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Abstract 

The study of bacteria often requires visualisation by optical microscopy, but the use 

of advanced optical microscopy methods is uncommon by many microbiologists. 

Therefore, there remains many areas of microbiology which require exploration using 

newly developed techniques. This thesis describes the application of advanced 

optical microscopy methods to three distinct microbiological questions centred on 

bacterial gliding motility, the spatial organisation of biofilms, and the growth of bacteria 

in a mimetic three-dimensional (3D) culture environment.  

The gliding motility of Myxococcus xanthus has been described as a lateral process, 

and it was unclear if single bacteria were capable of moving in three dimensions. This 

was due to three-dimensional imaging of bacteria often being unachievable by optical 

methods due to the height of a bacterial cell being on the order as the axial resolution 

of the conventional optical microscope. To overcome this a novel variant of the live-

cell label-free technique, interference reflection microscopy (IRM), was developed. 

This method relies on the interference of multiple wavelengths of incident and 

reflected light and results in a series of intensity maxima and minima which encode 

3D information. A specimen of known geometry was used to characterise this method 

before application to gliding M. xanthus cells. Multi-wavelength confocal IRM revealed 

that M. xanthus exhibited aperiodic oscillations during gliding, which challenged the 

theory that gliding motility was a lateral phenomenon. By use of deleterious mutants, 

it was deduced that the oscillatory behaviours were not linked to the main driving force 

of gliding, proton motive force. A hypothesis was proposed which suggested that 

these behaviours were caused by recoil and force transmission along the cell body 

following firing of the Type IV pili.   
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Bacterial biofilms have been studied by conventional microscopy methods for over 50 

years; however due to a technology gap, the structure of large microbial aggregates 

remained unclear. The development of the Mesolens, an optical system which 

uniquely allows simultaneous imaging of individual bacteria over a 36 mm2 field of 

view, enabled the study of mature Escherichia coli macro-colony biofilm architecture 

like never before. The Mesolens enabled the discovery of intra-colony channels on 

the order of 10 µm in diameter that are integral to E. coli macro-colony biofilms and 

form as an emergent property of biofilm growth. These channels have a characteristic 

structure and reform after total mechanical disaggregation of the colony, facilitate 

transport of particles, and play a role in the acquisition of and distribution of nutrients 

through the biofilm. Furthermore, intra-colony channels potentially offer a previously 

unobserved route for the delivery of dispersal agents or antimicrobial drugs to 

biofilms, which would ultimately lower their impact on public health and industry. 

The practice of bacterial culture has remained unchanged for over a century. 

Therefore, almost all observations of bacterial behaviour have been made using 

synthetic laboratory condition which are not representative of the natural environment. 

To address this, a mimetic 3D transparent soil culture medium was fabricated and 

designed specifically for bacterial culture. This novel culture medium was optimised 

for two wide-ranging genera of soil bacteria, Streptomyces coelicolor and Bacillus 

subtilis. Following careful design of the transparent soil platform, each strain was 

imaged using the Mesolens to provide a better understanding of how they colonised 

their natural habitat. Each species was found to colonise the surface of soil 

independently of their growth behaviours on traditional two-dimensional culture 

methods. Moreover, the viability of bacteria grown in transparent soil was found to be 

uncompromised. Therefore, transparent soil stands as a readily tailored platform for 
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bacterial culture and is compatible with any optical microscope to study bacterial 

behaviours in a mimetic soil environment.   
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Chapter 1 
Introduction 
 
 

 

 

This Chapter provides a general overview of the principles underpinning optical 

microscopy and introduces various routine optical microscopy techniques which are 

used, or of particular relevance, in this work. I will first review the importance of spatial 

resolution and contrast in image formation, before introducing fluorescence-based 

microscopy methods. I will then introduce reflection and interference techniques, and 

optical mesoscopy, which are most relevant to the work in Chapters 2, 3 and 4. I will 

then introduce some background information about the gliding motility mechanisms 

of Myxococcus xanthus, the fundamentals of biofilm formation, and a brief introduction 

to microbial soil ecology with the aims of providing context to the biological questions 

answered by subsequent Chapters. The microscopical methods which are used 

directly are discussed in more detail alongside their biological applications in each 

Chapter. Finally, the research aims, motivations and objectives will be outlined for 

each Chapter of this thesis.   
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1.1 Fundamentals of optical microscopy 

Since its invention in the early 1600s, the optical microscope has set the stage for 

some of the most ground-breaking achievements in modern science1–3. The principals 

of light microscopy are based on the manipulation and control of light to form an image 

which has been magnified to reveal the fine details of the sample under observation. 

The quality of these observations is governed by two concepts; spatial resolution and 

contrast.  

1.1.1 Spatial resolution in optical microscopy  

Resolution can be discussed in terms of spatial resolution, i.e. lateral (in x, y, parallel 

with the focal plane) or axial resolution (in z, parallel with the propagation direction), 

or temporal resolution (the minimum time required to acquire two consecutive 

images). Spatial resolution in optical microscopy is defined as the smallest discernible 

distance between two distinct point objects4 and is governed by a series of equations 

which illustrate the importance of the optical components of a microscope in image 

acquisition.  

There are a number of criteria which can be used to describe the resolving power of 

an optical microscope. There are those based on the point spread function such as 

the Rayleigh or Sparrow limits and full-width half maximum (FWHM), or Abbe’s theory 

of diffraction-limited resolution (Figure 1.1). The first description of a resolution limit 

was by Ernst Abbe in 1873, when he showed that spatial resolution was limited by 

diffraction of light caused by the specimen and optical elements of the microscope, 

and that microscopes could be designed to reduce optical aberrations that would 

lower image quality5.   

One commonality that links different resolution criteria is the formation of an Airy disk 

diffraction pattern which occurs when light is focused through an optical microscope. 
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An Airy disk pattern is generated by the diffraction of light caused by the object. It 

results in a central focal spot with concentric maxima and minima which decrease in 

intensity as they move from the centre6. As shown in Figure 1.2a and 1.2b, the lateral 

resolution limit can be determined by two adjacent closely spaced Airy disks. As the 

space separating these disks narrows, the Rayleigh limit is noted as the point where 

the first order maximum of the second disk aligns with the first order minimum of the 

first disk7 (Figure 1.2b). The intensity profile of an Airy disk can be measured and 

reconstructed into a three-dimensional (3D) representation called the Point Spread 

Function (PSF) (Figure 1.2c). Taking the PSF into consideration, the diameter from 

the centre of the focal spot to the first minima defines the resolution limit set by the 

Rayleigh criterion. 

The Rayleigh resolution can be calculated based on Abbe’s principles of image 

Figure 1.1. Resolution criteria in optical microscopy. Spatial resolution in optical 

microscopy can be determined by applying one of many resolution criteria. The Rayleigh, 

Abbe and Sparrow criteria are presented above, where the spatial resolution limit is shown 

using two adjacent Airy disks placed at their resolvable limits (Red = Airy Disk intensity 

profiles, black = predicted image intensity profile of the two closely spaced point emitters). 

Two unresolved point objects are also shown where the Airy Disks overlap and are no 

longer separately distinguished. dx, y = lateral resolution limit, l = wavelength, NA = 

numerical aperture. 
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formation, which states that spatial resolution (d) is dependent on the wavelength of 

light (𝜆) and the numerical aperture (NA)8. The NA is calculated by the product of the 

refractive index of the sample medium (n) and the half-angle (q) of the cone of light 

which is collected by the objective lens or that is transmitted through the condenser 

lens (Equation 1.1). 

NA	 = 𝑛sinq    [1.1] 

The lateral resolution for a diascopic or transmission microscope can be provided by 

Equation 1.2, whereas the limit for an episcopic microscope where incident and 

collected light propagate through the same objective lens can be given by Equation 

Figure 1.2. Diffraction limited resolution in optical microscopy. (a) A single Airy disk 

and two adjacent Airy disks close to their resolvable limit and corresponding intensity plots 

of each Airy disk. The colour table corresponds to the intensity. (b) The resolution limit 

exemplified by two Airy disks moving closer to one another. The Rayleigh criterion (d0) is 

shown, where the central maxima of Airy disk 2 overlaps with the first order minima of Airy 

disk 1. (c) Experimental data showing the lateral and axial PSFs from a single point source. 

Note the elongation of the axial PSF caused by the geometry of optical elements within the 

imaging system. Adapted from 4,7,16. 
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1.3. 

𝑑!,			$ = 1.22 %
&'!"#$%&'($	(	&')*+,$+-*.

  [1.2] 

𝑑!,			$ = 0.61 %
&'!"#$%&'($

   [1.3] 

The axial diffraction-limited resolution of an optical microscope can be similarly 

understood. Two point objects will be resolved axially if they are separated by more 

than the distance from the focal spot to the first order minimum (Figure 1.2c). This 

can be calculated using Equation 1.49.  

𝑑) =
*+%

(&'!"#$%&'($)/
   [1.4] 

The axial resolution describes the achievable resolution in the z-dimension and is 

vital for 3D imaging of a biological sample. Like the equations governing lateral 

resolution, the axial diffraction-limited resolution can be calculated using the 

wavelength of incident light (l), the NA of the objective lens and the refractive index 

of the mounting medium (n). The axial PSF is elongated along the optical axis of 

the microscope due to the non-symmetrical wavefront that propagates from the 

objective lens10 and, like the lateral PSF, has concentric maxima and minima which 

define the axial resolution7,11.  

Abbe’s work showed that the diffraction-limited resolution of a microscope was not 

dependent on chromatic or spherical aberrations, although they are capable of 

decreasing image quality8. Monochromatic aberrations are wavelength independent 

and include spherical aberrations, coma, astigmatism, field curvature and distortion, 

while chromatic aberrations are dependent on the wavelength(s) of light used and can 

manifest either longitudinally or laterally12. To overcome these phenomena, multiple 

lenses can be used in the optical setup of the microscope to bring all divergent 

wavelengths of light into focus for chromatic aberrations9; or in the case of spherical 
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aberrations, by reducing the lens diameter (however this approach will lower the NA 

of the lens)13. 

