater understanding of life at 

low Reynolds numbers.  
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2.5.1 Personal Observations 

Within experiments, elongated cells were observed to run and reverse rather than 

reorienting via tumbling. Furthermore, over the course of the experimentation period 

cells of larger axial lengths were observed to ‘wiggle’, both at the boles of the cell, 

and along its axis. As a result of the rigidity properties of the MreB protein 

contained in the longitudinal axis of the cell, this observation can be attributed to the 

natural rotational movement of the cell body coupled with the slightly curved rod 

shapes which arise though filamentation. It would be possible to confirm this 

through the application of holographic microscopy, to gain 3D renderings of the 

swimming cells. Furthermore, by dyeing the flagella of these elongated forms, the 

positions of flagella bundles, and the rotation behaviours could be observed.  

 

 

2.6. Conclusions  

The aim of this experiment was to explore the effects of changes in the axial length 

of a cell on expressed motile behaviours. Specific focus was placed upon the known 

run and tumble behavioural responses of Escherichia coli. Key areas of interest were; 

a) the run speed of the cell, b) the angle of tumbling, c) the duration of both runs and 

tumbles, and d) any unexpected observations.  

 

This experiment has demonstrated that changes in the axial length of a cell have an 

effect on the motile behaviours of E. coli cells. Filamentous cells of E. coli were 

observed to run and reverse, rather than run and tumble. This could be attributed to a 

significant decrease in the angle of rotation during tumbling events, within elongated 

cells. Increased cell size led to an initial increase in the run speed, however, this 
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declined significantly at the larger size ranges.  Furthermore, the duration of tumble 

events also decreased slightly with increasing cell lengths, however there was no 

significant difference observed in the duration of run periods. Overall these results, 

coupled with personal observations, suggest that larger filamentous cells of E. coli 

face a reduction in overall speed and ability to randomly re-orientate their 

directionality.  

 

This study has highlighted the importance of specific body shapes to the swimming 

mechanisms of motile microorganisms. It is possible that only slight changes in the 

axial lengths of cells could modify motile behaviours, making them more/less 

effective.  Exploration of inter- and intra- species variations in swimming 

behaviours is needed to truly understand the function of specific shapes to the life of 

bacterial cells. It is hoped that further exploration of shape changes within a single 

species can reveal at least some of the ecological pressures that have led to the 

evolution of such a diverse array of organism shapes within the microbial world.  
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3.0 General Discussion 
 

3.1.1 3D Tracking 

One of the key limitations of the techniques used within these experiments; is the 

inability to film cells within the Z direction. Restricting cells to a thin film, only a 

few micrometres in depth may have significant effects on the natural motility 

behaviours of E. coli cells. Conventional light microscopy (including phase contrast 

and differential interference contrast) is only capable of capturing images directly on 

the focal plane, making data acquisition in the Z direction very limited. Due to the 

rapid nature of swimming cells, scanning microscopes are often too slow to capture 

necessary rapid behavioural responses expressed by living cells. Howard Berg’s 3D 

tracking microscope developed in the 1970s is able to ‘lock on’ to a single micro-

organism (in this case E. coli) and follow it in three-dimensions, enabling 

observations of vertical movement for a single cell (Berg & Brown, 1972). However, 

the main drawback of this technique is its inability to study multiple organisms 

simultaneously, consequently resulting in very small sample sizes and larger 

replications. In comparison, digital holography is an emerging technique that has the 

capacity to track the positions of multiple cells simultaneously in three dimensions 

(Figure 18) (Molaei et al., 2014; Giuliano et al., 2014). However, this system is 

computationally expensive, as it requires the application of mathematical algorithms 

(either Lorenz-Mei theory (Lee et al., 2007) or Rayleigh–Sommerfeld Back 

propagation (Lee & Grier, 2007)) to reconstruct the holographic data.  
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3.1.2 Wall Effects 

For organisms living at low Reynolds numbers, movement can be significantly 

affected by ‘wall effects’. The presence of an object, in this case the confinements of 

a microscope slide, can alter the fluid flow patterns surrounding the cell. Close 

proximity to walls at low Reynolds numbers can significantly add to the drag of 

swimming microorganisms (Winet, 1993).  It has been suggested that when cells of 

E. coli move with 20µm of a solid surface, tumbles may be suppressed by up to 50% 

(Molaei et al. 2014).  A guide that is often used within biological experiments for 

testing whether or not the wall effects acting upon swimming microorganisms can 

be ignored is; equation 2.  

Figure 7: Trajectories of multiple E. coli cells tracked using digital holography (Molaei et al., 2014). 
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Equation 2 

𝛾

𝑙
>
20

𝑅𝑒
 

 

Whereby y is the distance to the nearest solid wall, l is the characteristic length of 

the object (usually the longitudinal axis), and Re is the Reynolds number (Vogel, 

1994). 

 

 

3.2. Outstanding Questions 

 

3.2.1. What Effect does Filamentation Have on Chemotactic Responses? 

Microorganisms use chemical receptors (chemoreceptors) located within their cell 

membrane to locate areas of higher nutrient concentrations, and move away from 

areas which may be detrimental to their growth and development. These receptors 

are highly specific, allowing the detection of only a small number of chemicals. E. 

coli are thought to have a minimum of 3 types of chemoreceptor specific to the 

amino acids; serine, galactose and aspartate (Hazelbauer & Adler, 1971; Mesibov & 

Adler, 1972). The serine receptor shows a strong response towards serine, and a 

weaker response to cysteine, alanine, glycine and l-glutamate. The galactose 

receptor responds to galactose and glucose, and the aspartate receptor is thought to 

only be responsive to aspartate itself (Hazelbauer et al., 1969; Brown & Berg, 1973). 

