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Thesis outline 

This thesis is comprised of four chapters. The first chapter outlines the background and 

rationale of this research. Chapter 2 describes and discusses the swimming strategy of five 

important soil bacteria, and Chapter 3 describes and discusses chemotaxis of the soft rot 

pathogen Pectobacterium carotovorum. Chapters 2 and 3 are written in the style of 

scientific papers each containing an abstract, introduction, methods, results and discussion. 

The final chapter summarises and discusses the findings as a whole. 
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Chapter 1: Introduction  

Importance of soil 

With an ever-growing human population projected to reach ~9-10 billion by 2050, resulting 

in an estimated food demand increase of 70%, it is more important than ever to sustainably 

produce crops with high yields (Godfray et al., 2010; Rashid et al., 2016). Soils are a vitally 

important component of food production because they are a carbon sink and their organic 

constituents, such as nitrogen, phosphorus and potassium provide the nutrients plants 

need for growth and reproduction (Whitman, Coleman and Wiebe, 1998; Brussaard, de 

Ruiter and Brown, 2007; Rashid et al., 2016). Therefore, it is important to maintain the 

health of our soils as they have profound effects on the outcome of plant success (Rojas et 

al., 2016).  

As well as the nutritional content soil provides, the type and structure of soil can govern 

the growth of crops/plants by determining the depth and strength of the root system, 

susceptibility of plants to extreme temperatures, size of the plant and the number and size 

of fruits and tubers (Mielke, Doran and Richards, 1986). In addition, soils are an integral 

part of the ecosystem, housing many different kinds of organisms, including bacteria, yet 

we still know little about its inhabitants and their functions (Whitman, Coleman and Wiebe, 

1998; Brussaard, de Ruiter and Brown, 2007; Delgado-Baquerizo et al., 2016).  

Soil bacteria 

Soils are biodiverse environments and can hold up to 106 different bacteria species per 

gram of soil (Fierer, Bradford and Jackson, 2007). Soil nutrient heterogeneity is variable on 

the soil and ecosystem type and affects the distribution of bacteria (Fierer and Jackson, 

2006; Weinert et al., 2011; Berendsen, Pieterse and Bakker, 2012). The densest patches of 

bacteria in soils are in the rhizosphere; the immediate soil surrounding plant roots, which is 
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heavily influenced by root exudation and thus nutrient dense (Berendsen, Pieterse and 

Bakker, 2012; Giehl and von Wirén, 2014). The rhizosphere can contain up to 109 individuals 

per gram of soil and has been referred to as the plant’s second genome (Weinert et al., 

2011; Berendsen, Pieterse and Bakker, 2012).  

Plants may simultaneously interact with several beneficial and detrimental organisms 

including bacteria, fungi, nematodes, and other soil animals, and these interactions can 

range from positive to negative (Fig. 1.1). Positive plant-bacterial interactions are those in 

which soil bacteria benefit plants by providing protection by outcompeting pathogens or by 

producing antimicrobials for example, or by promoting plant growth by helping plants 

acquiring more nutrients (Bais et al., 2006). Negative interactions are those that are 

detrimental to plant health such as those with plant pathogens, which can cause yield 

losses of crops and other important plants through disease (Bais et al., 2004). Thus, plant-

bacteria interactions in the soil can significantly impact the success of plants (Brussaard, de 

Ruiter and Brown, 2007).  

Some root exudates may act as chemoattractants to attract bacteria towards roots (Fig. 

1.1; e.g. flavonoids during nodule formation (Werner, 2001)), whilst other compounds may 

have the oppostite effect. Moreover, some bacteria may use root exudates as the main 

cues to locate host plants, whilst other bacteria may be simply sensing compounds they use 

as a nutrient source for example. In any case, the dynamics and structure of the microbial 

community in the rhizosphere is strongly influenced by root exudates (e.g. Rudrappa et al., 

2008). 
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Figure 1.1. Diagram of the potential positive and negative interactions experienced in the 

rhizosphere as a result of root exudation, from Bais et al. (2006). 
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Motility  

Motility is a trait exhibited by various bacterial species in a variety of habitats including 

aquatic, enteric and soil environments that allows them to explore and interact with their 

surrounding environment (Mitchell, 1991; Stocker and Seymour, 2012; Morimoto and 

Minamino, 2014; Theves et al., 2015). Motility is advantageous for bacteria living in 

heterogeneous environments with low average nutrient concentrations such as soils 

(Fenchel, 2002; Mitchell, 2002), where nutrient heterogeneity is exacerbated by dense 

nutrient patches in the rhizosphere caused by root exudation (Berendsen, Pieterse and 

Bakker, 2012; Giehl and von Wirén, 2014). Swimming motility is achieved with the use of 

appendages such as flagella; external locomotive structures that allow for swimming 

motility in aqueous environments (Morimoto and Minamino, 2014; Theves et al., 2015). 

Flagella can also act as a rudder/stabiliser for the cell to alleviate the disruptive effects of 

Brownian motion by increasing the overall length of the cell (Mitchell, 1991). 

Flagella mediated motility is a complex behaviour involving multiple constituents working 

together to propel the cell (Berg, 2003). The bacterial flagellum is constructed of three 

main parts, all comprised of a series of complex proteins (Fig. 1.2): the basal body which 

acts as an anchor to attach the flagella to the cell and has a motor that controls the speed 

and direction of rotation; it can rotate the flagella in either a clockwise or anticlockwise 

direction, and alter rotation speed depending on cues from their surrounding environment. 

The hook, extends from the basal body and works as a joint, and the helical filament which 

provides propulsion when rotated by the basal body (Morimoto and Minamino, 2014; 

Chaban, Hughes and Beeby, 2015). Energy to power rotation of flagella is generated from 

electrochemical potential energy from the flow of ions/protons across transmembrane 

proteins/cytoplasmic membrane (Berg, 2003; Morimoto and Minamino, 2014; Chaban, 

Hughes and Beeby, 2015). Energy generation from this method uses different receptors 
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that react to different ions depending on the species of bacteria (Morimoto and Minamino, 

2014).  

 

Figure 1.2. Schematic diagram of a proton driven flagella motor and its corresponding 

sections and proteins complexes, from Morimoto and Minamino (2014). 

 

Flagella can be configured in multiple different ways on the cell body, depending on the 

species (Fig. 1.3). The configuration of flagella impacts the resulting swimming strategy, and 

therefore, will ultimately determine the swimming behaviour and chemotactic strategy; 

peritrichously flagellated bacteria tend to follow a run-and-tumble strategy, whereas as 

cells with polar flagellation (monotrichous and lophotrichous) are more likely to follow a 

run-reverse or run-stop reverse strategy, with a higher frequency of reversals (Berg and 

Brown, 1972; Ping, Birkenbeil and Monajembashi, 2013; Ping, Wasnik and Emberly, 2015).   
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Figure 1.3. Schematic diagram of examples of cells with different forms of flagella 

arrangement. From top to bottom: monotrichous (a single polar flagellum), lophotrichous 

(a polar tuft of flagella), peritrichous (multiple flagella distributed around the body of the 

cell), amphitrichous (a single flagellum at both poles of the cell) and amphilophotrichous (a 

tuft of flagella at both poles of the cell). 

 

Chemotaxis  

Chemotaxis is the deliberate directional movement in response to chemical stimuli, this can 

be positive (towards a substance) or negative (away from a substance) (Wadhams and 

Armitage, 2004). Chemotaxis provides bacteria with a competitive fitness advantage as it 

enables them to move away from toxic environments towards more favourable 

environments and can locate desirable nutrient sources (Wadhams and Armitage, 2004; 

Vladimirov, Lebiedz and Sourjik, 2010), which may be is a vital trait when living in highly 

variable nutrient landscapes such as soils (Mitchell, 2002).  
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Chemotaxis is a complex behaviour that depends on chemoeffectors (substances that act 

as attractants and/or repellents) being recognised by chemoreceptors which usually 

contain a ligand binding region and a signalling region. When a chemoeffector binds at the 

ligand binding region it is recognised and a molecular stimulus/signal is transmitted 

through the signalling region and interacts with the chemotaxis proteins (CheA, CheB,CheR, 

CheW, CheY and CheZ), which ultimately govern the speed and direction of flagella rotation 

depending on environmental cues (Wadhams and Armitage, 2004; Lacal et al., 2010; 

Morimoto and Minamino, 2014; Feng et al., 2019). 

When chemotactic cells are swimming up an attractant gradient, they lengthen their runs 

and have fewer reorientations (Vladimirov, Lebiedz and Sourjik, 2010). Cells will also 

lengthen their runs when swimming away from a repellent and, if in the presence of a 

repellent, cells will reorientate more frequently in an attempt to realign their swimming 

direction away from the repellent (Sourjik and Wingreen, 2012; Karmakar et al., 2016). 

 

Common swimming strategies 

Bacteria exhibit distinct swimming strategies/motility patterns that enable them to 

negotiate intricate natural environments (Taute et al., 2015), such as the 3D, porous, 

heterogeneous environments presented by soils (Vos et al., 2013; Yang and van Elsas, 

2018). Bacterial motility patterns are usually comprised of two distinct phases: a run in an 

approximately straight line, interspersed with reorientation events that can manifest as 

tumbles, reversals, stops, arcs and flicks (Berg and Brown, 1972; Armitage and Macnab, 

1987; Fenchel, 1994; Mitchell, 2002; Xie et al., 2011; Ping, Birkenbeil and Monajembashi, 

2013). The combination of runs and reorientations and modulation of their length and 
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frequency allow cells to effectively traverse their environment in response to changing 

environmental conditions (Vladimirov, Lebiedz and Sourjik, 2010; Karmakar et al., 2016). 

Run-and-tumble 

The best understood swimming/chemotactic strategy is the run-and-tumble, exhibited by 

Escherichia coli. This strategy was first characterised by Berg and Brown, 1972, who used 

3D tracking software to assess the motility pattern of E. coli. The run-and-tumble strategy 

involves a run in an approximately straight line, interrupted with reorientations known as 

tumbles and is commonly shown by motile bacteria with peritrichous flagella (Fig. 1.3; Berg 

and Brown, 1972). When all flagella rotate in a counterclockwise (CCW) direction, the 

flagella form a bundle, propelling the cell forward on a run (Fig. 1.4). When one or more 

flagella rotate in a clockwise (CW) direction, the flagella bundle is disrupted, causing the 

cell to tumble (Fig. 1.4) (Darnton et al., 2007). The length of the runs and frequency of 

tumbles is determined by environmental cues, such as substances the cell is responding to 

(Wadhams and Armitage, 2004). 
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Figure 1.4. Schematic diagram of a full reorientation event of E. coli from Darnton et al. 

(2007). When a flagellum changes it rotation direction from CCW to CW (2) it causes the 

flagella bundle to separate resulting in a reorientation (4) before beginning on a new run 

(4/5). 