1.1.2 Contrast generation and enhancement in optical microscopy  

Contrast is perhaps the most important aspect of image formation. Image contrast 

can be described as the relative difference in signal between an object and the 

background. Without contrast there would be no visible detail in the image and 

contrast must be enhanced in many microscopy applications due to the transparency 

of many biological specimens. This can be achieved by several means. For example, 

absorption-based chemical dyes are used to increase contrast in brightfield 

microscopy. Alternatively, a phase difference can be generated between the incident 

and collected light which reveals previously unobservable features in the sample (e.g. 

in differential interference contrast (DIC)14 and phase contrast microscopy15).  

To understand the benefits of these contrast enhancement techniques one must first 

discuss the development of brightfield transmission microscopy. This method is 

perhaps the most readily available optical microscopy technique and was spawned 

from the work of Ernst Abbe and Carl Zeiss4. Widely regarded as the founding 

instrument of modern microscopy, the compound microscope was a transmission 

brightfield instrument which used multiple optical elements to correct aberrations and 

to focus an incoherent light source onto the specimen. Transmitted light was then 

collected by an objective lens and an image was formed in several conjugate image 

planes throughout the microscope before passing through the ocular lenses16. 

Homogeneous illumination is key to ensure optimum contrast in the resulting image, 

which is achieved by Köhler illumination. Köhler illumination is now the standard 

method for ensuring homogenous illumination across the field of view of the 

microscope and was developed by August Köhler9. This method relies on precise 

alignment of the conjugate image and aperture planes, which occur along the image-
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forming paths (Figure 1.3). The result is an evenly illuminated field of view and 

maximum contrast between the specimen and the background. 

Dark field microscopy improves contrast by introducing incident light at a high angle, 

such that a hollow cone of incident light is formed by means of a condenser annulus. 

Contrast arises from highly scattering objects in the sample, and scattered light is 

collected by the objective lens. Dark field is therefore able to reveal the edges of cells 

and highly scattering cellular components17 (Figure 1.4a). 

Phase contrast microscopy is another label-free method of contrast enhancement. A 

phase difference is introduced using a condenser annulus and a corresponding phase 

ring placed at the back focal plane of the objective lens. This results in propagation of 

a hollow cone of light which is refracted by the specimen wherever there is a refractive 

index boundary and collected by the objective lens. The phase ring introduces a 

phase shift in the collected non-diffracted light, resulting in a high contrast border 

Figure 1.3. Image formation in 

the compound microscope. 

The conjugate field (image) and 

aperture planes are shown which 

are present in the image 

formation path of a compound 

microscope. The alignment of 

these image formation planes 

results in an even field 

illumination and optimal contrast 

in the formed image. 

Reproduced from 16.   
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surrounding objects which have a higher refractive index than their surrounding 

medium17,18 (Figure 1.4b). 

Differential phase contrast microscopy also relies on refractive index boundaries 

within the specimen to generate contrast. Linearly polarised light is split into two 

orthogonally polarised rays using a Wollaston prism and transmitted through the 

sample as two spatially separated rays. Particularly thick, or high refractive index 

regions of the sample will result in a change in optical path length before the two 

transmitted rays are then recombined by a second Wollaston prism and passed 

through an analyser. This results in interference of the transmitted light depending on 

how much the relative phase has been changed by the sample, in turn increasing the 

contrast of the resulting image19,20 (Figure 1.4c).  

1.1.3 Fluorescence for biological imaging  

Another commonly used mechanism of contrast enhancement is the use fluorescent 

labelling to identify subcellular structures and is applicable to a wide variety of 

microscopy techniques. Fluorescence-based applications for biological imaging are 

now commonplace and serve as a vital tool for a variety of techniques including 

Figure 1.4. Label-free contrast enhancement by dark field, DIC and phase contrast 

microscopy. a) dark field image of a marine diatom (Navicula sp.) (Copyright © 2012 

Waldo Neil; adapted from https://tinyurl.com/diatomimaging). b) A phase contrast image of 

a marine diatom (Pleurosigma sp.) collected from Queen Anne’s Battery Marina, Plymouth, 

UK in April 2018. c) a DIC image of human buccal epithelial cells.  
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protein localisation and organelle staining and in routine laboratory fluorescence-

based assays. Fluorescence microscopy was pioneered by Oskar Heimstädt in 1911 

and was primarily used for observing autofluorescent specimens21. The technique 

was refined in 1937 when Haitinger developed non-autofluorescent compounds 

(fluorochromes/fluorophores) for staining cellular structures22. In the 1950s the 

concept of molecular specificity was expanded by the use of antibody conjugates of 

fluorophores to accurately target individual proteins23,24.  

The underpinning theory of fluorescence in biological imaging is best described by 

understanding the excitation states of the outer electrons of a fluorophore. This can 

be explained using a Jablonski diagram which shows different excitation states that 

outer electrons can occupy when excited and their decay which results in the release 

of a photon which is then detected as an emission signal in microscopy (Figure 1.5). 

As the electrons are excited by an incident photon, they shift to the lower singlet state 

(S1) or the higher singlet state (S2) and photon can be emitted as the energy is 

converted within the fluorophore and returns to the ground state (S0)25,26. This photo-

induced process comprises four main phases (excitation, internal conversion, 

vibrational relaxation and fluorescence) and the process from beginning to end takes 

several nanoseconds to result in emission. Fluorescence emission maxima have a 

longer wavelength in comparison to their excitation maxima due to absorption of 

energy during excitation, which is termed the Stokes shift between a fluorophore’s 

absorption and emission spectra (Figure 1.6)27.  

Fluorescence microscopy took a huge leap forward in the late-20th century with the 

discovery and subsequent manipulation of the photoprotein, Green Fluorescent 

Protein (GFP).  In 1962, Osamu Shimomura and his team isolated the luminescent 

protein, Aequorin, from the jellyfish, Aequorea victoria28. This protein was later 

renamed GFP and used to fluorescently label live cells to elucidate their sub-cellular 
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protein organisation and functionality29. Transcriptional or translational GFP fusion 

products are now routinely used throughout biology, allowing the spatiotemporal study 

of a specific protein within live cells. Additionally, attachment of GFP to specific targets 

via antibody conjugates can allow researchers to selectively tag their chosen protein 

in a biological specimen (so-called immunofluorescence). Either method allows 

visualisation, quantification and subcellular tracking of individual molecules30,31.  

Other variants of GFP have since been developed from the mid-2000s and there is 

now a rainbow of available photoproteins as well as synthetically engineered 

photoproteins32–35. In the early 2000’s another monomeric photoprotein, DsRed, was 

isolated from luminescent corals and manipulated to provide a range of red-emitting 

photoproteins32,36.  The development of multiple coloured photoproteins has allowed 

Figure 1.5. Fluorescence excitation and emission. A simplified Jablonski diagram 

showing the energy transfer of an electron which results in emission of fluorescence. As 

an electron is excited, its energy is transferred to a higher state (S1 or S2) and upon its 

return to the ground state (S0) a photon can be released. This process takes place in under 

a microsecond and results in a fast on/off switch which is vital in biological imaging. 

Adapted from 26.  
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for multiple fluorescent tags to be added to a single specimen to enable multi-label 

imaging and determination of protein co-localisation and differences in protein 

expression in live cells. 

The benefit of using fluorescent probes over the absorption-dependent chemical dyes 

that came before not only lie in their tagging specificities, but also in their 

biocompatibility increased detection sensitivity27. Absorption-specific dyes can often 

be non-specific and cytotoxic towards the target cell and therefore have the potential 

to not only give a high background signal due to non-specific binding but also 

compromised cell viability. Fluorescent tagging can also have similar problems, such 

as if the endogenous protein concentration is high in the specimen then unspecific 

binding can occur when using antibody conjugates hence why antibody-blocking is 

required9,37. By applying the Beer-Lambert law (which provides a measure of the 

absorbance of light by a material), the concentration of absorption-dependant dyes 

needs to be very high to improve contrast in comparison to antibody conjugates or 

fluorescent proteins. This high concentration of dye is often cytotoxic and prevents 

live cell imaging or can prevent a true representation of in vivo dynamics. 

Figure 1.6. Stoke shifts in 

fluorescence microscopy. The 

representative absorption and 

emission spectra of a fluorescent 

molecule. The peak excitation 

wavelength is noted by Ex.Max and the 

peak emission wavelength by Em.Max. 

The Stokes shift (Dv̅) is shown by the 

difference between Ex.Max and Em.Max.  
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That being said, fluorescent dyes and photoproteins can also cause cytotoxic effects 

either though protein-induced toxicity or phototoxicity. Phototoxicity can occur when 

Reactive Oxygen Species (ROS) are generated by a fluorescent protein and acts to 

decrease cell viability. Phototoxicity can also occur or through excessive excitation 

power which compromises the viability of the biological specimen. The barrel structure 

of many photoproteins causes ROS to be trapped within the protein and results in a 

build-up of free radicals which in turn results in compromised cell viability38,39. More 

recently, the development of red photoproteins with lower cytotoxicity have been 

developed and the use of oxygen scavenging molecules has also been implemented 

in biological imaging applications to lower the effects of cytotoxicity40,41. Of course, it 

is recommended that the irradiance of the excitation source should be controlled at 

the specimen plane to minimise these effects and maintain cell viability during 

fluorescence imaging42. 

There is however another fundamental problem that can occur when using any 

fluorescence application to biological specimens; photobleaching. Photobleaching is 

a destructive phenomenon where excessive excitation light results in degradation of 

the fluorochrome9. The destruction of fluorochromes in the singlet or triplet state 

results in a net loss in available ground state fluorophores. Therefore, the potential to 

image single molecules and cellular structures is significantly decreased and less 

information can be gleaned from a specimen. However, techniques such as 

Fluorescence Recovery After Photobleaching (FRAP) can use photobleaching to their 

advantage, where protein mobility and the rate diffusion in a sample can be 

observed43,44.  
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1.2 Conventional fluorescence microscopy techniques 

1.2.1 Widefield epifluorescence microscopy  

Following strides in the development of fluorescent probes and photoproteins, 

microscopes were developed that were capable of visualising fluorescently labelled 

specimens. Epifluorescence microscopes are routinely used for fluorescence 

imaging, where fluorophores are excited by means of non-coherent metal-halide arc 

lamps, light emitting diodes (LEDs), or a coherent laser source. It is crucial that an 

epifluorescence microscope is able to spectrally separate the excitation and emission 

light which propagate along the optical path45. This can be achieved using a dichroic 

mirror, which is composed of several thin layers of glass and has different reflection 

and transmission properties.  