Studies have shown that in the presence of each of the above chemical cues, cells 

migrate towards areas with higher concentrations of stimulus, through the 
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suppression of the ‘tumble’ behavioural response (Adler, 1973; Berg & Brown, 

1972; Brown & Berg, 1973). E. coli cells are able to bias the ‘random walk 

movement’, in the presence of an attractant, by reducing the frequency of their 

tumble movements, creating a greater accuracy in the direction of travel towards the 

positive stimuli and an increase in the average cell velocity. Increases in cell 

velocity are thought to be the central behavioural response used in chemotaxis to 

provide the largest increase the rate of nutrients encountered by motile cells 

(Blackburn & Fenchel, 1999). Similarly, when a cell encounters a deterrent stimulus, 

the frequency of tumbles increases in an attempt to direct the cell away from 

negative environments (Macnab & Koshland, 1972).  

 

Chemoreceptors located in the cell membrane form clusters at the poles of the cell 

alongside several protein receptors (including; MCP the methyl-accepting 

chemotaxis protein, and both CheA and CheW intracellular proteins). These large 

sensory complexes transmit signals from the chemoreceptors to the flagella motors, 

via a series of phosphorylation events along the trans-membrane reception pathway 

(Maddox & Shapiro, 1993; Sourjik, 2004). When a stimulus is detected by the cell, a 

hyperpolarizing wave sent from the sensory complex moves along the membrane 

and is received by the flagella motors (Szmelcman & Adler, 1976). This short-range 

signal (a maximum of 10µm long from the source of the stimulus) enables the 

activation or suppression of changes in the rotational movement of the flagella; thus 

allowing the cell to re-orientate itself towards the most desirable location (Segall et 

al., 1984). The detection and transmission process is thought to take approximately 

one second, similar to the duration of an average ‘run’, as longer time-frames would 

have a negative impact on a cell’s ability to bias the ‘Random Walk’; and durations 

longer than five seconds would prevent the process entirely (Berg & Purcell, 1977).  
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Due to the nature of the signal in normal E. coli cells being short-range, and the 

specific location of the chemoreceptors at the poles of the cell, I propose to 

investigate the changes in chemotaxis behaviours within filamentous cells of E. coli, 

forming a range of aspect ratios. Specific questions to be tackled along this topic 

include: 

 Would the cells synthesize chemoreceptors along the length of the cell?  

 Would the cell reach a length at which chemotaxis no-longer occurred? 

 Are these changes in behavioural response applicable to all three types of 

chemoreceptor?  

 Due to the reduction in tumbling associated with increased axial length, 

would filamentous cells be able to reach nutrient patches more rapidly than 

untreated cells? 

 

 

3.2.2. How do Changes in Cell Shape Affect Motility? The Study of 

Spherical E. coli and other Shapes compared with Filamentous and 

Untreated Forms. 

Bacterial cells naturally occur in a vast number of different shapes, the most 

common of which are the rod and coccoid forms. Changes in cell morphology are 

usually linked with environmental pressures these include; predation, nutrient uptake, 

and motility (Young, 2007). However, the question; why does that particular 

bacterium have that specific shape, remains largely unanswered.  
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In many bacterial cells, the MreB protein has been linked to both rod and more 

complex shapes (ellipsoidal, helical & filamentous), however is absent in both gram-

positive and gram-negative spherical cells. Consequently, it has been suggested that 

coccoid cells are the default prokaryotic shape, which occurs in the absence of these 

structural proteins (Jones et al., 2001). A22 (S-benzylisothiourea) is a recently 

discovered compound that can be used to induce coccoid cell shapes within rod-

shaped and more complex prokaryotic cells (Iwai et al., 2002). When added to 

bacterial cultures, A22 binds to specific ATP sites, significantly reducing the 

availability of ATP, thus preventing the synthesis of the rigid filaments that provide 

structure to bacterial cell walls (Bean et al., 2009). At concentrations of 10 µg/ml 

and below, the addition of A22 results in an increase in cell ‘roundedness’ until the 

point of entirely spherical cells, occurring a few hours after treatment. However, 

when added at concentrations of 100µg/ml and above, cell growth appears to be 

completely halted, but cell shape is not affected (Gitai et al., 2005).  Moreover, the 

inhibition of MreB through the addition of A22 appears to have no other effects on 

cell functioning, including DNA segregation and other cell division processes 

(Karczmarek, 2007). Consequently, when A22 is added to bacterial cells (including 

E. coli), those cells develop less structured cell walls and become coccoid in shape, 

without any other known physiological effects taking place.  

 

By combining the A22 with the antibiotic used in this study (cephalexin), it is 

possible to generate spherical cells of a range of sizes, which physiologically behave 

the same as untreated cells, except for their inability to divide. If these cells are 

grown in shaped chambers, similar to jelly moulds, but at the micrometre scale, they 

will adopt the chamber shape, and a range of cell morphologies could be produced 

(Takeuchi, et al., 2005). This would enable an array of questions based on the 
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importance of size and shape in motile microorganisms, to be tacked. Including (but 

not limited to): 

 What is the optimal size/shape for swimming? 

 How does this change with changing environments? 

 How do changes in size and shape affect chemotactic responses? 

 What is the preferential size/shape targeted by a predator for a prey item? 
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