 

Run-and-reverse 

Another common swimming strategy used by motile bacteria is the run-and-reverse. Unlike 

the run-and-tumble, when a bacterium following a run-and-reverse strategy reorientates, it 

reverses instead of tumbling, sometimes with a short pause before the reversal. This is 

more common in bacteria with polar (monotrichous or lophotrichous) flagella (Xie et al., 

2011; Ping, Birkenbeil and Monajembashi, 2013; Ping, Wasnik and Emberly, 2015; Fig.1.3).  

Unlike bacteria employing the run-and-tumble, bacteria with polar flagella which undergo 

run-and-reverse are able to backtrack some of the previous run path (Xie et al., 2011). For 

example, some Pseudomonas species can either push or pull the cell through a fluid 

depending on the direction of flagella rotation (CW rotations push the cell forwards 

through the fluid whereas a CCW rotation pulls the cell backwards through a fluid; Ping, 

Birkenbeil and Monajembashi, 2013). This means they can achieve a run-and-reverse 
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swimming pattern without needing to drastically reorientate their body. This results in cells 

employing run-and-reverse being better suited for following long shallow gradients, as they 

can more easily maintain their swimming direction, and in greater success of nutrient 

acquisition than cells flowing the run-and-tumble method (Luchsinger, Bergersen and 

Mitchell, 1999; Mitchell, 2002).  

 

Motility and chemotaxis in soil bacteria  

Bacteria swimming in a liquid are limited to the confines of the liquid, thus motile soil 

bacteria are restricted to swim when the soils are saturated with water, or in water films in 

between soil particles (Or et al., 2007; Wang and Or, 2010). Moreover, it is unlikely, even in 

saturated soils that bacteria will experience free swimming in a bulk fluid (Or et al., 2007). 

In lieu of saturated soils cells are confined to swim in convoluted ephemeral liquid paths 

surrounding soil particles (Or et al., 2007; Wang and Or, 2010). Furthermore, liquid present 

in soils are littered with obstacles and particles (such as soil and mineral particles and other 

soil organisms), exacerbating the implications of existing at a low Reynolds number, and 

the disruptive effects of Brownian motion, making swimming motility more challenging for 

bacteria (Or et al., 2007; Li, Tam and Tang, 2008; Wang and Or, 2010).  

The Reynolds number is the ratio of the inertial forces to viscous forces impacting the flow 

of fluid around an object (Purcell, 1977). Due to their small size, bacteria live at a low 

Reynolds number and therefore their environment is dominated by viscous forces and 

inertial forces are inconsequential. Inertial forces are so insignificant at low Reynolds 

numbers that when a bacterium stops swimming, it will coast a distance less than the width 

of a hydrogen atom (Berg, 1993; Purcell, 1977). However, the cell will not be stopped dead 

in its tracks as it will still be subjected to the disruptive rotational and translational forces of 

Brownian motion (Berg, 1993). 
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Brownian motion is the random movement of a particle in a fluid as a result of collisions 

with water molecules and causes swimming bacteria to deviate from their straight run 

(Mitchell, 1991; Li, Tam and Tang, 2008; Guadayol, Thornton and Humphries, 2017). All 

bacteria swimming in a fluid will be subject to Brownian motion, and its effects will be 

heightened when in fluids with more particles and obstacles present, such as in the liquids 

existing in soils (Or et al., 2007; Wang and Or, 2010). 

Due to the effects of Brownian motion, passive particles in a fluid, and motile bacteria in a 

homogeneous medium exhibit a random walk (Berg and Brown, 1972; Fig. 1.5). Active 

swimmers (such as motile bacteria) on the other hand exhibit a random walk with 

directional bias (Berg and Brown, 1972; Fig. 1.6). A biased random walk occurs from a 

bacterium constantly assessing the surrounding nutrient concentration, if the nutrient 

concentration increases the cell will elongate its run and continue swimming in that 

direction. If the nutrient concentration stays the same or decreases, the cell will tumble to 

change direction before starting a new run (Mitchell, 1991), resulting in a directional bias 

towards more favourable areas (Fig. 1.6). 
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Figure 1.5. An isotropic random walk of E. coli in a homogeneous medium from Berg and 

Brown (1972). Large black dots indicate the position at which tracking started. All three 

figures are from the same run from different perspectives; if the panels of the figure were 

to be folded along the dashed lines, they would form three adjacent faces of a cube. 
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Figure 1.6. Examples of random walks with directional bias towards the right, where the 

darker background represents a higher nutrient concentration. (a) Run-and-tumble, (b) 

Run-and-stop, (c and d) Run-and-reverse for marine bacteria and (e) Run-and-reverse for 

freshwater bacteria. From Mitchell and Kogure (2006). 

 

Thesis aims and outcomes 

In this thesis, I characterised the swimming motility of five important soil bacteria, and the 

chemotactic response of phytopathogenic causal agent of soft rot focusing on individual 

swimming parameters. Blackleg and soft rot are economically important detrimental plant 

diseases where bacteria infect plants with tubers and fruits and are a particular problem for 

potato (Czajkowski et al., 2011). Blackleg and soft rot are caused by bacteria belonging to 

the genera Pectobacterium and Dickeya (Czajkowski et al., 2011). These bacteria are coined 

the Soft Rot Enterobactericacea (SREs), and Dickeya dadantii and Pectobacterium 
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carotovorum are of particular interest due to their wide host ranges, including Brussels 

sprouts, carrots and potatoes (Toth et al., 2003; Czajkowski et al., 2011). However, little is 

known about their motility and chemotaxis (but see Seymour and Doetsch, 1973). In 

Chapter 2, I begin by characterising the swimming behaviour of 5 soil bacteria: 

Pectobacterium carotovorum subsp. carotovorum, Dickeya dadantii, Pseudomonas 

aeruginosa, Pseudomonas putida and Pseudomonas fluorescens. The motility of P. 

carotovorum was yet to be characterised, and there were few works which make direct 

comparisons of motility patterns between plant pathogens and ubiquitous soil bacteria. 

Furthermore, previous works on the chemotaxis of such plant pathogens tend to use 

methods involving soft agar swim plates or basic capillary assays (Antunez-lamas et al., 

2009; Antunez-Lamas et al., 2009; Río-álvarez et al., 2015), which provide only information 

on whether there is a chemotactic response and the strength of it, but do not fully 

characterise chemotaxis taking into account the swimming parameters (run length and 

speed and tumble angle and duration). With the use of video microscopy and MATLAB 

processing with a cell tracking code, I characterised the swimming behaviour of all species, 

including reporting the swimming behaviour of P. carotovorum for the first time. In Chapter 

3 I then assess chemotaxis of the phytopathogenic causal agent of soft rot P. carotovorum 

for the first time using individual swimming parameters. Using a modified capillary assay, I 

determined the response of cells towards 10 different substances: ascorbic acid, glucose, 

histidine, leucine, proline, serine, thiamine hydrochloride, threonine, TMB (control) and 

valine. Cells were recorded using video microscopy and analysed using MATLAB code. Cells 

were also grouped depending on whether they were swimming towards or away from the 

substances. I found that P. carotovorum showed a range of responses to the substances 

used with strong attraction towards serine, and repulsion in response to thiamine 

hydrochloride. 
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Chapter 2. Swimming motility of soil bacteria 

 

Abstract 

Soils are complex environments that can contain up to 106 bacteria per gram, many of 

which are motile by the use of flagella. Motility is a key adaptation allowing cells to explore 

their environment, which is vital in soils which have spatially distributed nutrient sources as 

a result of root exudation in the rhizosphere. Distributed nutrient sources create a 

selection pressure for bacteria to recognise and respond to chemical gradients 

(chemotaxis), exhibited by certain soil bacteria. Chemotaxis in bacteria is commonly 

associated with specific patterns of motility, such as run-and-tumble, run-and-reverse and 

run-stop-reverse all of which contain a straight run and a reorientation event and aid in 

gradient detection. The aim of this study was to assess whether there is variation in the 

motility patterns displayed between soil bacteria, and between plant pathogens and non-

plant pathogens. In this study I characterised the swimming strategy of five soil bacteria 

(Dickeya dadantii, Pectobacterium carotovorum, Pseudomonas aeruginosa, P. putida and P. 

fluorescens) by measuring run time, run speed, tumble time and tumble angle of each 

species using video microscopy. Of the five species studied, all except Dickeya dadantii 

exhibited swimming motility. P. carotovorum displayed a run-and-tumble motility pattern 

similar to that shown by Escherichia coli, whereas the three Pseudomonas species displayed 

run-and-reverse strategies with slight variations in the bias for reversals. This study shows 
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that there is variation in the motility patterns displayed by soil bacteria used in this study 

and differences between plant pathogens and non-plant pathogens. This suggests that 

these species may occupy different ecological niches and potentially respond to different 

environmental cues. This study is also the first to characterise the individual swimming 

behaviour of P. carotovorum, an economically important plant pathogen. 

 

Introduction 

Soils are occupied by up to 106 bacteria per gram and have high bacterial diversity that 

varies across different soil and ecosystem types (Fierer and Jackson, 2006; Fierer, Bradford 

and Jackson, 2007). Many soil bacteria are motile and swim using propulsion generated 

from flagellar rotation (Czaban, Gajda and Wróblewska, 2007; Theves et al., 2015). The use 

and production of flagella is energetically costly for the cell (Mitchell, 1991), thus the 

benefits they provide must outweigh this cost. The main benefit of possessing flagella is 

that flagellar mediated motility allows individuals to interact with and explore their 

surrounding environments more efficiently than non-motile bacteria (Qu et al., 2018). The 

ability to explore surroundings is essential for bacteria in heterogeneous environments 

with low average nutrient concentrations, such as soils (Mitchell, 1991, 2002; Fenchel, 

2002; Giehl and von Wirén, 2014). Soil nutrient heterogeneity is largely a result of root 

exudation into the immediate soil around plant roots (the rhizosphere), creating high 

density sources of nutrient patches in a highly variable nutrient landscape (Berendsen, 

Pieterse and Bakker, 2012; Giehl and von Wirén, 2014). 

Root exudates are influential in the rhizosphere and can shape plant-microbe interactions 

by stimulating or inhibiting microbial growth and attracting or repelling chemotactic 

bacteria (Balendres et al., 2016). These interactions can be mutualistic or pathogenic. Both 

pathogenic and non-pathogenic bacteria employ mechanisms to locate a suitable host or 
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nutrient patch (Soto, Sanjuán and Olivares, 2006). If bacteria can recognise and respond to 

the chemical gradients created by root exudates, they are chemotactic. Chemotaxis is 

therefore the directional movement in response to a chemical stimulus. This can be either 

positive (towards an attractant) or negative (away from a repellent; Wadhams and 

Armitage, 2004). Chemotaxis is an important step of invasion for plant pathogens and 

symbiotic bacteria as it allows them to purposefully select and locate adequate host plants 

and entry sites (Wadhams and Armitage, 2004; Soto, Sanjuán and Olivares, 2006). 