The modern widefield epifluorescence microscope was pioneered by Ploem in 1967 

and is capable of imaging dynamic cellular events with diffraction-limited resolution46. 

The temporal resolution of widefield epifluorescence microscopy is high and is often 

limited by the frame rate of the detector. Additionally, widefield systems can be built 

in either inverted or upright configurations, can be adapted and are often sold 

commercially with added modalities such as DIC or phase contrast. Figure 1.7a 

shows a representative schematic of a typical upright widefield epifluorescence 

microscope. However, there are drawbacks to this method, particularly for thicker 

specimens. A high background signal is generated by collection from out-of-focus 

planes which lowers the contrast of the acquired image. Moreover, excitation is not 

limited to a single focal plane, and so photobleaching can occur even in focal planes 

outside the depth of field of the objective lens47. Nevertheless, widefield methods 

remain the basis for a number of optical techniques such as light sheet or selective 

plane illumination microscopy (SPIM)48,49, total internal reflection fluorescence (TIRF) 
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microscopy50–52, single molecule localisation microscopy (SMLM)53–55 and structured 

illumination microscopy (SIM)56. To improve on the optical sectioning strength of the 

widefield epifluorescence microscope, confocal microscopy was later developed 

which allowed for higher contrast 3D images to be acquired.  

1.2.2 Confocal laser scanning microscopy  

Confocal microscopy was first developed in the 1950s by Marvin Minsky to fulfil a 

requirement for an improved signal-to-noise ratio (SNR) and to improve the 

fluorescence-based contrast of widefield epifluorescence microscopes. A confocal 

mode was achieved by introducing a pinhole aperture before the detector which 

rejected out-of-focus contributions from the specimen57,58. The confocal microscope 

was improved on by the adoption of a scanning technique and incorporation of laser 

excitation sources in the late-1980s. This allowed for further improvement of 

background noise elimination and attainable resolution (although the spatial 

resolution of confocal laser scanning microscopy (CLSM) remained diffraction-

limited)47. The use of a coherent excitation source resulted in diffraction-limited point 

illumination, while the confocal pinhole allowed for the removal of background 

irradiance from adjacent focal planes, optical sectioning and acquisition of 3D data 

sets. As shown in Figure 1.7b, a typical CLSM scans a laser source, using a scanning 

mirror, which has been focused to a diffraction-limited spot within the specimen. Like 

Minsky’s original confocal microscope, a CLSM also has a pinhole aperture which lies 

before the detector (often a photomultiplier tube (PMT)) and rejects out-of-focus signal 

from the specimen to improve the SNR and image contrast. This also has the effect 

of restricting the imaging volume to a thin optical section depending on the excitation 

wavelength, NA of the objective lens, refractive index of the mounting medium and 

the diameter of the pinhole aperture47,59,60. The confocal optical section thickness 

typically ranges between 500 nm to 700 nm for a modern optical setup. The diameter 
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of the pinhole aperture is imperative to the optical sectioning strength and is optimally 

set to the diameter of 1 Airy unit (given by dx, y).  

Despite the advantages of laser scanning microscopy for 3D imaging, there are still 

trade-offs to consider. Point scanning methods often have a lower temporal resolution 

than widefield methods as the excitation point source has to be scanned over the 

entire field (multiple times if averaging is required). Therefore, imaging dynamic 

Figure 1.7. Widefield epifluorescence and confocal laser scanning microscopes. a) 

diagram of an upright widefield epifluorescence microscope using a Mercury arc lamp 

illuminator and CCD-camera detector. Polychromatic light is directed through a selected 

excitation filter to provide the excitation wavelength required for the application. Filtered 

excitation light is focused onto the specimen via the objective lens and emitted light from 

excited fluorophores is collected by the objective lens and passed through the emission 

filter before being directed either to the eyepiece or detector via a prism. b) A CLSM uses 

a laser excitation source, where the beam is directed to the specimen through a series of 

mirrors and scanned using a scanning mirror. Emission light is passed through a dichroic 

mirror proximal to the PMT detector. A pinhole aperture rejects out-of-focus emission 

signals from above and below the focal plane, thereby resulting in higher quality images. 

Solid lines = excitation light, dashed lines = emission light. Adapted from 9.  
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cellular events by CLSM can be challenging, however, there are ways to compensate 

for this. As discussed by Jonkman & Brown, the acquisition rate of a 1024 by 1024-

pixel image with a 1 µs pixel dwell time is around 1 frame per second, but the scanning 

frequency (temporal resolution) can be increased at the expense of spatial 

resolution61. This limitation can also be overcome by Spinning Disk Confocal 

Microscopy (SDCM), where a disk containing an array of pinholes is spun at 

approximately 5000 revolutions per minute to increase temporal resolution without 

sacrificing spatial resolution62. Other adaptations to the CLSM have increased the 

performance of this instrument to suit a variety of needs such as mutli-photon imaging 

for use with thick or highly scattering samples63,64. 

1.3 Reflection and interference-based microscopy 

Reflection and interference are two phenomena which can be used to generate 

contrast in optical microscopy and can be adopted by both widefield and confocal 

microscopes. There are a number of techniques which use these methods, including 

DIC and phase contrast (refer to Section 1.1.2). However, this Section shall provide 

an introduction to those related and most relevant to this thesis.  

1.3.1 Confocal reflection microscopy  

Reflection-based methods typically rely on differences in refractive index within the 

specimen. Refractive index boundaries (i.e. at the glass-medium or medium-cell 

interface) result in reflection of incident light, which can be collected by the objective 

lens and detected by a PMT detector with no source blocking filter in place65. Confocal 

reflection microscopy (CRM) is capable of diffraction-limited 3D imaging and has the 

same temporal resolution as CLSM. As the contrast mechanism in confocal reflection 

microscopy relies on reflectivity, live cells can be imaged label-free (Figure 1.8). At a 

refractive index boundary, reflection signals also have a higher intensity than 
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fluorescence emission (given the same incident power), and so less power is required 

for CRM than conventional fluorescence microscopy (personal communication; 

Amos, W.B., 2018). Therefore, there is less exposure of the sample to light compared 

to CLSM which maintains the viability of cells for longer periods. Nevertheless, CRM 

remains an underused method when compared to CLSM, for example, due to the 

benefits of molecular specificity that fluorescence affords while CRM relies only on 

refractive index boundaries.  

1.3.2 Total internal reflection fluorescence microscopy  

Total internal reflection fluorescence microscopy was pioneered by Axelrod in 1981 

as a method of obtaining images of the basal membrane and adhesion properties of 

mammalian cells50. These cellular processes, which only occur at the basolateral 

membrane, can be selectively observed using TIRF microscopy due to the generation 

of an evanescent wave perpendicular to the substrate (i.e. the coverglass on which 

the specimen is mounted). The evanescent field is generated as incident light is 

directed to the coverglass at the critical angle of reflection (qc) where the incident light 

is refracted along the length of the coverglass. The critical angle (Equation 1.5) can 

be derived by from Snell’s Law (Equation 1.6), where n1 and n2 are the refractive 

Figure 1.8. Label-free 3D confocal 

reflection microscopy. A maximum 

intensity projection of a marine 

diatom (Amphora sp.) imaged in 3D 

by confocal reflection microscopy. 

Scale bar = 20 µm. Collected from 

Queen Anne’s Battery Marina, 

Plymouth, UK in April 2018.  
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indices of the immersion medium (e.g. water) and substrate, and q1 and q2 are the 

incident and refractive angle, respectively51. 

𝑛. ⋅ 𝑠𝑖𝑛q. = 𝑛* ⋅ 𝑠𝑖𝑛q*    [1.5] 

q/ = 𝑠𝑖𝑛0.(𝑛* 𝑛.4 )   [1.6] 

The resulting evanescent wave limits excitation of any fluorophores to the basolateral 

surface of the specimen. However, due to the evanescent nature of the wave front 

the intensity of the wave will decrease exponentially along the optical axis. This 

means that any fluorophores beyond the TIRF field depth will remain unexcited and 

will therefore not contribute to the acquired fluorescence image. Moreover, this 

method of selectively imaging the bottom 100 nm or so of a specimen decreases the 

background signal that would have otherwise been detected by widefield 

epifluorescence or CLSM50,51,66. 

1.3.3 4p microscopy 

As described in Section 1.1.1, the size of the PSF in a diffraction-limited optical 

microscope is governed by the NA of the objective lens and the collected wavelength 

of light. To decrease the size of the PSF, and so increase spatial resolution, one can 

either decrease the wavelength (which is not ideal for fluorescence imaging due to 

the fixed excitation and emission maxima of a given fluorophore, and increased 

cytotoxicity of using shorter wavelengths) or can increase the NA of the objective lens. 

The latter is only feasible until NA » 1.45 due to the limitations of optical design9. 

However, the NA can effectively be increased by means of a 4p geometry. This 

confocal method was developed in 1992 by Stefan Hell and reduces the PSF to a 

sphere67,68. The aim was to have two opposing objective lenses collect light over 

4p steradians (equal to 12.5667 steradians), compared to conventional epi-detection 

which is only able to collect light over 2p9 (Figure 1.9). The reduction of the PSF to a 
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sphere is a result of the interference caused by the two counter-propagating spherical 

wave fronts which reduces the elongation of the PSF67–69. In practice however, the 

PSF is not perfectly spherical which is due to the collection angle of high NA objective 

lenses being approximately 280°, and not 360°67 (Figure 1.9b). Nevertheless, this 

method provides images of higher axial resolution than conventional diffraction-

limited widefield epifluorescence or confocal microscopy and can be as low as 100 

nm70–72. This is accompanied with the cost of delicate alignment of the two opposing 

objectives to avoid any phase differences between the two excitation and emission 

rays9. It is important to consider that the nature of 4p microscopy can give rise to side-

lobes in the reduced PSF; however, these can be removed by adopting a two-photon 

method73,74 or by deconvolution75,76. 

Figure 1.9. 4p microscopy as a method of resolution enhancement. a) A diagram 

showing 4p geometry, where fluorescence emission is detected by two opposing objective 

lenses. The excitation and emission array are separated and directed to and from each 

objective using a beam splitter (BS) and two mirrors (M). b) Intensity profiles and 

fluorescence images of axial PSFs from a confocal laser scanning microscope and a 4p 

microscope. The PSF is reduced to a sphere, and results in higher spatial resolution. 

Reproduced from 74. 
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Similar to 4p microscopy, a technique named I5M was developed by Gustafsson in 

1999 which was a combination of two previously developed techniques; Image 

interference microscopy (I2M), and incoherent interference illumination (I3M)77.  This 

combination results in a widefield setup with 4p geometry, thereby maintaining high 

spatial resolution (approx. 100 nm) while increasing the temporal resolution as point 

scanning is not required73,77,78. In I5M, non-coherent light source is aligned for Köhler 

illumination for both objective lenses, and interference occurs at the specimen plane 

and emission is collected by both objective lenses and interferes to generate the final 

image77. Again, deconvolution methods can be used to supress the side lobe artefacts 

present in I5M75,76. 

1.3.4 Standing wave fluorescence microscopy  

Standing wave fluorescence microscopy (SWFM) is a fluorescence-based technique 

that can be adapted for widefield or confocal microscopes. This method was first 

demonstrated experimentally by Wiener in 189079, and later refined by Frederick 

Lanni80,81. The standing wave method relies on the interference of two counter-

propagating waves of the same wavelength with a relative phase shift equal to p 

(180°) at the sample plane80 (Figure 1.10). This can be achieved by one of two ways; 

using a 4p geometry where excitation light propagates from two opposing objective 

lenses to interfere and form a standing wave67,68,71,82, or by placing the specimen upon 

a plane reflector and using a conventional epifluorescence microscope80,81,83,84. The 

end result provides a five-fold improvement in the axial resolution (dz » 90 nm) and no 

compromise in the lateral or temporal resolution when compared to diffraction-limited 

CLSM, for example83. This method is capable of acquiring 3D information in a single 

two-dimensional (2D) image by generating what appears as a “contour map” of the 

specimen. The generation of a standing wave restricts fluorescence excitation to 
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narrow antinodal bands of illumination which are separated axially by a factor of  𝜆 2𝑛4  

and have a FWHM of 𝜆 4𝑛4 , where l = excitation wavelength and n = refractive index 

of mounting medium80. Recently, this theory was applied to widefield SWFM of live 

red blood cells to generate 3D reconstructions of membrane dynamics at high 

temporal resolution85.  

Standing wave fluorescence microscopy has also been combined with other super 

resolution techniques to increase the spatial resolution further. In 2016, SWFM was 

combined with stimulated emission depletion (STED) microscopy (which uses a 

“doughnut-shaped” depletion beam to increase spatial resolution by minimising the 

effective area of excitation at the focal point86) to achieve axial resolution of 19 nm87. 

Additionally, the standing wave principle has been applied to stochastic optical 

Figure 1.10. Generation of a standing wave by means of a plane reflector. A diagram 

of a SWFM setup is shown in plane reflector-configuration. Incident excitation light 

propagates towards the plane reflector, which when reflected undergoes a 180° phase-

shift and counter-propagates relative to the incident light. Interference occurs between the 

incident and reflected waves resulting in thin antinodal planes of illumination separated by 

dark nodal planes. Excitation of any fluorophores in the sample will be localised to the 

antinodal planes. A 2D image is acquired where 3D information is encoded in fringes 

separated in the z-dimension by a regular antinodal spacing. 
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reconstruction microscopy (STORM) (which is a widefield localisation technique that 

localises single point emitters by acquiring multiple images of chemically induced 

photo-switchable fluorophores53,88) to enhance fluorescence intensities in the near 

field89.  

1.3.5 Interference reflection microscopy  

Interference reflection microscopy (IRM) is a label-free method which was first 

described for biological imaging by Adam Curtis in 1964. Curtis used IRM to study the 

adhesion of embryonic chick heart fibroblasts to a glass slide and claimed to 

determine the separation distance between the pseudopodia and the coverglass by 

as little as 50Å90. Since the 1960s, IRM has been used to further study the focal 

adhesion sites in eukaryotic cells on glass substrates90–97, microtubule dynamics98–100 

and has also been applied briefly to the study of bacterial motility101–104. 

In IRM, contrast results from reflections at refractive index boundaries, such as at the 

medium-cell interface (Figure 1.11). Constructive and destructive interference of 

Figure 1.11. Interference reflection microscopy. A diagram illustrating the reflection 

boundaries at the coverglass (g), medium (m) and cell (c) boundaries. Incident light is 

reflected at the glass-medium interface and the medium-cell interface. The two reflected 

waves Ig-m and Im-c interfere to generate maxima and minima which appear in the acquired 

image as a series of bright and dark fringes which encode axial information. Reproduced 

from 145.  
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reflected light originating from the coverslip-medium and medium-cell interfaces result 

in a fringe pattern which can be translated to the axial profile of the basolateral surface 

of the cell105,106. Like SWFM, IRM provides a five-fold axial resolution enhancement 

over conventional widefield or point-scanning microscopy techniques, where 3D 

information can be extracted from a 2D image thus overcoming the limitations in 

optical sectioning of thin specimens (e.g. bacteria)90,105,106. Additionally, the 

interference fringes present in IRM data are separated axially by a factor of  𝜆 2𝑛4  and 

have a FWHM of 𝜆 4𝑛4 , where l = incident wavelength and n = refractive index of 

mounting medium107. Interference reflection microscopy can be easily coupled into 

existing widefield and confocal microscopes by replacing the emission dichroic with a 

beam splitter and setting the spectral range of the detector to match the wavelength 

of incident light. However, one must consider that contrast will be decreased in 

widefield IRM due to the use of an incoherent light source and increased detection of 

out-of-focus signal105.  

Other similar techniques to IRM include reflection interference contrast microscopy 

(RICM) and interferometric scattering microscopy (iSCAT). The differences between 

these techniques and IRM are subtle. RICM uses polarising filters and a specially 

designed antiflex objective lens to filter out reflected light from above and below the 

specimen plane, supposedly resulting in a higher contrast image105,107,108. iSCAT 

works on the basis of detecting both the reflected and scattered portions of light which 

interfere at the detector plane109.  

Chapter 2 goes on to introduce IRM in more detail, and in particular its application to 

bacterial specimens. Furthermore, the development of a novel multi-wavelength 

confocal variation of IRM is described where multiple wavelengths are used to 

determine directionality of the specimen based on colour-ordering. 
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1.4 Optical mesoscopy 

1.4.1 The Mesolens 

Conventional optical microscopy methods are limited by a trade-off between the size 

of the field of view (FOV) and the attainable spatial resolution. This problem is due to 

the relationship between magnification and NA in conventional objective lens design, 

meaning that small features cannot be adequately resolved over large FOVs. To 

address this, a stitching and tiling method can be used where multiple images are 

acquired using a high magnification, high NA objective lens and digitally stitched 

together post-acquisition. However, this process often causes checker-board 

artefacts due to inhomogeneities in illumination, varying densities across the 

specimen which can result in light scattering, and stage drift which causes alterations 

in the focal plane of different tile images110. Stitching and tiling also comes with a lower 

temporal resolution compared to acquiring a single image of the whole field which 

must be considered for any live cell applications. Alternatively, a new method of high-

resolution large specimen imaging can be used where fine details can be resolved 

across large areas of a specimen without any requirement for stitching and tiling. The 

Mesolens is one such instrument capable of acquiring images in this way, and since 

its development over the last decade has proven to be a useful tool for imaging large 

specimens at high spatial resolution. Furthermore, the Mesolens has proven to be a 

powerful tool in the fields of developmental and neurobiology111–113, however it has 

never been used to study any form of microbiological specimens.  

The Mesolens is an optical mesoscope developed at the University of Strathclyde 

centred around a large objective lens and is perhaps the most radical re-design of the 

microscope objective lens in over a century. The Mesolens has a unique combination 

of a fixed 4x magnification with an NA of 0.47, which is approximately five-times 
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greater than that of a conventional 4x objective lens111.  The low magnification results 

in a FOV measuring approximately 36 mm2, while the lens prescription provides a 

working distance of 3 mm. Thanks to the unusually high NA, the Mesolens has a 

lateral resolution of 700 nm and axial resolution of 7 µm throughout the entire 108 

mm3 imaging volume111. It is important to note that observing subcellular structures 

with the Mesolens does not require any change in lens magnification as with 

traditional microscopes. Instead, one can observe sub-cellular structures simply by 

manipulating the digital zoom on any image analysis or viewing software (Figure 

1.12). Moreover, the lens is chromatically corrected across the visible spectrum and 

designed to be compatible with various immersion fluids, which further sets it apart 

from other optical mesoscopy techniques. Currently, the Mesolens is fitted with 

confocal laser scanning and widefield epifluorescence modalities111,112, but has 

Figure 1.12. High-resolution large FOV imaging using the Mesolens. a) A widefield 

epifluorescence Mesolens image of a 16 µm-thick mouse kidney section stained with 

Alexa488-Wheatgerm Agglutinin (green), Alexa568-Phalloidin (red), DAPI (blue) acquired 

using confocal mesoscopy. Regions where photobleaching has occurred after imaging of 

smaller sections with a conventional confocal microscope are indicated by red arrows. b) 

Single confocal Mesolens laser scanning image of a 12.5-day-old mouse embryo stained 

with acridine orange (yellow) and an Alexa594-b-III-tubulin conjugate staining neuronal 

axons (blue). Adapted from 111. 
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recently had the addition of HiLo microscopy113 and development is ongoing for dark 

field, differential phase contrast, light sheet and TIRF modalities.  