Motile bacteria have developed various swimming strategies to achieve chemotaxis and 

alleviate the effects of Brownian motion (Mitchell, 1991; Guadayol, Thornton and 

Humphries, 2017). Brownian motion is the random movement of a particle in a fluid 

resulting from collisions from molecules also in the fluid and actively disrupts bacterial 

swimming resulting in cells deviating from a straight course (Guadayol, Thornton and 

Humphries, 2017). The swimming strategies usually involve a fast run in a relative straight 

line followed by a reorientation event. The frequency and angle of reorientations depends 

on physical cell factors such as cell size, shape and flagella configuration (Guadayol, 

Thornton and Humphries, 2017), environmental factors such as temperature and viscosity 

of the medium, and the presence of attractants or repellents (Mitchell, 1991; Wadhams 

and Armitage, 2004). During a run, bacteria are constantly monitoring their surroundings to 

assess any changes in the chemical/nutrients gradients they are recognising. If an 

attractant increases in concentration in the direction they are swimming, they will elongate 

the length of their run. If the gradient has no change or is decreasing, they will reorientate 

and start a new run (Mitchell, 1991). This behaviour results in the cell exhibiting a biased 

random walk towards a more favourable area (Berg and Brown, 1972; Mitchell, 1991). 

The most extensively studied swimming strategy is the run-and-tumble, exhibited by 

Escherichia coli and other enteric bacteria, first described by Berg and Brown (1972). 
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However, there are other strategies, such as run-and-reverse, run-stop-reverse and run-

flick-reverse (Qian et al., 2013; Fig. 2.1). The swimming strategy employed by bacteria is 

dependent on the number and distribution of flagella (Mitchell and Kogure, 2006; Theves 

et al., 2015). There are several types of flagella arrangement, namely peritrichous (multiple 

flagella distributed around the body of the cell) monotrichous (a single polar flagellum), 

lophotrichous (a polar tuft of flagella), amphitrichous (a single flagellum at both poles of 

the cell) and amphilophotrichous (a tuft of flagella at both poles of the cell). Peritrichous 

bacteria tend to follow the run-and-tumble strategy (Berg and Brown, 1972), whereas cells 

with polar flagella, whether that be a single flagellum or a tuft of flagella, tend to display a 

higher frequency of reversals (Xie et al., 2011; Ping, Birkenbeil and Monajembashi, 2013; 

Ping, Wasnik and Emberly, 2015).  

 

Figure 2.1. Bacterial tracks with biases to the right where the background is darker. The 

darker background represents higher concentration of nutrients. (a) Run-and-tumble, (b) 

Run-and-stop, (c and d) Run-and-reverse for marine bacteria and (e) Run-and-reverse for 

freshwater bacteria. From Mitchell and Kogure (2006). 
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Flagellar mediated swimming requires bacterial cells to be completely immersed in a liquid, 

if not they are subject to interference from forces at the liquid air interface (Dechesne et 

al., 2010; Wang and Or, 2010). However, many soils are not water saturated, they are 

fraught with obstacles and barriers. Pathways are present in the soil in the form of liquid 

films that are often thin and patchy which can affect bacterial dispersal as dispersal is 

limited to the confines of the liquid (Or et al., 2007). The lack of free water in soils results in 

flagellated cells being restricted to swimming in these channels and films, or when the soil 

is saturated, which is unpredictable and short lived (Dechesne et al., 2010). However, it has 

been shown that even infrequent saturation events can be advantageous to fitness of 

flagellated bacteria by improving dispersal; increased dispersal results in increased 

exposure to resources (Dechesne et al., 2010).  

It is important to assess swimming behaviour of individual cells as their strategy may affect 

how they can disperse and locate hosts and nutrient sources.  Understanding specific 

swimming parameters such as the time and length of runs and tumbles allows one to 

calculate the ability of cells to explore their surrounding environment. There is a lack of 

literature making direct comparisons of swimming motility across species, particularly 

between pathogens and beneficial plant bacteria. Here, I assessed the individual swimming 

behaviour of five soil bacteria (Dickeya dadantii, Pectobacterium carotovorum, 

Pseudomonas aeruginosa, P. putida and P. fluorescens) using video microscopy and 

compared their swimming strategies. Furthermore, the individual swimming behaviour of 

P. carotovorum is yet to be characterised using video microscopy and tracking software. 
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Methods 

Study organisms  

A range of species of soil bacteria was selected, including pathogens, beneficial plant 

symbiotic bacteria and ubiquitous soil bacteria, with different ecological strategies, to 

construct a sample representative of the different types of bacteria in soils. The species 

used were as follows: 

Pectobacterium carotovorum subsp. carotovorum and Dickeya dadantii subsp. dadantii: 

Both species belong to the family Enterobacteriaceae and are former members of the 

Erwinia genus (Haque et al., 2017). They are the causal agents of black leg and soft rot 

affecting thousands of plant species with tubers and fruits, particularly potato. They are 

pectinolytic (produce characteristic cell wall degrading enzymes), necrotrophic, Gram 

negative, peritrichously flagellated motile rods (Charkowski, 2006; Czajkowski et al., 2011; 

Hadizadeh et al., 2019). They can exist in soil but need to be associated with a plant host or 

plant material to survive for long periods of time. Therefore, cells utilise soil water to travel 

from infected host to other susceptible plants (Czajkowski et al., 2011). 

Pseudomonas aeruginosa Pa01 (P. aeruginosa): are Gram negative rods that are 

ubiquitous in the environment and have been isolated from a range of soil and aquatic 

environments (Green et al., 1974; Marques, Congregado and Simon-Pujul, 1979; Selezska et 

al., 2012). They are capable of swimming swarming and twitching motility, achieving 

swimming motility in liquid media by the propulsion of a single polar flagellum (Toutain, 

Zegans and O’Toole, 2005).  

Pseudomonas putida kt2440 (P. putida): are rod shaped Gram-negative saprophytic, 

lophotrichous, ubiquitous soil bacteria propelled by a flagellar polar tuft comprised of three 

to seven flagella (Palleroni, 1981; Harwood, Fosnaugh and Dispensa, 1989; Davis et al., 
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2012; Shamim, Rehman and Qazi, 2014; Theves et al., 2015). The ability to degrade toxic 

compounds makes them useful for bioremediation efforts of environmental pollutants 

(Davis et al., 2012). 

Pseudomonas fluorescens (P. fluorescens): are plant growth promoting bacteria and are 

regularly used in research due to their agricultural potential (Silby et al., 2009; Ping, 

Birkenbeil and Monajembashi, 2013). They are common in the soil and are present in plant 

roots and leaf surfaces (Silby et al., 2009). They are motile and propelled by a single 

flagellum or multiple polar flagellar (West, Burdash and Freimuth, 1977; Ping, Birkenbeil 

and Monajembashi, 2013). 

 

Growth conditions 

All strains were grown overnight (~16h) from frozen stocks at 30 0C and 200 rpm in CASO 

broth (15.0 g/L peptone from casein; 15.0 g/L peptone from soymeal and 5.0 g/L NaCl, 5.0 

g). The saturated culture was diluted with fresh CASO broth to create a 1:100 dilution. The 

culture was then left to grow until early exponential growth had begun (OD600 ~0.20). 

Video microscopy 

Before visualising cells, the culture was diluted with fresh broth to ensure that the same 

cell density was used for all videos (OD600 ~0.10). Once diluted, 120 μL of culture was 

pipetted in a large cavity slide 15-18 mm in diameter, 0.6-0.8 mm in depth (Fisher 162 

Scientific UK Ltd, Loughborough, UK). Coverslips were sealed with silicone grease to 

prevent any drift of the sample. The slide was placed on a heat plate (PE100-ZAL System, 

Linkam Scientific Instruments Ltd., Tadworth, UK) set at 30 0C, the same temperature at 

which bacteria were cultured, throughout visualisation and recording. Cells were visualised 

using an inverted phase contrast microscope (Zeiss AxioVert A1, Carl Zeiss Microscopy 
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GmbH, Jena, Germany) at 100X magnification and in the centre of the cavity to minimise 

wall effects. Five 60 second videos were recorded at 30 fps using the image acquisition 

software HCImage Live. 

Particle detection and characterisation 

Video analysis was performed using MATLAB code written by and detailed in ((Guadayol, 

Thornton and Humphries, 2017) and available online (Guadayol, 2016). To remove noise 

from the sample a background image was generated as a median of all the frames and 

subtracted from each frame. Particles were detected as areas in each frame with pixel 

intensity above a predetermined particle and boundary threshold. To avert inconsistency in 

particle thresholding, light, frame rate and shutter speed remained the same throughout 

the entirety of the experiment.  

Cell tracking and movement discrimination 

Tracks were generated for individual cells by linking overlapping cells in consecutive 

frames. Cells smaller than 1 μm, non-moving cells and cells deemed to be moving due to 

Brownian motion were discarded. If a cell had a greater angular velocity than it would with 

Brownian motion alone it was assumed to be actively reorientating. If a cell was moving 

faster than it would under the influence of Brownian motion (in one direction/approximate 

straight line) it was assumed to be actively running. See Guadayol (2016) and Guadayol, 

Thornton and Humphries (2017) for more details on methodology and cell tracking 

software. 

The mean cosine of tumble angles for each species was calculated to assess whether 

species showed forward or backward biases as well as any deviation from continuing in a 

straight line. A positive value shows a front facing bias of tumble angles, a negative value 

shows a reverse bias of tumble angles. A value of 1 means no change in direction, a value of 

-1 is a complete reversal and a value of 0 is a 900 change in direction. 
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Bacterial Diffusivity 

Bacterial diffusivity is how far an actively swimming cell can travel from an inoculation 

point and how well a cell can explore their surrounding environment. The greater the 

diffusivity, the quicker the bacteria can disperse through their environment. Bacterial 

diffusivity depends on run speed, run time and tumble angle(s) of the cell.  

Bacterial diffusivity was calculated for each species using the following equation modified 

from Berg (1993): 

𝐷𝐷 =  𝑣𝑣2𝑟𝑟
𝑛𝑛(1−𝑎𝑎)

     

where 𝑣𝑣 is the mean run speed (µms-1), 𝑟𝑟 is the mean run time (s), n is the number of 

dimensions (either 2D or 3D, 2D in this case), and 𝑎𝑎 is the mean value of cosine of tumble 

angles between successive runs. 

Statistical analyses 

For all species the following parameters were measured: run time (the time elapsed 

between reorientations, in s), run speed (the average speed at which a cell swims between 

reorientations, in µm s-1), tumble time (the time elapsed between the end of one run and 

the start of another, in s) and tumble angle (the change in angle from the end of one run 

and the beginning of another, in degrees). All statistical analyses were conducted in R v. 

3.5.3 (R Core Team, 2019). Differences between the bacteria for run time, run speed and 

tumble time were assessed using ANOVA after fitting a general linear model with species as 

the fixed factor after log-transforming the data to fulfil model assumptions. For tumble 

angles, comparisons between species were assessed using Watson tests from the R 

‘circular' package. 
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Results 

Of the five bacteria species used in this study, all except D. dadantii displayed swimming 

motility. Unfortunately, even with manipulation of growth mediums and temperatures, 

there was no evidence of motility in D. dadantii and thus it was removed from further 

analyses. 