In confocal laser scanning mode, the optical setup of the Mesolens follows that of a 

conventional CLSM. The Mesolens itself measures approximately 55 cm long and is 

composed of 15 optical elements measuring up to 63 mm in diameter with an 

additional anti-reflection compensator plate and chromatic reflector for 

epifluorescence imaging111 (Figure 1.13). In confocal mode, two PMTs are used for 

multi-channel imaging, and a high pixel-number camera can be used for widefield 

imaging. In order to sample as close to the Nyquist limit as possible, Mesolens images 

have to be approximately 20,000 pixels wide, which is only currently achievable in 

widefield mode by using a camera detector which has a chip-shifting modality111. The 

large images generated by the Mesolens leads to equally large datafiles, for example 

a 3-channel full-volume z-stack would produce a dataset >1.5 terabytes. Therefore, 

handling and storage of Mesolens data must be carefully managed.  

1.4.2 Other high-resolution, large FOV methods for bioimaging  

Aside from the Mesolens, other recent advances in optical microscopy have also 

allowed for imaging of relatively large live samples with high spatial resolution. Light 

sheet microscopy has been used as a “gentler” alternative to confocal laser scanning 

techniques with increased temporal resolution for imaging a variety of relatively large 

biological samples114. Due to the lower levels of phototoxicity and photobleaching 

observed during light sheet microscopy, images can be acquired over long periods to 

observe complex biological processes such as plant root growth115, development of 

insect larvae116 and in vivo immune cell dynamics in live zebrafish117. However, the 

axial resolution of lightsheet microscopy is often compromised when imaging large 

samples due to the nature of Gaussian optics (i.e. the narrower the beam waist, the 

faster it diverges). In reference to the Mesolens, to achieve a light sheet which could 
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propagate over a full 6 mm FOV and achieve comparable axial resolution to that of 

the Mesolens, the beam waist would have to be on the order of 40-50 µm, which 

would be inadequate to study the dynamics of, for example, live bacterial colonies as 

discussed in Chapter 3. Recent work has sought to address this by engineering 

different types of non-diffracting beams such as Bessel and Airy beams118–122. 

Figure 1.13. An overview of the confocal laser scanning setup of the Mesolens. The 

Mesolens itself is in the form of a large objective lens coupled to a large scanner 

and a confocal laser scanning system.  In confocal mode, incident light is provided 

by a laser source and propagated through a series of optical elements before being 

directed towards two large aluminium-coated scanning mirrors and on through the 

scan lens and Mesolens. In the Mesolens itself (dashed cut-out) there are 15 

optical elements up to 63 mm in diameter, hence why this instrument is not able to 

be implemented into a standard CLSM system. For widefield epifluorescence 

mode an additional compensator plate and chromatic reflector can be fitted, and 

incident light is source from a from a series of LEDs coupled into the optical path. 

Reproduced from 111. 
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However, these approaches have not yet been able to produce a lightsheet which 

would be suitable for imaging large microbiological specimens.  

In regard to other comparable large FOV imaging techniques, a recently developed 

2-photon random access microscope (2p-RAM) has been developed which has a 

FOV of 5 mm and sub-cellular resolution throughout the field123. However, the 2p-

RAM is limited by a 1 mm imaging depth and is only suitable for use with a fixed 

wavelength infra-red excitation source, whereas the Mesolens has a comparative 

imaging depth of 3 mm and is chromatically corrected across the visible spectrum.  

Other optical imaging techniques such as ultrasound124,125, optical coherence 

tomography and photoacoustic tomography126–128 are capable of imaging samples at 

the mesoscale, however the spatial resolution of these techniques is lower than that 

of the other mesoscopic imaging methods. As previously introduced, stitching and 

tiling offers a method of high resolution large FOV imaging, and have been previously 

used to investigate the structure of microbiological specimens. Others working in the 

field of biofilm imaging have used tile-scanning microscopes or automated scanning 

microscopes which change the location of the FOV or focal plane to match growing 

colonies. In doing so others have been able to image live biofilms over multiple spatial 

scales, from 1x101-1x104 cells129–131, however using the Mesolens one can visualise 

bacterial colonies in excess of 1x109 cells while maintaining sub-micron resolution 

throughout the entire 36 mm2 field within a single image. Therefore, in comparison 

with other large specimen imaging techniques, the Mesolens stands as a novel and 

appropriate method for in situ imaging of live bacterial communities.   

1.5 The gliding motility of Myxococcus xanthus 

Myxococcus xanthus traverses its environment by means of gliding motility which is 

relatively rare among bacterial motility mechanisms. These Gram-negative rod-
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shaped bacteria do not express flagella or cilia like other many other motile 

microorganisms, instead they use a combination of slime extrusion, pili expression 

and intracellular motor complexes to propel themselves over the underlying 

substrate132,133. These bacteria exhibit three behavioural traits linked to their nutrient 

requirements; swarming occurs during the search for nutrient sources in groups of 

cells; predation occurs when single cells ‘hunt’ for their pray (e.g. E. coli); and fruiting 

body formation when nutrients are scarce, resulting in sporulation and formation of 

spore-bearing structures which hold and disseminate their spores134,135 (Figure 1.14). 

The earlier work of Blackhart & Zusman demonstrated that M. xanthus glides at a 

speed of approximately 5 µm/minute and interestingly exhibits a time-dependant 

directional change, where motile cells will reverse their trajectory every 7-8 minutes 

on average136,137. As described by Nan & Zusman, M. xanthus can also use its gliding 

motility for two distinct purposes; social (S) motility and adventurous (A) motility134. 

Social motility is used for groups of cells which move together and facilitates the 

swarming of communities of cells in the search for nutrients. This is achieved through 

retraction of type IV pili which attach to an exopolysaccharide matrix to generate 

mechanical force which pulls the cell forward138. 

On the other hand, A-motility is used for the predation segment of the bacterium’s life 

cycle. The mechanism of A-motility has been debated in recent years; however, it is 

now regarded as a combination of both slime extrusion and the activity of transient 

adhesion complexes which much like eukaryotic apicomplexan motility observed in 

amoeboid protozoa133,137–139 (Figure 1.15). In 2002, Wolgemuth et al. discussed a 

conserved motility mechanism involving slime extrusion across several bacterial 

species. They showed that slime is produces by specialised nozzle-shaped 

organelles expressed at the lagging-pole of the cell132  (Figure 1.15a). It was argued 

several years later that slime extrusion alone could not be responsible for the motility 
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of M. xanthus. Instead, Mignot et al. suggested that although slime production may 

be a factor in the gliding mechanism, that a focal adhesion theory would more likely 

be the driving force behind gliding motility139. This hypothesis seems to concur with 

other studies which show rotational movement of the cytoskeleton and slime extrusion 

in Cytophaga spp. and Flavobacterium johnsoniae, which are examples of gliding 

Figure 1.14. The complex lifecycle of Myxococcus xanthus. Myxococcus xanthus 

exhibits several developmental stages during different environmental conditions. During 

favourable conditions, spore germinate, and cells aggregate to form dense colonies. 

Adventurous (A) motility drives predation as M. xanthus spreads throughout the local 

environment in search of prey.  Swarming is facilitated by social (S) motility in nutrient-

deprived conditions where cells come together and form macroscopic 3D differentiated 

fruiting bodies. Sporulation occurs to protects cells from desiccation and remain dormant 

until favourable conditions arise again. Adapted from 135. 
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bacteria belonging to the Bacteroidetes phylum101,140. The rotational mechanism of 

gliding was elucidated in M. xanthus by the characterisation of the AgmU complex; 

an inner-membrane-spanning A-motility protein complex (Figure 1.15b). The AgmU 

complex was found to interact with the MreB cytoskeleton and drive rotational 

movement using proton motive force. This rotational movement distorts the surface 

of the cell and generated pressure waves due to an increased resistance between the 

cell membrane and the slime layer. Rotational movement of the MreB cytoskeleton 

can be facilitated through interaction with MotAB homologues which act to push 

against the cytoskeletal tract141. Another conflicting hypothesis has also been outlined 

which suggests that motility is achieved by postulated cell-surface adhesin proteins 

which propel the motor complexes142,143. A recent study has also suggested the role 

of exopolysaccharide microchannels in the organisation and motility of M. xanthus. 

Figure 1.15. Canonical gliding motility mechanisms in Myxococcus xanthus. The 

mechanism of gliding motility in M. xanthus has been widely accepted to be caused by a 

combination of slime extrusion from the poles of the cell and interactions with the MreB 

cytoskeleton. a) Specialised nozzle-shaped organelles expressed on the outer-membrane 

at the cell’s poles. Type IV pili may also be involved here during S-motility in the leading 

pole.  Electron micrographs of the lagging pole of an M. xanthus cell showing the nozzle-

shaped apparatus measuring 14 nm in diameter. b) The AgmU complex, an inner-

membrane-spanning complex which attaches to MreB via MotAB proteins. Proton motive 

force results in movement of the cytoskeleton and directional movement over the substrate. 

Adapted from 132,141. 
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Myxococcus xanthus has been shown to produce a 3D exopolysaccharide matrix 

which not only organises the directionality of cells but also provides structural support 

for the formation of fruiting bodies144.  

Almost all documented gliding behaviours of M. xanthus have been reported using 

conventional widefield and confocal laser scanning methods. Due to the small size of 

bacteria, 3D optical imaging has historically proven challenging, and so the 3D 

behaviour of live bacteria remains unknown. However, as shown in Chapter 2 and by 

Rooney et al., 3D bacterial imaging is possible using IRM and can be used to show 

that bacterial gliding motility is not merely limited to a single lateral plane145. Chapter 

2 will provide an overview of how M. xanthus is able to move in all three dimensions 

by means of an aperiodic oscillatory behaviour. 

1.6 An overview of bacterial biofilms 

1.6.1 Bacterial biofilms 

Biofilms are large aggregates of cells and extracellular materials which attach and 

grow typically at an interface between two surfaces, biotic or abiotic (i.e. either air, 

liquid or a solid surface)146,147. The cells which make up these biofilms produce an 

extracellular matrix (ECM) typically containing exopolysaccharides (EPS), signalling 

molecules and other proteins148,149.  

The formation of a biofilm begins with the attachment of planktonic cells to an interface 

where they will begin to produce ECM components, continue to divide and attract 

other planktonic cells. Biofilms form by adhesion of planktonic (freely motile) cells to 

an interface where they will start to produce an ECM, continue to divide and attract 

other planktonic cells147. As the mass increases a macroscopic structure forms where 

cells can break free of the biofilm to become planktonic once more and restart the 

biofilm formation cycle150,151 (Figure 1.16a). The process of biofilm formation is tightly 
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regulated and involves multiple signal cascades which cause planktonic bacteria to 

coalesce at an interface and aggregate (Figure 1.16b). Briefly, the most important of 

these cascades involve the intracellular secondary messenger cyclic-di-guanosine 

monophosphate (c-di-GMP). Following activation of membrane-bound signalling 

receptors (e.g. WspA), c-di-GMP is activated and goes on to upregulate EPS and 

alginate biosynthesis, adhesion proteins, and membrane pumps, while 

downregulating motility genes152–154. The second important pathway is that involving 

cyclic-adenosine monophosphate (cAMP), which upregulates biofilm formation by 

decreasing motility, increasing adhesion and increasing EPS production153,155,156. 

Aside from these widely conserved secondary messenger systems, processes such 

as quorum sensing, cell wall stress, mechanical sensing and environmental toxicity 

can all lead to biofilm formation153.  

Due to their composition, biofilms offer an inherent protection to their constituent 

bacteria from both mechanical and chemical factors. Therefore, they are an emerging 

problem in public health, being involved in 80% of all chronic infections157, due to their 

ability to confer resistance to antimicrobial compounds158. Their resilience to 

antimicrobials can arise in several ways; high cell densities result in decreased 

penetration of the drug into the biofilm, high expression of b-lactamases which 

degrade certain antibiotics and the adaptation of persister cells which promote 

resistance by initiating horizontal gene transfer after the application of an 

antimicrobial159. Aside from public health, biofilms have also become a significant 

problem in industries such as brewing, water management and food processing due 

to their resilience to mechanical and chemical clearing160–164.   
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Figure 1.16. Development and regulation of biofilms. a) A diagram of the key stages in 

biofilm formation. Following adhesion of motile planktonic cells, the biofilm is established 

and matures as the ECM is deposited by cells. Mature biofilms can then shed cells to 

disperse them throughout the environment and re-colonise other surfaces. Some common 

biofilm dispersal agents and matrix components are also presented, including microbial 

surface components recognizing adhesive matrix molecules (MSCRAMMs), extracellular 

DNA (eDNA) and EPS.  b) The regulation of biofilm formation detailing the main c-di-GMP 

and cAMP pathways. This diagram outlines biofilm regulation for Pseudomonas spp., but 

many of the key processes are conserved across species. Panel a) adapted from 151, Panel 

b) adapted from 154.  



 36 

The study of biofilm architecture has developed over the past several years and has 

explored the role of extracellular components and secreted macromolecules which 

provide the biofilm with spatial organisation and structural support. Among these 

surface structures are type I pili (fimbriae), antigen43 (Ag43), colanic acid, cellulose, 

curli and flagella165 (Figure 1.17). Fimbriae allow for attachment of E. coli onto solid 

surfaces and are key to the infection cycle of strains such as Uropathogenic E. coli 

(UPEC) and Enterohaemorrhagic E. coli (EHEC) O157:H7. These tubular structures 

(5 nm x 2 nm) are expressed across the cell’s surface, with as much as 500 fimbriae 

per cell, and in the presence of mannose will bind to various host cell surface 

receptors and abiotic targets to ensure attachment166.  Antigen 43 is another widely 

expressed extracellular component of both commensal and pathogenic E. coli. This 

protein facilitates attachment between cells, instead of attachment to a solid surface, 

and promotes aggregation of E. coli leading to the three-dimensional colonies which 

we observe on agar plates167,168. When environmental conditions are unfavourable 

colanic acid forms a protective capsule around the bacterium and is secreted into the 

extracellular matrix. Colanic acid synthesis is upregulated in mature biofilms and 

serves to protect from chemical and environmental factors which would disrupt the 

biofilm165. Cellulose is another extracellular polysaccharide component of biofilms 

Figure 1.17. Extracellular components 

of E. coli which promote biofilm 

formation. A diagram of the extracellular 

components expressed in biofilm-forming 

bacteria. Reproduced from 189. 
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which allows for structural support in mature biofilms and the formation of bacterial 

pellicles (biofilms which form on liquid-air interfaces). Curli fibres are secreted into the 

ECM and like fimbriae facilitate the attachment of planktonic cells to solid surfaces. 

As discussed by Serra & Hengge, cellulose and curli are produced by stationary-

phase bacteria within the biofilm where they contribute to the formation of 

macroscopic wrinkles/crenulations, ridges and rings169,170. The spatial organisation of 

biofilms has been elucidated using electron microscopy and localisation of specific 

components using confocal laser scanning microscopy on thin sections of a biofilm 

and show that cellulose and curli appear to have different localisations within the 

biofilm169,170. These studies show that cellulose forms long filaments which pass 

between cells to provide structural support, while curli forms lattice networks around 

individual cells. Not only do they form different structures, their localisation also differs 

with curli being found nearer the surface and cellulose deeper within the biofilm169. 

Serra et al. go on to show the spatial organisation of different cell types within a 

macrocolony biofilm171. Correlative light-electron microscopy (CLEM) was used to 

show that dividing flagellate cells are localised at the base of the colony and around 

the periphery, while ovoid non-dividing cells are found in the upper regions and on the 

surface layers of the biofilm171.  

It has also been shown that localised cell death within a biofilm focuses mechanical 

forces and results in the formation of macroscopic structures such as wrinkles and 

crenulations, particularly in Bacillus subtilis172.  Flagella, along with fimbriae, are 

important in the initial stages of biofilm attachment173. These extracellular appendages 

facilitate swimming motility in E. coli and depending on their location on the outside 

of the cell control how well the cell is able to swim (i.e. unipolar, bipolar or peritrichous 

flagella). Flagellar biosynthesis is a complex and highly regulated process which will 

not be discussed here, however an informative overview is provided by Liu & Ochman 
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and Belas150,174. The cumulative effect of the above extracellular components ensures 

attachment to surfaces and promotion of biofilm formation. Additionally, in a mature 

biofilm they confer resistance to mechanical and environmental factors to preserve 

the structure of the biofilm and the survival of the constituent cells. 

1.6.2 Spatial patterning in bacterial biofilms 

Spatial structure and organisation give rise to the phenomenon of complex spatial 

patterning within many structures in nature from the scale of whole systems down to 

single cells. Typical examples of these include the branching networks of neurones in 

the brain175, dorsal closure in the development of Drosophila melanogaster176, and 

fractal patterns in the vasculature system177. However, these spatial patterns are also 

displayed by microbial communities178. Examples include phenomena such as the 

cooperative growth dynamics of Bacillus spp.179,180, the branching networks of 

Streptomyces spp.181 and the fractal patterns in mature colony biofilms of E. coli182. 

Recent studies have demonstrated dynamic spatial patterning of cells within bacterial 

colonies as a result of environmental factors and cell-cell interactions within the 

colony. To this end, the emergent properties of biofilms have been studied extensively 

to explore the social interactions and spatial heterogeneity in bacterial 

communities183. These emergent properties manifest in various ways; for example, 

macro-colony folds172,184,185, population differentiation158,169,170,183, and sectoring of 

founder populations in multi-strain systems186. The findings of an intra-colony channel 

network presented in Chapter 3 visually resemble some of the previous strain 

sectoring work which has been performed over the last decade, and so it is important 

to note how these patterning phenomena relate to the channel structures identified 

here.  

Rudge et al. discussed the fractal patterns generated by colonies which correlated 

with predicted computational biofilm structures produced by CellModeller182. They 
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suggested that patterns arise between cells which express different markers (i.e. 

between different founder populations). They observed cells at the edge of the fractal 

boundaries were arranged parallel to the course of the fractal pattern and this resulted 

from an amplification of the mechanical instability caused by cell growth and viscous 

drag of dividing cells182 (Figure 1.18). Cell shape has also been noted as an important 

factor in determining the spatial distribution of cells within a mature colony biofilm 

(Figure 1.19a). In the environment biofilms are often heterogeneous, in that they can 

be composed of different species of bacteria which occupy the same niche. This can 

result in a mixture of different morphologies within biofilms such as spherical cocci 

and rod-shaped cells. Smith et al. showed that when a mixture of spherical and rod-

Figure 1.18. Population sectoring in mature bacterial biofilms. a) Left: CLSM images 

of colony biofilms composed of a GFP and RFP expressing strains of E. coli, depending 

on the number of cells in the starting inoculum, the degree of spatial patterning will be 

altered. Right: in silico models of experimental colony biofilms match the CLSM images 

presented on the left panels. b) Fractal distributions are generated by a combination of 

growth and viscous drag created by dividing cells and is amplified by the mechanical 

instability of the underlying medium. Adapted from 182. 
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shaped cells results in a layered distribution of both cell types187. When two spherical 

species of bacteria were mixed, they grew to form columnar distributions of cells 

depending on where the progenitor cell was positioned at the start of colony growth. 

When two rod-shaped species were mixed, a fractal pattern arose between each 

domain which concurred with the earlier work of Rudge et al.187.  

The fractal-like patterns which are shown in literature have been recently proposed to 

be a result of cell-cell and cell-surface interactions during the formation of the bacterial 

colony (Figure 1.19b & c). Co-cultures of strains with differing social interactions have 

been shown to have profound effects on the patterning of bacterial colonies188–190 . 