Run time and run speed 

Run time ranged from 0.44 s to 0.66 s with statistically significant differences between the 

four species (F3,13510 = 29.65, p < 0.001; Table 2.1, Fig. 2.2). P. putida had the longest run 

time, P. fluorescens had the shortest, whilst P. aeruginosa and P. carotovorum had 

intermediate values (Table 2.1).  

Run speed averages ranged from 13.46 µm s-1 to 24.96 µm s-1 (Table 2.1; Fig. 2.3). P. 

fluorescens and P. aeruginosa were considerably faster than P. putida and P. carotovorum 

with P. carotovorum being noticeably the slowest (F3,13437 = 1012.2; p < 0.001). P. 

fluorescens showed dual peaks for their run speed (Fig. 2.3).  

Tumble time and tumble angles 

Tumble times ranged from 0.34 s to 0.61 s (Table 2.1) and significant differences were 

detected between species (F3,8851 = 185.69; p < 0.001). P. fluorescens had the longest 

tumble time. P. aeruginosa and P. carotovorum had significantly shorter tumble times than 

P. fluorescens and P. putida (Fig. 2.4). 

Similarly, species also differed in their tumble angles (F3,8854 = 256.9, p<0.001; Table 2.1; Fig. 

2.5 and 2.6). The tumble angles for the three Pseudomonas species showed a front and/or 

rear facing bias, with very few lateral tumbles (Fig. 2.6B-D). P. aeruginosa had a clear bias 

towards reversals with a much higher peak towards 1800 compared to 00 (Fig. 2.6B). P. 
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carotovorum had a slight front facing bias, but also had a more even tumble distribution 

(Fig. 2.6A). P. putida and P. fluorescens had similar tumble angle distributions with peaks 

towards 0 and 1800 but predominantly towards 00 (Fig. 2.6C-D). 

The mean cosine of tumble angles for each species can be seen in Table 2.1. All species 

except P. aeruginosa had a positive mean cosine value, indicating there was a front facing 

bias in the motility pattern in all but P. aeruginosa with a negative value and thus a reversal 

bias (Fig. 2.5 and 2.6). 

Bacterial Diffusivities 

P. aeruginosa had a diffusivity considerably higher than the other species tested (Table 

2.1). P. putida and P. fluorescens had similar values whereas P. carotovorum had the 

lowest, with a value close to that of E. coli (Table 2.1). 
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Figure 2.2. Relative proportion of run times (in s) for P. aeruginosa (purple), P. carotovorum 

(blue), P. fluorescens (green) and P. putida (yellow). The inset graph shows the mean ± SE 

of the run speeds of the four species investigated. 
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Figure 2.3. Relative proportion of run speeds (in µm s-1) for P. aeruginosa (purple), P. 

carotovorum (blue), P. fluorescens (green) and P. putida (yellow). The inset graph shows 

the mean ± SE of the run speeds of the four species investigated. 
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Figure 2.4. Relative proportion of tumble times (in s) for P. aeruginosa (purple), P. 

carotovorum (blue), P. fluorescens (green) and P. putida (yellow). The inset graph shows 

the mean ± SE of the run speeds of the four species investigated. 
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Figure 2.5. Relative proportion of tumble angles (in degrees) for P. aeruginosa (purple), P. 

carotovorum (blue), P. fluorescens (green) and P. putida (yellow). The inset graph shows 

the mean ± SE of the run speeds of the four species investigated. The data set was folded 

as coterminal angles impact the distribution. For example, a 3000 tumble in one direction is 

equal to a 600 tumble in the opposite direction. Folding the data converts angles over 1800 

to the corresponding angles under 1800, a tumble angle of 00 degrees indicates no change 

in direction, and a tumble angle of 1800 is a complete reversal.  
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Figure 2.6. Frequency distributions of tumble angles (0) for P. carotovorum (A), P. 

aeruginosa (B), P. putida (C) and P. fluorescens (D). As Fig. 5, a tumble angle of 00 degrees 

indicates no change in direction, and a tumble angle of 1800 is a complete reversal. 

 

Table 2.1.  Motility parameters measured for each species. Means ± SD are indicated. 

Letters within columns indicate significant differences at p < 0.05. Values for tumble angles 

were generated from folded data to remove errors created by coterminal angles (a 600 

tumble in one direction is equal to a 3000 tumble in the other direction). Values for E. coli 

were obtained from Guadayol, Thornton and Humphries (2017) and are added for 

comparison only. 
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Discussion 

Analysis of bacterial motility can provide important information on bacterial ecology (Ping, 

Birkenbeil and Monajembashi, 2013). Examination of specific swimming parameters allows 

for an accurate assessment of cells’ swimming behaviour and how bacteria may explore 

their surrounding environments. In addition, understanding how bacteria move through 

soil environments is important for bioremediation, biocontrol, groundwater contamination 

control and determining suitable planting distances between crops (Turnbull et al., 2001; 

Ping, Wasnik and Emberly, 2015). In this study the swimming behaviour of five soil bacteria 

was characterised by measuring run time, run speed, tumble time and tumble angle. As far 

as I am aware of, this is the first study to characterise the individual swimming motility of P. 

carotovorum, an economically important plant pathogen (Czajkowski et al., 2011). It was 

found that the soil bacteria isolates investigated displayed different swimming strategies. 

Moreover, the four out of five isolates that exhibited swimming motility varied in their 

swimming strategies. My results suggest that my isolates of P. carotovorum employ a run-

and-tumble strategy, whilst P. aeruginosa, P. putida and P. fluorescens all use a variation of 

a run-and-reverse strategy. It has been shown that bacteria that employ the run-and-

reverse strategy have greater success with nutrient acquisition than bacteria following the 

run-and-tumble strategy, and that run-and-reverse cells are better suited for navigating 

long shallow gradients (Luchsinger, Bergersen and Mitchell, 1999; Mitchell, 2002). My 

results thus suggest that P. carotovorum may have a disadvantage compared to the other 

species used in this study for nutrient acquisition. Nevertheless, more isolates within each 

species should be tested to allow generalisations on whether these responses are true 

across the range of variation among isolates within bacterial species.  

Flagellar arrangement is a key determinant of swimming motility and could allude to the 

differences in swimming behaviour, particularly tumble angles, between species in our 
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study (Ping, Birkenbeil and Monajembashi, 2013; Table 2.2). P. carotovorum follows a run-

and-tumble strategy similar to E. coli, likely due to the peritrichous flagellar arrangement 

(Berg and Brown, 1972; Czajkowski et al., 2011; Table 2.2). Whereas the monotrichously 

and polar flagellated Pseudomonas species displayed more frequent and steeper reversals 

when swimming, as previously shown by Theves et al. (2015).  

Table 2.2. Characteristics comparison between the species used in this study. 

 Motility pattern Flagellar arrangement Life strategy 

D. dadantii Non-displayed Peritrichous Phytopathogen 

P. carotovorum Run-and-tumble Peritrichous Phytopathogen 

P. aeruginosa Run-and-reverse Monotrichous (Polar) Ubiquitous soil and 
water bacteria 

P. putida Run-and-reverse Lophotrichous (Polar) Ubiquitous soil 
bacteria 

P. fluorescens Run-and-reverse Monotrichous (Polar) Ubiquitous soil 
bacteria and plant 
growth promoter. 

 

Lower average swimming speeds than previously reported were observed for P. putida 

(Harwood, Fosnaugh and Dispensa, 1989; Duffy and Ford, 1997; Davis et al., 2012; Theves 

et al., 2015), P. fluorescens (Ping, Birkenbeil and Monajembashi, 2013), and P. aeruginosa 

(Cai et al., 2016). This may be related to the fact that some of these studies discarded cells 

from analysis if they had an average swimming speed less than 17 µms-1 (Harwood, 

Fosnaugh and Dispensa, 1989; Duffy and Ford, 1997), or had a run length less than 50 µm 

(Ping, Birkenbeil and Monajembashi, 2013) which will have significantly 

increased/impacted the average swimming speed. This was done to remove any cells that 

were deemed to be undergoing Brownian movement rather than active swimming. 

Whereas, the code used in this study was able to differentiate between actively swimming 
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cells and cells moving by Brownian motion without the need to remove tracks below a 

certain speed or length (Guadayol, 2016; Guadayol, Thornton and Humphries, 2017). 

Moreover, discrepancies could be also due to different swimming and growth mediums 

being used. In our study, cells were observed swimming in a nutrient broth, thus, were 

constantly surrounded by nutrients, and consequently they did not need to actively search 

for them (i.e. they did not need to run as far or as fast). Other studies use motility buffers 

devoid of nutrients for growth but provide salts and other chemicals to promote survival 

and motility (Duffy and Ford, 1997; Ping, Birkenbeil and Monajembashi, 2013; Cai et al., 

2016), or used nutrient broths with fewer nutrients (Theves et al., 2015). Furthermore, the 

cells used were cultured in a rich nutrient broth before sampling. Thus, they may already 

be saturated with nutrients before assessing motility, so they do not need to acquire more 

nutrients. Whether swimming behaviour is determined by different nutrient contents in 

the species presented in this study species remains to be elucidated. 

It was found that P. carotovorum has a similar diffusivity to that of E. coli (Guadayol, 

Thornton and Humphries, 2017), which were considerably lower than the Pseudomonas 

species. The Pseudomonas used in this study had a higher directional persistence due to 

tumble angles biased to 00 and 1800, resulting in them to travel in an approximate straight 

line for longer. An interesting finding was the two clearly differentiated peaks observed in 

the run speed for P. fluorescens. One possible explanation is that these peaks are the result 

of the push pull nature of their movement. Rather than reorientating their body in a 

tumble to change direction like E. coli, they change the rotation direction of their flagella 

allowing the flagella to either push or pull the cell through a liquid (Ping, Birkenbeil and 

Monajembashi, 2013; Cai et al., 2016). Therefore, the cell body position remains relatively 

the same whilst allowing for a change in direction, but it will be recorded as a reversal as 
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the cell will be actively swimming in the opposite direction. This is in line with the tumble 

angles for P. fluorescens which were biased around 0 and 1800. 

All species used in this study inhabit similar soil environments (Green et al., 1974; Marques, 

Congregado and Simon-Pujul, 1979; Silby et al., 2009; Czajkowski et al., 2011; Ping, 

Birkenbeil and Monajembashi, 2013; Theves et al., 2015), but employ different swimming 

strategies. This implies that there are multiple successful strategies to locate hosts and 

nutrients, as P. carotovorum had the lowest diffusivity yet is a pathogen, thus it must be 

able to successfully find a desirable host in order to infect and survive. A higher diffusivity is 

advantageous for motile bacteria as it allows them to explore their environment more 

quickly and therefore increase exposure to nutrients and favourable conditions (Stocker 

and Seymour, 2012). Therefore higher diffusivities are important in a heterogeneous 

chemical landscape in order to effectively and efficiently explore an environment where 

nutrients are not always readily available, such as in soils (Mitchell, 2002). This further 

suggests that P. carotovorum responds to different environmental cues than the 

Pseudomonas tested in this study as all bacteria respond to very specific and relevant 

chemicals (Wadhams and Armitage, 2004), or that their motility strategy is optimal for 

living inside the host rather than for locating one. 