Co-cultures of strains which exhibit positive interactions (such as commensalism, 

mutualism and neutralism) have been shown to increase genetic variance within the 

biofilm while decreasing the survival of the original bacterial lineage. Those which 

exhibit negative social interactions (such as parasitism, amensalism and competition) 

have shown to decrease genetic variance while increasing the survival of the starting 

lineage due to less horizontal gene transfer between strains which preserves the 

lineage of the more successful strain188. Cell-surface interactions have also been 

reported to have an effect on the spatial distribution of bacterial colonies, and this has 

been shown in relation to chirality189. Chirality has been noted in various microbial 

colonies and is most evident in Bacillus mycoides colonies where they can produce 

clockwise or anti-clockwise spirals191. Jauffred et al. demonstrated this by 

systematically removing extracellular components of biofilm-forming strains of E. coli 

to observe the effect on the chirality exhibited when two strains are co-cultured and 

following deletion of the key extracellular components involved in biofilm formation 

and altering the components of growth medium189. This showed that the spatial 

distribution of bacteria within colonies and biofilms therefore arises form a  
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Figure 1.19. The role of cell-cell and cell-surface interactions in biofilm patterning. 

a) In silico modelling of the effect of cell shape in biofilm spatial patterning. Short (S) and 

long (L) cell types are mixed in different combinations, resulting in different spatial 

organisation throughout the mature biofilm. b) Various social interactions which have an 

effect on the phenotypic heterogeneity in mature biofilms. “0” = baseline fitness, “+” = 

advantaged, “–” = disadvantaged. c) Various cell-surface interactions which have an effect 

on the phenotypic heterogeneity in mature biofilms. Two strains (black and white) were 

grown in mixed colonies to produce radial sectors. Colony chirality was altered by changing 

the surface stiffness and nutrient profiles of the growth medium. Changes in chirality were 

measured by comparing the average boundary angle (f(r)) to the radial vector of the sector 

boundary (ln#𝑟 𝑟!% &). Scale bars = 1 mm. Adapted from 187-189. 
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combination of interactions between growing cells and the interactions of their 

extracellular matrix components with the underlying substrate. 

The patterning in bacterial colonies has been proposed as a method by which bacteria 

promote genetic diversity and microbial evolution. Goldschmidt et al., suggest that 

successive range expansion (i.e. seeding a fast-growing and slow-growing strain and 

having the slow-growing strain grow through the leading edge of the colony created 

by the fast-growing strain) facilitates horizontal gene transfer between co-cultured 

strains which form fractal pattern in colonies, thereby increasing the genetic diversity 

of the colony190.  A practical application of spatial patterns in bacterial communities is 

morphogenetic engineering, where one strain can be genetically programmed to 

instruct patterning cells to produce a product when induced by an exogenous 

chemical signal is present. This is achieved by culturing an underlying layer of 

actuation cells which some of the genes necessary for the desired product, while 

culturing a pattering layer on top which contains at least two strains to form a pattern 

as noted above, but with one strain expressing the remained of the desired genes192. 

The actuation layer and the patterning layer then produce the desired product by 

effectively complementing the missing genes in each strain to produce the desired 

product192. Nuñez et al. showed that morphogenetic engineering can also be used to 

inhibit production of proteins in a similar way using a CRISPRi/Cas9 approach192. The 

ability to control the growth of colonies and the substances they produce in this way 

is limited in practical application as most industrial biotechnology processes use batch 

or continuous liquid cultures in place of solid cultures. Indeed, many processes 

actively wish to remove or avoid biofilm formation which would reduce the efficiency 

of production. Therefore, these applications, although interesting, remain largely 

inapplicable to the wider field and feature instead as a method for studying the 
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development and morphogenesis of bacteria in microbial ecology and synthetic 

biology.  

It should be emphasised that the instances of spatial patterning in bacterial colonies 

mentioned in literature have been observed in colonies composed of multiple strains 

based on cell-cell and cell-surface interactions. The structures reported in Chapter 3 

arose as an emerging property of biofilm formation by a single strain and the fractal-

like channels were devoid of cells. Chapter 3 will provide evidence of a previously 

undocumented functionalised channel system in mature E. coli colonies using the 

Mesolens.  

1.7 Microbial soil ecology 

Bacteria are prolific in terrestrial soils and marine sediments, with high bacterial 

diversity across a range of soil types and climates193–198. The composition of soils is 

heterogeneous, being composed of clay, silt, sand and pebbles199; thus, providing a 

range of habitats for microorganisms to colonise, either on the surface of particles or 

the interstitial space. In general, soil bacteria are thought to exist as biofilms 

associated with plant roots, soil particles or detritus200, or as dormant spores during 

nutrient exhaustion201. However, given their hypothesised colonisation phenotypes in 

the environment, bacteria are not routinely cultured in environments which mimic their 

natural habitats. This is mainly because soil is difficult to work with as a culture 

medium for three reasons; due to varying geographical composition202–204, the 

presence of bacteriophage and unwanted contaminants (which can be removed by 

sterilisation, but may also destroy any nutrients)205, and high autofluorescence and 

intrinsic scattering which prevents study by many microscopical methods. Therefore, 

most phenotypic observations of soil bacteria are performed on 2D agar surfaces, 

which are not representative of how they would grow and interact in the environment. 
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It was thereby hypothesised that culturing bacteria in a tactile 3D environment may 

provide novel outlooks on how they behaviours in their native environment. These 

behaviours could extend to growth dynamics, specialised metabolite production, 

interspecies and interkingdom interactions, and colonisation phenotypes. 

It was recently shown that a synthetic mimetic transparent soil environment can be 

used to grow and study plant roots, and furthermore, to study bacteria associated with 

plant roots206,207.  This 3D environment was designed and optimised to culture plant 

root systems, but there has been no system developed purely for the purpose of 

bacterial cell culture. The motivation to develop a synthetic soil system purely for 

bacterial culture came from observing the work of Downie et al., where EHEC was 

able to be cultured in the rhizosphere207. However, the bacteria depended heavily on 

the parasitic interaction with the plant roots for survival and would have been unable 

to grow successfully without nutrients from the plant. Moreover, this study used light 

sheet microscopy to capture image volumes around individual root hairs, but the 

global colonisation phenotype was not explored. Therefore, there was an opportunity 

to refine the transparent soil method specifically for bacterial culture, while 

incorporating optical mesoscopy with the Mesolens to understand the behaviour of 

soil bacteria in a mimetic environment over multiple spatial scales. Chapter 4 will 

outline the fabrication and optimisation of a Nafion™ polymer soil in father detail, 

which was used to culture soil bacteria in a controlled mimetic environment. This soil 

could be refractive index matched, where the Nafion™ soil particles were submerged 

in a solution of equal refractive index to the Nafion™ polymer, thus minimising light 

refraction and rendering the particles transparent. To this end, the colonisation 

behaviours of soil bacteria can now be studied in a fully controlled mimetic 3D 

environment as never before – with the potential to visualise alternative colonisation 

behaviours in situ.  
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1.8 Research aims and objectives 

The work described in this thesis centres on the application of advanced optical 

microscopy to various microbiological questions. Firstly, do bacteria exhibit 3D 

behaviours as they traverse their environment, and could this be studied using IRM? 

Additionally, could the 3D orientation of the specimen be made more evident in IRM 

by adopting a multi-wavelength approach? This was studied using the gliding 

bacterium, M. xanthus, which was hypothesised to glide laterally while adhered firmly 

upon a solid substrate. A multi-wavelength variant of confocal IRM was optimised and 

characterised before applying to microbiological specimens for the first time.  

Secondly, following the identification of a network of intra-colony channels in mature 

E. coli macro-colonies, there were three main objectives to answer. One, what were 

these channels composed of? Two, how did the channels form? And three, what 

function did the channels play in the context of the biofilm and, if beneficial, could this 

function be exploited? The Mesolens was required to study the spatial organisation 

of macro-colonies at multiple spatial scales simultaneously and was used to visualise 

intact multi-millimetre biofilms while resolving over 1x108 individual bacterial cells. 

This is a feat which no other optical microscopy method could achieve and provides 

a new approach for studying the role of individual bacteria at global scales.  

Thirdly, could a 3D mimetic culture environment be optimised to study the behaviour 

of soil bacteria in situ by microscopy. Bacterial behaviour has been documented using 

the same basic 2D culture methods since the time of Koch and Pasteur, over 170 

years ago. Given the innumerate range of bacterial behaviours which have been 

documented by these methods, it was hypothesised that previously unobservable 

phenotypes could be documented by culturing bacteria in a 3D environment. Not only 

may this have shown new behaviours, but additionally provides a more representative 

view of how bacteria grow in their natural environment.  
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Chapter 2 
Multi-wavelength confocal interference 
reflection microscopy reveals novel 
gliding behaviours in Myxococcus 
xanthus 
 

 

This chapter describes the development and application of a multi-wavelength 

confocal variant of interference reflection microscopy to the gliding delta-

proteobacterium, Myxococcus xanthus. Firstly, the imaging methods were used to 

characterise a specimen of known geometry to ensure that reliable extraction of 3D 

information was feasible. Then, for the first time, confocal IRM was applied to 

bacteriological specimens. Novel gliding behaviours were identified in wild type gliding 

bacteria, revealing an aperiodic oscillatory behaviour with changes in the position of 

the basal membrane relative to the substrate on the order of 90 nm in vitro. The wild 

type was then compared with mutants that have reduced motility, which also exhibited 

the same changes in adhesion profile during gliding. It was then determined that the 

general gliding behaviour is independent of the proton motive force-generating 

complex, AglRQS, and suggested that the novel behaviour we present here may be 

a result of recoil and force transmission along the length of the cell body following 

firing of the Type IV pili. 