The Pseudomonas species used in this study have all previously had their swimming 

behaviour characterised with some form of video microscopy or tracking software (Ping, 

Birkenbeil and Monajembashi, 2013; Theves et al., 2015; Cai et al., 2016). However, in the 

literature, P. carotovorum has only been studied using population level assays involving 

semi solid agars (Shih et al., 1999; Matsumoto et al., 2003; Hossain et al., 2005; Chatterjee, 

Cui and Chatterjee, 2009). These methods provide little detail on individual swimming 

behaviour, rather just state whether they are motile or not. Thus, I believe this is the first 

study to characterise P. carotovorum swimming behaviour and motility strategy. In 
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addition, the lack of motility in D. dadantii was unexpected, as reports in the literature 

described the species as motile (Antunez-lamas et al., 2009; Antunez-Lamas et al., 2009; 

Río-álvarez et al., 2015) and thus requires further testing to understand the lack of motility. 

However, D. dadantii has not had its individual swimming behaviour characterised before, 

only population level responses have been assessed using soft agar swim plates or basic 

capillary assays (Antunez-lamas et al., 2009; Antunez-Lamas et al., 2009; Río-álvarez et al., 

2015). Thus, D. dadantii may display a net movement when analysed as a population and 

over a longer time frame than in this study. 

To summarise, the results presented in this study show that pathogenic and non-

pathogenic soil bacteria, even when growing in the same environment with similar 

ecological conditions display differing swimming behaviours and motility strategies. This 

suggests that multiple swimming strategies are effective in allowing bacteria to locate a 

host and favourable environmental conditions, and that different species may respond to 

different environmental cues. The system used in this study characterised swimming 

motility of the species used in a 2D viewing plane, in a homogenous bulk fluid with no 

influence from surface or border effects. However, soils are complex, porous, 3D, 

heterogeneous environments with convoluted ephemeral liquid paths in which bacteria 

navigate to find nutrients and explore their surroundings. Thus, they may display different 

swimming patterns when in porous environments, avoiding obstacles and responding to 

attractants or repellents.  
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Chapter 3. Chemotaxis of the soft rot phytopathogen 

Pectobacterium carotovorum 

 

Abstract 

In a heterogeneous nutrient landscape, such as that presented by soils, the ability to 

explore the environment is a vital trait for bacteria. Thus, some motile bacteria have 

evolved the ability to perform chemotaxis, which allows them to recognise and respond to 

environmental chemical cues and bias their movement towards beneficial areas. Due to the 

high nutrient complexity present in soils, chemotaxis is a multifactorial activity and bacteria 

can be attracted or repelled depending on the substances. In this study I assess the 

chemotaxis of Pectobacterium carotovorum in response to 10 substances (including a range 

of amino acids, sugars and vitamins) using a modified capillary assay that allows cells to be 

recorded and the videos analysed with tracking code to provide data on run times, run 

speeds, tumble times and tumble angles, allowing a comprehensive characterisation of 

their individual chemotactic swimming behaviour. The code also allowed for comparisons 

of cells based on the direction they were swimming. This was to assess the chemotaxis of P. 

carotovorum, what substances they respond to and how their response differs across 

substances and the direction they were swimming. I found that P. carotovrum showed 

varied responses in response to different substances used and variation in all parameters 

measured, that there were differences between up and downgradient swimmers when the 

same substance was used. This study shows that P. carotovorum elicits a range of 

responses that can be triggered by various substances. This is the first report of chemotaxis 

of P. carotovorum using tracking software and variation in tumble times. 
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Introduction 

In a highly heterogeneous chemical landscape, such as soil, it is important for bacteria to be 

able to quickly explore and exploit their environment (Mitchell, 2002; Mitchell and Kogure, 

2006; Stocker and Seymour, 2012). The heterogeneity of chemicals and nutrients in soils 

may exert a selection pressure that favours or selects for bacteria actively searching for 

them before these resources become depleted, or gaining information about their 

surroundings (Stocker and Seymour, 2012). Thus, bacteria have evolved the ability to 

perform chemotaxis. Bacterial chemotaxis is the directional bias of movement in response 

to chemical stimuli to a more favourable environment (Wadhams and Armitage, 2004). A 

chemotactic response can be positive (towards a substance) triggered by an attractant or 

negative (away from a substance) triggered by a repellent (Wadhams and Armitage, 2004).  

There are several chemotactic swimming strategies, all of which include a run in an 

approximately straight line, interrupted by a reorientation event (Berg and Brown, 1972; 

Guadayol, Thornton and Humphries, 2017). Reorientations can manifest as tumbles, 

reverses, stops, arcs and flicks (Berg and Brown, 1972; Mitchell, 2002; Ping, Birkenbeil and 

Monajembashi, 2013; Ping, Wasnik and Emberly, 2015; Taute et al., 2015). By altering the 

average length and frequency of runs and reorientations, bacterial cells can successfully 

track chemical and nutrient gradients (Mitchell, 1991; Guadayol, Thornton and Humphries, 

2017). These swimming strategies are made possible by the presence of flagella and a cell’s 

flagellar arrangement can influence the resulting chemotactic swimming strategy (Mitchell 

and Kogure, 2006; Theves et al., 2015). Peritrichously flagellated cells (cells with flagella 

protruding from all over the cell body) tend to display a classic run-and-tumble strategy 

(Berg and Brown, 1972), whereas monotrichous (single polar flagella) and lophotrichous 

(polar tuft of flagella) tend to display a run-and-reverse strategy and have a higher affinity 

for reversals (Ping, Birkenbeil and Monajembashi, 2013; Ping, Wasnik and Emberly, 2015). 
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The best understood chemotactic strategy is that shown by the model organism Escherichia 

coli, first characterised by Berg and Brown, 1972. E. coli are peritrichously flagellated and 

follow a run-and-tumble strategy resulting in a path that is a random walk with directional 

bias towards a nutrient source. When all flagella rotate counterclockwise, they form a 

bundle and propel the cell forward, but when at least one of them starts rotating clockwise, 

the flagella bundle is disrupted, causing the cell to tumble (Vladimirov, Lebiedz and Sourjik, 

2010; Deepika et al., 2014; Morimoto and Minamino, 2014).  

A chemotactic response is triggered when a signalling molecule binds to its corresponding 

chemoreceptor/ligand binding domain on the bacterial cell wall. This causes a molecular 

signal to be transmitted through the cell by cellular ‘chemotaxis’ proteins (CheA, 

CheB,CheR, CheW, CheY and CheZ) which in turn interact with the flagella basal body 

motor, dictating the speed and rotation of flagella, and therefore the projection of run time 

and speeds, and tumble times and angles, mediating chemotaxis (Wadhams and Armitage, 

2004; Lacal et al., 2010; Morimoto and Minamino, 2014; Feng et al., 2018, 2019).  

The signalling molecule the chemoreceptor can accept depends on the receptor and the 

bacterial species (Wadhams and Armitage, 2004). Thus, bacteria can respond to a range of 

different substances, such as those exuded via plant roots into the rhizosphere (Odunfa, 

1979; Liu et al., 2019). The rhizosphere is the immediate soil surrounding plant roots 

influenced by root exudates and represents an extremely variable and dynamic 

microenvironment which governs the interactions between both symbiotic and pathogenic 

bacteria and plants (Bais et al., 2006; Liu et al., 2019). Root exudates are comprised of a 

wide range of substances including amino acids, organic acids, carbohydrates and sugars, 

vitamins, enzymes and more (Sulochana, 1962; Phillips et al., 2004; Bais et al., 2006; 

Carvalhais et al., 2011; Vranova, Rejsek and Formanek, 2013; Liu et al., 2019), of which 

amino acids sugars and organic acids are exuded in the greatest concentrations (Farrar et 
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al., 2003; Carvalhais et al., 2011). Due to the complex chemical composition of root 

exudates, chemotaxis in response to them is a multifactorial activity as each substance will 

be recognised and responded to differently by different bacteria (Feng et al., 2018, 2019). It 

is important to understand how bacteria respond to root exudates as it provides 

information on how they interact with their environment. This is particularly true for 

pathogens; knowing which substances they respond to gives us an insight into their 

infection strategy and their potential host plants.  

Chemotaxis is a key trait for most soil-borne plant-associated bacteria, and it provides a 

competitive fitness advantage in locating and colonising plants (Wadhams and Armitage, 

2004). Among soil-borne bacteria, plant pathogens are of special importance due to their 

negative effects on plant health and crop yields (Rahman et al., 2018). For example, the 

economically important plant diseases soft rot and black leg are caused by bacteria 

belonging to the genera Dickeya and Pectobacterium in the family Enterobacteriaceae 

(Czajkowski et al., 2011). Of particular interest is P. carotovorum because this pathogen has 

a wide host range and is problematic for a number of important food crops, including 

Brussels, carrots, celery, cucumber and potatoes, both in the field and during post-harvest 

transportation and storage (Toth et al., 2003; Czajkowski et al., 2011). However, very little 

is known about P. carotovorum’s chemotaxis and swimming behaviour (but see Seymour 

and Doetsch, 1973; Chapter 2). 

Moreover, previous work on the chemotaxis of similar plant pathogens tended to use 

methods involving soft agar swim plates or basic capillary assays (Antunez-lamas et al., 

2009; Antunez-Lamas et al., 2009; Río-álvarez et al., 2015), which provide only information 

on whether there is a chemotactic response and its strength, but do not fully characterise 

chemotaxis, e.g. by taking into account swimming parameters (runs and tumbles). Here, I 

assess for the first time the chemotaxis response of P. carotovorum to a range of different 
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substances found in the rhizosphere to understand how this species interacts within its 

environment, by assessing individual swimming parameters.  

 

Methods 

Study organism 

Pectobacterium carotovorum subsp. carotovorum belongs to the family Enterobacteriaceae 

and was formerly a member of the Erwinia genus (Czajkowski et al., 2011). It is a causal 

agent of black leg and soft rot affecting a wide range of plant species with tubers and fruits 

(Toth et al., 2003; Czajkowski et al., 2011). P. carotovorum are pectinolytic, necrotrophic, 

Gram negative, peritrichously flagellated motile rods, and are capable of chemotaxis, 

possessing 35-37 chemoreceptor genes (Seymour and Doetsch, 1973; Charkowski, 2006; 

Czajkowski et al., 2011; Hadizadeh et al., 2019). 

Growth conditions 

P. carotovorum (DSM14777) was grown overnight (~16h) from frozen stocks at 30°C and 

200 rpm in CASO broth (15.0 g/L peptone from casein; 15.0 g/L peptone from soymeal and 

5.0 g/L NaCl). The saturated culture was diluted with fresh CASO broth to create a 1:100 

dilution. The culture was then left to grow at 30°C and 200 rpm until early exponential 

growth had begun (OD600 ~0.20). 

Nutrient rinse 

When the culture had reached the desired growth phase it was rinsed to remove nutrients 

present in the broth. The culture was rinsed using a 0.2 μm syringe filter by passing 5ml of 

the culture through the filter and drawing 5ml of Turner motility buffer (TMB) (0.55 g/L 

H2KPO4; 1.01 g/L HK2PO4; 0.03 g/L EDTA; 3.91 g/L NaCl) back up through the filter, 

dislodging the previously trapped cells and bringing them into the buffer (Bell, Arora and 
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Camesano, 2005). The cleaned culture was adjusted with TMB to ~ 0.15 OD600 cell density 

for all experiments. 

Substances 

Ten substances were used to assess the chemotactic response of P. carotovorum. These 

included six amino acids (L-Histidine, L-Leucine, L-Proline, L-Serine, L-Threonine and L-

Valine), two vitamins (L-Ascorbic acid [vitamin C] and thiamine hydrochloride [a 

hydrochloride salt of Vitamin B1]), a sugar (glucose) and a buffer (TMB) as a control. These 

substances were used as they have all been shown to be released by plants in various 

concentrations and are thus a representation of root exudates in the soil (Sulochana, 1962; 

Phillips et al., 2004; Vranova, Rejsek and Formanek, 2013). L-Histidine, L-Leucine, L-Serine, 

L-Threonine were supplied by Duchefa Biochemie and L-Proline, L-Valine, L-Ascorbic acid, 

Thiamine hydrochloride and glucose were acquired from Sigma Aldrich. All substances were 

used at a 100 μM concentration created by diluting the substances into TMB. This 

concentration was used as it maintains motility of cells without adverse effects presented 

by higher concentrations (Karmakar et al., 2016). Furthermore, during a trial using 1 μM, 

fewer cells showed a response, whereas when 100 μM was used many more cells 

responded. Therefore, 100 μM was used throughout the experiments (see supplementary 

information). 

Capillary assay system  

Rubber bands (inner diameter = ~1.3 mm, thickness = ~1 mm) were cut using a single cut 

and placed edge-down on a microscope slide, then arranged into a c-shape with an opening 

to allow a capillary tube to be added and glued into place (Fig. 3.1A). Silicone grease 

(Vaseline) was applied around the outer edge of the band to prevent any potential leakage 

and suppress drift. A capillary tube was then filled with a desired substance and sealed at 

the opposite end to which it was filled using silicone grease. The open end of the capillary 
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was placed into the cavity created by the band, the space around the capillary and the 

opening of the band was also sealed with silicone grease to prevent any of the liquid 

culture leaking out. Once sealed, 200-250 μL of bacterial culture at 0.2 OD600 was 

introduced into the cavity and a cover slip placed on top. Sealing between the band and 

capillary and placing a coverslip on top created a closed system, preventing drift of the 

sample (Fig. 3.1).  
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A 

 

B 

 

Figure 3.1. A) Schematic diagram of the capillary assay system (not drawn to scale). The 

capillary tube is filled with the desired substance. The band is glued in place and any 
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opening between the band and the capillary is sealed with Vaseline. Creating a sealed 

system prevents drift of the sample allowing cells behaviour to be recorded, something not 

possible with traditional plating methods. B) Schematic representation of the differences in 

viewing field for the visual chemotactic density (blue box), and characterisation of 

individual swimming behaviour experiments (red box). 

 

Recording 

The setup was placed on a heat plate (PE100-ZAL System, Linkam Scientific Instruments 

Ltd., Tadworth, UK) set at 30 0C, the same temperature at which bacteria were cultured, 

throughout visualisation and recording. Cells were visualised using an inverted phase 

contrast microscope (Zeiss AxioVert A1, Carl Zeiss Microscopy GmbH, Jena, Germany) at 

100X magnification and in the centre of the cavity to minimise wall effects. Five 60 second 

videos were recorded with an sCMOS camera (Hamamatsu Orca FLASH2.8) at 30 fps using 

the image acquisition software HCImage Live. 

Gradient strength 

To assess the strength of the gradient and whether it remained stable throughout the 

experiments the capillary system was set up as described, using water instead of a bacterial 

culture, and having fluorescein present in the capillary (100 μM). This was then placed 

under the microscope at 100X zoom and a 60 second time lapse of 1 fps was recorded. The 

resulting video was analysed in Image J Fiji (Schindelin et al., 2012). Knowing that for the 

10X objective the scaling is 2.75pixels/μm allowed the scale of the video to be calculated. A 

transect running away from the mouth of the capillary and a transect running across the 

mouth of the capillary were used to assess the vertical and horizontal gradients (Fig. 3.2) 

Pixel intensity was recorded every 10 μm up to 250 μm, which showed the intensity of 
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fluorescein. This was done for multiple time intervals in the video (0, 15, 30, 45 and 60 s) to 

assess the gradient over time. 

 

Figure 3.2. An example frame of the capillary set up when testing the gradient strength 

using fluorescein. Red lines represent transects used to generate the horizontal and vertical 

gradient profiles, each 250 μm in length. Fluorescence intensity was measured every 10 μm 

starting at the end of the lines marked 0 μm and ending at 250 μm. Image taken from a still 

frame of a 1 fps time lapse video by Liam Suttey.  
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Chemotactic density  

To visually assess whether the cells were attracted or repelled by each substance, 10-

minute time lapse videos were recorded at 1 fps with a viewing field of 1040 x 820 pixels 

(Fig. 3.1B) for each substance. From these videos, the chemotactic response of P. 

carotovorum was visually confirmed for each substance using density plots. Higher cell 

density is represented by yellow coloured (warmer) areas and lower cell density is 

represented by blue colour (cooler) areas. Thus, I considered the chemotactic response to 

be positive when cell density around the mouth of the capillary was high (yellow), and 

negative cell density around the mouth of the capillary was low. I deemed no chemotactic 

response of cells when there was no clear aggregation of cells at specific points on the plot. 

This was replicated 3 times for each substance tested. 

Characterisation of chemotactic swimming behaviour  

To characterise the chemotactic swimming behaviour of cells, 60 second videos were 

recorded at 30 fps with a viewing field of 696 x 696 pixels (Fig. 3.1B) for each substance. 

This was repeated three times. Video analysis was performed using MATLAB code written 

by and detailed in Guadayol et al. (2017) and available online (Guadayol, 2016) to produce 

data on run times, run speeds, tumble angles and tumble times. First particles needed to 

be detected and characterised. To remove noise from the sample a background image was 

generated as a median of all the frames and subtracted from each frame. Particles were 

detected as areas in each frame with pixel intensity above a predetermined particle and 

boundary threshold. To avert inconsistency in particle thresholding, light, frame rate and 

shutter speed remained the same throughout the entirety of the experiment. 

Consequently, tracks were generated for individual cells by analysing overlapping cells in 

consecutive frames. Cells smaller than 1 μm, non-moving cells and cells moving due to 

Brownian motion were discarded. If a cell had a greater angular velocity than it would with 
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Brownian motion it was assumed to be actively reorientating. If a cell was moving faster 

than it would under the influence of Brownian motion (in one direction/approximate 

straight line) it was assumed to be actively running (see Guadayol, 2016 and Guadayol, 

Thornton and Humphries, 2017 for more details on methodology and cell tracking 

software). 

Determination of directional swimming  

From these measurements, I calculated the mean angle of run direction to determine 

which cells were swimming up the gradient (towards the capillary) or swimming down the 

gradient (away from the capillary). If the mean cosine angle of run direction was positive 

(>0) cells were deemed to be swimming towards the gradient, if it was negative (<0) they 

were deemed to be swimming away from the gradient. Angles of exactly 900 and 2700 

would be neither swimming towards or away from a substance. Separating cells based on 

directional swimming allows for a direct comparison between up and downgradient cells 

when in response to the same substance, as well as the whole population response.  

The data generated from separating cell data into up and downgradient swimmers allowed 

for the calculation of the chemotactic velocity/drift using: 

𝑉𝑉𝐶𝐶 =
8𝑉𝑉2𝐷𝐷
3𝜋𝜋

(𝑇𝑇′+′ − 𝑇𝑇′−′)
(𝑇𝑇′+′ + 𝑇𝑇′−′)

=
8𝑉𝑉2𝐷𝐷
3𝜋𝜋

1 − 𝛽𝛽
1 + 𝛽𝛽

 

where 𝑉𝑉2𝐷𝐷 is the mean 2D swimming speed, 𝑇𝑇′+′ is the mean run time when 

swimming upgradient, 𝑇𝑇′−′is the mean run time when swimming downgradient and 

𝛽𝛽 is the swimming direction asymmetry created by  𝑇𝑇′−′ 𝑇𝑇′+′⁄  (Ahmed and Stocker, 

2008). 
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Statistical analyses  

All statistical analyses were conducted in R v.3.5.3 (R Core Team, 2019). Differences 

between substances for run time, run speed and tumble times were assessed using ANOVA 

after fitting a general linear model with substance as the fixed factor after log-transforming 

data to fulfil model assumptions. These analyses were conducted for cells before and after 

being separated depending on swimming direction. Differences between substances for 

tumble angles were assessed using an ANOVA specific for circular data from the R package 

‘circular’. Differences between upgradient and downgradient swimmers for the same 

substance were assessed using T-tests for run time, run speed and tumble times, and 

Watson tests from R package ‘circular’ from tumble angles. 

 

Results 

Gradient strength 

Although there were slight differences over time, the gradient remained steady and all 

times followed a similar pattern for both the vertical and horizontal gradients (Fig. 3.3 and 

3.4). The horizontal gradient (going directly away from the mouth of the capillary) shows a 

steady decline over distance. The vertical gradient (going directly across the mouth of the 

capillary) shows a clear peak in the centre, where one would expect the concentration to 

be highest as this was where the opening of the capillary was located (Fig. 3.2 and 3.3). 

Both gradients established quickly after the intial increase from 0 seconds to 15 seconds 

(Fig. 3.3 and 3.4). These results indicate that the system used was able to maintain a steady 

gradient. 
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Figure 3.3. The horizontal gradient profile running away from the mouth of the capillary as 

shown in Fig. 3.2. 
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Figure 3.4. The vertical gradient profile running across the mouth of the capillary as shown 

in Fig. 2. 

 

Population responses 

P. carotovorum showed a range of chemotactic responses to the different substances used 

(Fig. 3.5). Consistent responses within replicates were observed for most substances. 

Strong positive responses were seen for serine and histidine. For serine, cells were 

immediately congregating around the mouth of the capillary, whereas with other 

substances it tended to be a gradual accumulation of cells (personal observation). 

Inconsistent responses were observed for thiamine, hydrochloride, leucine and valine, as a 

negative response was seen in one of the replicates for each (Fig. 3.5). Ascorbic acid 

displayed a strange pattern, with a curved band of high density not quite at the opening off 

the capillary (Fig. 3.5). This was not seen with any other substances.  
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Figure 3.5. Chemotactic density plots of P. carotovorum in response to the different 

substances tested. Higher cell density is represented by ‘yellow’ (warmer) areas and lower 
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cell density is represented by ‘blue’ (cooler) areas. The third replicate for valine is missing 

as the video file was not of high enough quality for analysis. The capillary opening is on the 

right hand side of the plots. 

 

Individual responses  

All cells 

Because visual observations of chemotaxis alone are not a comprehensive description of 

chemotactic ability, analyses of individual swimming behaviour were conducted. Responses 

for all swimming parameters measured in P. carotovorum differed depending on the 

substance used (run times: F9,182553 = 443.14, p < 0.001; run speeds: F9,181867 = 1396.4, p < 

0.001; tumble times: F9,110748 = 298.68, p<0.001; and tumble angles: F9,115805 = 532.2, p < 

0.001; Figs. 3.6-3.10). 

Compared to the control, run times differed among the substances tested except for 

proline. The longest run times were observed in response to threonine (0.99 ± 0.94 s) and 

the shortest in response to glucose (0.63 ± 0.58 s; Fig. 3.6). Run speeds for each substance 

were significantly different from the control except for histidine (Fig. 3.8). Serine triggered 

the fastest run speeds (16.61 ± 6.48 µm s-1) closely followed by ascorbic acid (16.40 ± 6.96 

µm s-1; Fig. 3.8). Thiamine hydrochloride elicited the lowest run speeds (12.21 ± 3.16 µm s-

1).  

For tumble times, all substances tested were significantly different from the control except 

for leucine and proline (Fig. 3.9). Thiamine hydrochloride treatment triggered the longest 

tumble time (0.621 ± 0.962 s) and serine the shortest (0.309 ± 0.627 s). Significant variation 

was also observed in tumble angles, and all substances differed from the control (Fig. 3.10). 
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Serine had the largest tumble angle (80.55 ± 50.760), again closely followed by ascorbic acid 

(80.25 ± 51.250) with thiamine hydrochloride having the smallest (63.19 ± 50.100).  

Directional swimming 

When discriminating upgradient and downgradient trajectories, run times differed 

between the substance used for cells swimming both up the gradient (F9,111581 = 331, p < 

0.001; Fig. 3.6 and 3.7) and down the gradient (F9,70963 = 148.54, p < 0.001; Fig.3. 6 and 3.7). 

There were also significant differences between up and downgradient swimmers when the 

same substance was used (all p < 0.05), except for the control, leucine and proline (Fig. 

3.6). Ascorbic acid triggered a positive visual chemotactic response of P. carotovorum (Fig. 

3.5), yet the cells had longer run lengths when swimming down the gradient away from the 

capillary.  

Cells swimming downgradient had longest run times when threonine was used (0.935 ± 

0.883 s; Fig. 3.6) and cells swimming upgradient had longest run times when serine was 

used (1.041 ± 0.973 s; Fig. 3.6). When responding to glucose cells had the shortest run 

times when swimming upgradient (0.645 ± 0.602 s) and downgradient (0.599 ± 0.550 s; Fig. 

3.6). 

Thiamine hydrochloride and ascorbic acid were the only substances for which cells had 

longer runs when swimming downgradient, with thiamine hydrochloride causing the 

biggest difference between downgradient and upgradient cells (Fig. 3.6 and 3.7). In 

contrast, histidine and serine had large differences between upgradient and downgradient 

swimmers with cell substantially elongating their runs when swimming upgradient with 

increases of 0.314 s and 0.221 s respectively. 

Even substances that did not seem to cause a visual chemotactic response still resulted in 

differences in run lengths. Threonine and glucose did not trigger a specific response from P. 
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carotovorum in terms of density (visual observation), yet cells lengthened their runs 

swimming upgradient when these substances were used (Fig. 3.5).  

 

 
Figure 3.6.  Run time responses of P. carotovorum to the different substances used. White 

bars represent cells swimming downgradient cells, grey bars represent cells swimming 

upgradient. Error bars represent the mean ± standard error. The red line represents the 

value for the upgradient control and the blue line the downgradient control. An ‘*’ above 

the groups represents significant differences (p < 0.05) between the upgradient and 

downgradient cells for that substance, ’ns’ represents no significant difference between the 

upgradient and downgradient cells for that substance. Labels - Buffer: TMB-Turner motility 

buffer/Control. Amino acids: His-Histidine, Leu-Leucine, Pro-Proline, Ser-Serine, Thr-

Threonine and Val-Valine. Sugars: G-Glucose. Vitamins: Aa-Ascorbic acid, TH-Thiamine 

hydrochloride. 
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Figure 3.7. Accumulated run time frequency of P. carotovorum in response to each 

substance tested for upgradient (purple line) and downgradient (green line) swimming 

cells. Cells with run lengths under 0.2 s were removed as this is the minimum required run 

lengths to be recognised by the code, therefore all recorded cells have run length of 0.2 s 

or longer.  

 

 

Runs speeds varied between substances for both upgradient (F9,111226 = 842.13, p < 0.001) 

and downgradient swimmers (F9,70632 = 582.17, p < 0.001; Fig. 3.8) but the differences 

between gradients of the same substance were not as drastic as those for run time (Fig. 3.6 

and 3.8). The fastest run speeds were triggered by serine and the slowest run speeds were 

triggered by thiamine hydrochloride for both upgradient and downgradient swimming cells 

(Fig. 3.8). Interestingly when cells were in the presence of proline, which caused cells to 
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increase run lengths (suggests attractant), they had slower run speeds when swimming up 

the gradient (Fig. 3.8). Run speeds for control cells were similar to that found in Chapter 2. 

 

  

Figure 3.8. Average run speed responses of P. carotovorum to the different substances 

used. White bars represent cells swimming downgradient cells, grey bars represent cells 

swimming upgradient. Error bars represent the mean ± standard error. The red line 

represents the value for the upgradient control and the blue line the downgradient control 

(both controls are the same value, thus only the blue line is visible). An ‘*’ above the groups 

represents significant differences (p < 0.05) between the upgradient and downgradient 

cells for that substance, ’ns’ represents no significant difference between the upgradient 

and downgradient cells for that substance. Labels - Buffer: TMB-Turner motility 

buffer/Control. Amino acids: His-Histidine, Leu-Leucine, Pro-Proline, Ser-Serine, Thr-

* 
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Threonine and Val-Valine. Sugars: G-Glucose. Vitamins: Aa-Ascorbic acid, TH-Thiamine 

hydrochloride. 

 

 

Figure 3.9. Tumble time responses of P.carotovorum to the different substances used. 

White bars represent cells swimming downgradient cells, grey bars represent cells 

swimming upgradient. Error bars represent the mean ± standard error. The red line 

represents the value for the upgradient control and the blue line the downgradient control. 

An ‘*’ above the groups represents significant differences (p < 0.05) between the 

upgradient and downgradient cells for that substance, ’ns’ represents no significant 

difference between the upgradient and downgradient cells for that substance. Labels - 

Buffer: TMB-Turner motility buffer/Control. Amino acids: His-Histidine, Leu-Leucine, Pro-

Proline, Ser-Serine, Thr-Threonine and Val-Valine. Sugars: G-Glucose. Vitamins: Aa-Ascorbic 

acid, TH-Thiamine hydrochloride. 
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Tumble times varied depending on the substance used for both upgradient (F9,66078 = 

179.56, p < 0.001) and downgradient swimmers (F9,70963 = 148.54, p < 0.001). However, 

tumble times were always greater when cells were swimming up the gradient, regardless of 

the substance used (Fig.3.9). Cells had the longest tumble times for both upgradient (0.67 ± 

1.00 s) and downgradient (0.5 ± 0.76 s) swimmers when thiamine hydrochloride was used 

(Fig. 3.9). 

The shortest tumble times were shown by cells when serine was used for both upgradient 

(0.35 ± 0.73 s) and downgradient (0.26 ± 0.51 s) swimmers (Fig. 3.9). All substances 

triggered significantly different tumble time responses between up and downgradient cells 

for each substance (all p < 0.05) except for leucine (Fig. 3.9).  
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Figure 3.10. Tumble angle of P. carotovorum to the different substances used. White bars 

represent cells swimming downgradient cells, grey bars represent cells swimming 

upgradient. Means were calculated from folded angular data in order to remove coterminal 

angles. Error bars represent the mean ± standard error. The red line represents the value 

for the upgradient control and the blue line the downgradient control. An ‘*’ above the 

groups represents significant differences (p < 0.05) between the upgradient and 

downgradient cells for that substance, ’ns’ represents no significant difference between the 

upgradient and downgradient cells for that substance. Labels - Buffer: TMB-Turner motility 

buffer/Control. Amino acids: His-Histidine, Leu-Leucine, Pro-Proline, Ser-Serine, Thr-

Threonine and Val-Valine. Sugars: G-Glucose. Vitamins: Aa-Ascorbic acid, TH-Thiamine 

hydrochloride. 

 

Tumble angles differed depending on the substance used for upgradient (F9,69426 = 532.2, p 

< 0.001) and downgradient swimming cells (F9,46378 = 338.4, p < 0.001). All substances 

triggered significantly different tumble angle responses between up and downgradient cells 

(all p<0.05; Fig. 3.10). The largest downgradient tumble angles were in response to glucose 

and the largest upgradient tumble angles were in response to ascorbic acid (Fig. 3.10). The 

smallest downgradient tumble angles were in response to threonine and the smallest 

upgradient tumble angles were in response to valine (Fig. 3.10). Generally, the differences 

between up and downgradient tumble angles were quite large in favour of downgradient 

swimmers as all substances except for ascorbic acid and threonine resulted in greater 

tumble angles from downgradient cells (Fig. 3.10). 
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Chemotactic velocity 

Table 3.1. Chemotactic velocities of P. carotovorum when responding to each substance. 

Chemotactic velocity represents directional persistence as well as distance/time, a positive 

value shows positive chemotaxis (i.e. the substance acted as an attractant) whereas a 

negative represent negative chemotaxis (i.e. the substance acted as a repellent). 

Substance Chemotactic velocity 

(µm s-1) 

Chemotactic response 

TMB (control) 0.053 None 

Ascorbic acid -0.383 Repellent 

Glucose  0.466 Attractant 

Histidine  1.555 Attractant 

Leucine  0.099 None 

Proline  -0.475 Repellent 

Serine 1.591 Attractant 

Thiamine hydrochloride -0.465 Repellent 

Threonine 0.616 Attractant 

Valine 0.240 Attractant 

 

 

Discussion 

In this study I characterised the chemotactic response of P. carotovorum to a range of 

substances exuded by roots, and found significant differences in run times, run speeds, 

tumble times and tumble angles depending on the substance used and the swimming 

direction. The combination of analysis of individual swimming parameters along with the 
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visual assessment of chemotaxis allows one to make confident assumptions on the 

response each substance triggered. My results show that serine, histidine, glucose, 

threonine and valine are attractants for P. carotovorum, whereas ascorbic acid, proline and 

thiamine hydrochloride are repellents, whilst leucine and TMB caused no significant 

response (Fig. 3.11). To my knowledge, this is the first report of P. carotovorum chemotaxis 

using individual swimming parameters and variation in tumble times depending on the 

substance and swimming direction, indicating that P. carotovorum responds differently to 

different substances and that tumble times as well as other swimming parameters are 

important for a chemotactic response. 

 

Figure 3.11. Schematic diagram of the influence of each of the substances tested on P. 

carotovorum cells. Substances in green represent attractants, in red repellents and in blue 

those that had a neutral affect. 

To the best of my knowledge, there is only one available study reporting chemotactic 

parameters of P. carotovorum (Seymour and Doetsch, 1973). Similar species also belonging 
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to Enterobacteriaceae and the soft rot Erwinia have previously had chemotactic responses 

to various substances analysed (Seymour and Doetsch, 1973; Antunez-lamas et al., 2009; 

Antunez-Lamas et al., 2009). Responses of P. carotovorum in this study were similar to 

those of Dickeya dadantii 3937 which has also been shown to have a particularly strong 

attraction to serine and a milder positive response to proline and glucose (Antunez-lamas 

et al., 2009). Seymour and Doetsch (1973) found that P. carotovorum was the most 

responsive organism among those that they tested, showing a chemotactic response to 26 

compounds out of 130 compounds analysed. However, the responses observed were 

predominantly towards carbohydrates and sugars, with only two amino acids generating a 

response, and no response shown to serine or histidine (Seymour and Doetsch, 1973). My 

findings contradict this, as P. carotovorum exhibited responses of varying strengths when in 

the presence of amino acids, namely strong positive responses to serine and histidine.  

The differences between these previous studies and mine may be a consequence of the 

different methodologies used. An agar plug containing the substances was used in the 

capillary in the study by Seymour and Doetshc (1973), which could have led to different 

gradients establishing compared to the liquid solutions used in the present study. These 

different media may have allowed for different strength/type/size of gradients to establish, 

causing differing results. Furthermore, Seymour and Doetsch (1973) used lower 

temperatures and slightly different growing medium as they had to be fit for the wide 

range of organisms they were growing/testing to make the results comparable between 

species.   

All these previous studies provide only basic information on the chemotactic response of 

cells, such as whether there was a response (Seymour and Doetsch, 1973) and/or the 

strength of the response represented by a chemotaxis index or coefficient (Antunez-lamas 
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et al., 2009), and use plating methods rather than assessing the individual swimming 

strategy as a whole using video microscopy as in the present study. 

It was previously believed that reorientations were random events and that increasing run 

times/lengths in a favourable direction in response to substances was the true measure of 

chemotaxis (Berg and Brown, 1972; Vladimirov, Lebiedz and Sourjik, 2010). Whereas, it is in 

fact modulation of the two swimming modes that mediates the chemotactic response 

(Vladimirov, Lebiedz and Sourjik, 2010; Saragosti, Silberzan and Buguin, 2012), as 

demonstrated by my results showing that both runs and tumbles varied depending on the 

substance and swimming direction. Variation in run lengths/times depending on the 

substance and the swimming direction are large indicators of chemotaxis. Previous 

literature has shown, as I have, that cells elongate their runs towards attractants 

(upgradient) and away from repellents (downgradient) (Berg and Brown, 1972; Vladimirov, 

Lebiedz and Sourjik, 2010; Saragosti et al., 2011).  

Run speeds of cells in my study changed in response to stimuli, which, until recently, was a 

less well documented behaviour. Vuppula, Tirumkudulu and Venkatesh (2010) and Deepika 

et al. (2014) found that E. coli varies its swimming speed depending on attractant 

concentration. E. coli has also been shown to  display varied swimming speeds in line with 

concentration of a repellent (Karmakar et al., 2016). This is a beneficial asset for 

chemotactic bacteria as Son, Menolascina and Stocker,( 2016) found that cells with higher 

swimming speeds had higher chemotactic precision and that variations in swimming speeds 

are an important feature of chemotaxis. Additionally, the run speeds for control cells in this 

study were almost identical to those shown in Chapter 1, which suggests that the run speed 

variation is in fact a true response of cells and not an experimental artefact. 

There is limited literature documenting variations in tumble times and angles. However, 

differences in tumble times and angle have been previously shown. A study by Saragosti 
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Silberzan and Buguin (2012) showed that cells tended to have quicker tumble times after a 

run in a beneficial direction, which is supported by my data to some extent as the strongest 

attractant (serine) had the shortest tumble times overall. However, my findings also 

contradict this when looking at directional swimming as all substances used in this study. 

Even strong attractants resulted in cells swimming upgradient having longer tumble times. 

This is something that should be investigated further to determine the cause of this 

outcome and if it applies to other species. Furthermore, I found variations in tumble angles. 

It has previously been suggested that the size of the tumble angle is dependent on the 

direction the cell is swimming along a gradient, and that cells swimming upgradient 

towards an attractant make smaller directional adjustments during tumbles/reorientations 

(Vladimirov, Lebiedz and Sourjik, 2010; Sourjik and Wingreen, 2012). 

The results in this study show that P. carotovorum varies both runs and tumbles in 

response to different substances and the direction cells are swimming, and that it is the 

modulation of these swimming modes that governs a chemotactic response. The system I 

used assessed chemotaxis of P. carotovorum in response to a single substance at a time, in 

a 2D viewing plane, in a homogenous bulk fluid with no influence from surface or border 

effects. However, soils are complex, porous, 3D, chemically complicated, heterogeneous 

environments with convoluted ephemeral liquid paths in which bacteria navigate to find 

nutrients and explore their surroundings. Thus, they may display different swimming 

patterns when in porous environments and avoiding obstacles. Furthermore, in soil 

environments, bacteria are not just exposed to a single chemical or compound, they 

encounter complex combinations of different substances depending on the surrounding 

environment and biotic community. Thus, when exposed to combinations of chemicals, the 

way they interact and respond to them may be different to what I had observed. 

Nevertheless, my results demonstrate that modulation of both runs and tumbles results in 
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varying responses to different substances for the soft rot pathogen P. carotovorum, which 

may be useful to understand its swimming behaviour within the rhizosphere. 

To conclude, P. carotovorum displayed varying responses when subjected to different 

substances with alterations in their swimming behaviour, from being heavily attracted to 

serine to being repelled by thiamine hydrochloride. Future research should focus on multi-

substance assessment and how combinations of substances impact chemotaxis. This 

coupled with a 3d viewing/recording plane, and a heterogeneous microfluidic/capillary set 

up would create a comprehensive system to give detailed insights of chemotaxis towards 

exuded substances in the soil environment. 
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Conclusions 
 

To conclude, the studies detailed in this work analysed the motility and chemotaxis of soil 

bacteria. The use of video microscopy and cell tracking code allowed individual swimming 

parameters (run time, run speed, tumble time and tumble angle) to be measured, giving a 

comprehensive insight into the motility patterns and chemotactic strategies of the species 

used. 

In Chapter 2 I collected data from five different bacterial species and found variation in the 

motility patterns displayed by soil bacteria. I also carried out a chemotaxis study in Chapter 

3 using a modified capillary assay system and a range of substances including amino acids, 

sugars and vitamins and found that P. carotovorum exhibited varied chemotactic responses 

to different substances. Furthermore, this is the first report of the motility and chemotaxis 

of P. carotovorum. 

By characterising the swimming behaviour of five naturally occurring soil bacteria species I 

demonstrated that they possess variation in their motility patterns, and I identified 

differences between plant pathogens and non-plant pathogens. This suggests that these 

species occupy different ecological niches and potentially respond to different 

environmental cues. Therefore, they may be able to exploit different resources in order to 

fulfil their life strategy.  

Moreover, I found that P. carotovorum showed a range of responses to the substances 

used with strong attraction towards serine, and repulsion in response to thiamine 

hydrochloride. Knowing the motility pattern and chemotactic responses of P. carotovorum 

gives insight into whether it is a vital part of its virulence. The diffusivity measured for P. 

carotovorum was lower than for the other species used, this could be because P. 
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carotovorum is optimised for living/thriving within a host and not necessarily when 

travelling form one host to another. Looking at the individual behaviour of microorganisms 

at their minute scales and gaining a mechanistic understanding at these scales can give 

insight into the functioning at larger scales and their impacts on an ecosystem.  

Understanding bacterial motility and chemotaxis and inferring how bacteria travel through 

soil helps us grasp how they interact with their environment. In the case of pathogens, like 

P. carotovorum, this allows for the inference of how they find and interact with their host, 

influencing plant success. Furthermore, this could potentially help determine suitable 

planting distance between susceptible crops. By using sqrt(4*D*t) where 4 represents the 

2D plane, D diffusivity of the bacteria and t time the crop is in the ground, it is possible to 

make assumptions about the suitable distance for planting between susceptible crops. For 

a worst-case scenario, the distance was calculated for the fastest travelling top 1% of cells. 

The planting distance between plants is determined by how long there remain in the 

ground. For example, over 100 days P. carotovorum cells can travel 12.6 cm, thus, this 

should be the minimum planting distance between crops that are susceptible to infection 

that are intended to be planted for this length of time. However, it is important to point 

out that this method accounts for random bacterial motility without the presence of 

chemical gradients, therefore, 12.6 cm should be the distance between rhizospheres of 

neighbouring plants, as when cells reach the rhizosphere, they will encounter a concoction 

of chemical gradients, and their motility no longer random. This suggests that purely 

random exploration of its surroundings is not enough for P. carotovorum to efficiently 

locate plants and cause infection and that it needs to be in the presence of chemical 

gradients to help locate host plants. Thus, it is important to know the scope and structure 

of the chemical gradients presented by the rhizosphere to fully understand the movement 

of P. carotovorum through soils. Furthermore, the low value suggests that the importance 
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of having enough spacing between plants may not be as high as ensuring that the soil is 

free of the pathogen in the first place, and that preventing post-harvest contamination, 

cross contamination from harvest equipment and soil disruption around infected plants 

may also play parts in avoiding future infections. 

The works presented in this thesis characterise motility and chemotaxis in an experimental 

set up and the next stage would be to validate the findings in porous, 3D heterogeneous 

environments to represent soil, using microfluidic systems and potentially even real roots. 

Then going further, assess the composition of the rhizosphere and the size and shape of 

the chemical gradients in soil generated through root exudation. Differences in swimming 

parameters between species and of the same species depending on the substances shows 

that chemotaxis and motility are not one size fits all behaviours but are highly specific yet 

variable depending on environmental cues.  
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Supplementary information 
 

To determine whether a lower concentration would elicit a similar chemotactic response, 

an additional study was set up as follows. The experimental set up was constructed as 

described in the methods section of Chapter 3 and was recorded as a time lapse video at 1 

fps for 10 minutes. Serine was the substance used as visually it caused the strongest 

positive response of P. carotovorum out of all the substances tested. It was trialled at a 

lower concentration of 1 μM to see if a lower concentration could still elicit a strong 

response. 

 P. carotovorum was attracted to serine at this low concentration and there was a 

clear congregation of cells around the mouth of the capillary (Fig. S1). However, in visual 

comparison to 100 μM, fewer cells elicited a positive response as shown by the size 

differences in the yellow patches surrounding the mouth of the capillary (Fig. S1 & 3.5). 

Thus, 100 μM was the concentration used throughout the study for all substances. 
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Figure S1.  Chemotactic density of P. carotovorum in response to 1 μM of serine. Higher cell 

density is represented by yellow (warmer) areas and lower cell density is represented by 

blue (cooler) areas. The mouth of the capillary is on the right-hand side. 
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