 

Sections of this Chapter have been adapted from Rooney et al. (2020a)145.   
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2.1 Introduction 

2.1.1 Bacterial gliding motility  

Bacteria have evolved a number of ways by which they are able to travel through their 

environment, with the most studied mode of bacterial motility being flagellar-mediated 

movement. Most bacteria depend on the use of extracellular appendages such as 

flagella or pili to swim through their environment, or they exist as non-motile planktonic 

cells which drift in liquid environments due to Brownian motion or attached to 

surfaces150. The ability of bacteria to undergo directed movement in response to 

chemotactic signals underpins behaviours such as biofilm formation208,209, host 

colonisation210–212, and communal swarming and predation213 . Other modes, such as 

the twitching motility displayed by Pseudomonas aeruginosa, use Type IV pili (T4P) 

to direct movement based on the extension, adhesion and retraction of polar filaments 

from the leading pole of the cell1,2. However, not all bacteria rely solely on extracellular 

appendages for motility. The phenomenon of surface-based gliding motility has been 

identified in a diverse range of bacterial species spanning phylogenetically diverse 

phyla including Flavobacterium johnsoniae, Cytophaga hutchinsonii, Mycobacterium 

mobile and Myxococcus xanthus101,140,214,215.  

The Delta-proteobacterium M. xanthus displays two different modes of gliding motility 

- adventurous motility and social motility - to seek out nutrients or prey as part of its 

complex lifecycle101,133–135,141,143,216,217. There are contrasting models proposed to 

explain the mechanisms underpinning gliding motility102,139,141,218,219. The focal 

adhesion complex (FAC) model proposes that FACs form on the basal surface of the 

cell and attach to the underlying substrate while coupling to the helical MreB 

cytoskeleton on the cell’s inner-membrane102,139,220,221. It has been shown that FACs 

translocate linearly from the leading pole as the cell moves forwards and is driven by 
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the force generated by the AglRQS gliding complex, which is associated with the 

FAC139,142. The FAC model requires the basal layer of the cell to be firmly attached to 

the underlying substrate, however, it remains unclear how the complex is able to 

traverse the peptidoglycan cell wall without compromising the structural integrity of 

the cell219,222. A second model has been suggested where proton motive force (PMF) 

generated by AglRQS results in a helical rotation of the MreB cytoskeleton in gliding 

cells which are firmly adhered to a solid substrate141,142,223–225. In the helical rotation 

model, stationary foci of fluorescently-tagged motor complex subunits have been 

explained as being a build-up of multiple complexes arrayed in “traffic jams” which 

result from areas of differing resistance in the underlying substrate141,224. Both models 

converge where the gliding cell is adhered firmly to the surface of the underlying 

substrate to facilitate gliding. However, our observations show that cells are not in fact 

firmly adhered during gliding motility, but instead exhibit aperiodic fluctuations in 

surface adhesion as they glide.  

2.1.2 Background theory for IRM  

For the image formation theory in IRM, a simplified three-layer model system is 

assumed that only consists of the coverglass (g), the cell medium (m) and the cell (c). 

In this model, the cell medium can be viewed as a thin film with varying height, 

dependent on how closely the cell is attached to the coverslip. The reflected light 

beams at the coverglass-medium (g-m) and the medium-cell (m-c) interface coincide, 

leading to de-/constructive interference dependent on the optical path length 

difference between the two beams226 (Figure 2.1).  

Since the refractive index of the cell medium is smaller than the refractive index of the 

cell, a 180° phase shift occurs upon reflection106. Accordingly, deconstructive 

interference occurs at optical path length differences of z = N %
*+0

 and constructive 
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interference occurs at z =(N+.
*
) %
*+0

, with N = 0, 1, 2,... etc. as the interference order, 

nm = refractive index of the medium (m) and l = wavelength of reflected light. This 

wavelength-dependency can be used to extract the cell topology from IRM images 

since overlap of the interference fringes of different wavelengths decreases with 

increasing distance between the cell and the coverglass. The decreasing fringe 

overlap with increasing separation between the cell and coverglass, as observable in 

colour-merged IRM images obtained for different wavelengths, results in a clear 

colour-ordering along the cell body when the cell is lifted up from the coverglass. 

There are several assumptions of this IRM model which are taken into account. They 

are that no other refractive index boundary exists in the cell specimen (i.e. that the 

refractive index of the cell is constant) and that incident and reflected light are 

perpendicular to the coverglass91. Also, the impact of the NA is neglected which 

Figure 2.1. Schematic of the IRM model. The model system consists of the coverglass, 

the cell medium and the cell body. Reflections occur at both the coverglass-to-medium and 

medium-to-cell interfaces. Propagation of direction of the incident and reflected light is 

perpendicular to the coverglass. The two reflected light beams interfere de-/constructively, 

dependent on the optical path length difference. This results in the formation of bright and 

dark fringes which encode 3D information in the final 2D image. 
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affects the depth of field that is imaged. In IRM, high NA objectives are used to limit 

detection of reflection signals to those originating from interfaces close to the 

coverglass, which establishes an experimental condition that is close to the three-

layer system established, here, consisting of the coverglass, the cell medium and the 

cell body105. 

2.1.3 Interference reflection microscopy for bacterial imaging 

Bacterial gliding motility has mainly been studied using phase contrast and 

fluorescence microscopy techniques which do not provide 3D information about cell 

movement102,141,142,227. It was hypothesised that axial changes in cell shape during 

gliding motility may occur due to the complex nature of underlying mechanisms such 

as FAC translocation and bulk movement of the cytoskeleton. It was reasoned that 

novel 3D behaviours could be visualised using the label-free microscopy technique 

interference reflection microscopy (IRM). This technique has previously been used to 

study focal adhesion sites of eukaryotic cells on glass substrates90–94,96,97,228 and 

microtubule dynamics98–100. Previous studies have used widefield IRM to observe 

gliding motility in Cytophaga spp., where rotation and adhesion to glass surfaces were 

characterised101. Twitching motility in Pseudomonas fluorescens has also been 

investigated using widefield IRM, where the attachment profile of twitching cells was 

found to be dependent on the presence of different electrolytes104. However, these 

previous widefield IRM studies have a low contrast between the orders of 

interference, arising from the short coherence length of the light source. The contrast 

of higher order interference fringes can be improved by using IRM in confocal mode 

where coherent laser light is used and out of focus signal is significantly reduced by 

incorporating a pinhole before the photodetector105.  

One modification that decreases the information gap in IRM data is the use of multiple 

incident wavelengths which, when reflected, separate along the optical axis and the 
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different constructive orders fill in “gap” of the deconstructive orders. Using multiple 

wavelengths of incident light also provides directional information based on the colour 

ordering of IRM fringes. A similar method has been demonstrated using a 

supercontinuum light source229 but has yet to be applied to confocal IRM.  

The application of IRM to biological specimens has been documented since the 

1960s, but the interpretation of IRM data can be difficult90. The theoretical axial 

resolution of IRM can be 15 nm90, compared to a few hundred nanometres for 

confocal microscopy. However in practice, factors such as dense protein aggregates, 

transport of dry mass to the basal membrane, changes in local membrane density 

and proximity of intracellular structures to the membrane affect the contrast of the 

detected IRM image106,229. However, in thin specimens such as bacterial cells, where 

internal shifting of dry mass is unlikely due to the lack of intracellular vesicular 

transport, IRM remains a viable height-measuring technique107. Godwin et al. found 

that separation between the cell and the coverslip on the order of 100 nm can be 

easily distinguished without the influence from ambiguities introduced by above listed 

factors101. Others have disputed the capability of IRM to accurately measure close 

contact sites in live cells, for example, by imaging the displacement of a thin layer of 

fluorescent dye between adherent cells and the coverglass with TIRF microscopy230. 

In the present work it is assumed that the IRM contrast of bacterial specimens is an 

indication of height of the cell surface above the substrate. 

This study is the first application of confocal IRM to bacterial specimens, to reveal key 

information relating to the biology of the study organism, however, previous studies 

have used similar techniques as a means of contrast enhancement. One such study 

used reflection interference contrast microscopy (RICM), where polarising filters and 

an antiflex objective (where a ¼ lambda plate is included in the objective lens design) 

are used to filter out reflected light from outside the specimen plane105,231,232, to only 
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image M. xanthus surface detachment from the coverglass102. Total internal reflection 

fluorescence (TIRF) microscopy has also shown that FACs which attach to and rotate 

the MreB cytoskeleton are found in distinct foci on the basal side of the cell133,141. 

These membrane-associated complexes have been suggested to change the surface 

topology of the gliding cell depending on the cargo load of the molecular motor141. 

More recently, interferometric scattering (iSCAT) microscopy, which detects both the 

reflected and scattered light, has been used to observe T4P-mediated twitching 

motility in P. aeruginosa. In this work the authors generated 3D illustrations which 

revealed the role of T4P machinery subunits in extension, attachment and retraction 

based on the interference pattern in iSCAT images233.  

2.1.4 Experimental aims 

The primary aim of this chapter is to develop a method for 3D imaging of single 

bacterial cells to overcome the impracticalities of optically sectioning bacterial 

specimens. The introduction of a new multi-wavelength confocal approach to IRM will 

provide more reliable axial directionality to understand the topography of live 

unlabelled cells and will also provide increased contrast between interference orders 

to aid in analysis. Additionally, this chapter will aim to describe newly observed gliding 

motility behaviours in M. xanthus and provide a framework for further study to 

elucidate the underlying mechanism(s) behind the behaviours documented here.  

2.2 Materials and Methods 

2.2.1 Bacterial cell culture 

Myxococcus xanthus cultures (see Appendix I for a list of all strains used in this thesis) 

were maintained as fruiting bodies on clone fruiting agar234 and prepared for imaging 

using double casitone yeast extract (DCYE) medium (Appendix II). For imaging, cells 

were inoculated at high cell densities in liquid DCYE medium and grown for 48 hours 
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at 30°C while shaking at 250 rpm. Prior to imaging an 800 µL sample of the 

exponentially growing culture was removed from liquid culture and placed in a 35 mm 

optical-bottom petri dish with a coverslip thickness of 180 µm (cat. no. 80136; ibidi 

GmbH, Germany) and incubated at 30°C for 20 minutes to allow cells to adhere.  

To inhibit the gliding motility of M. xanthus by disrupting ATP production141, sodium 

azide was added to the culture prior to the 20-minute incubation step before imaging 

at a final concentration of 80 mM.  

The refractive index of liquid DCYE medium was measured to be 1.33 using an Abbe 

Refractometer (Billingham & Stanley Ltd., U.K.). 

2.2.2 Interference reflection microscopy 

For the characterisation of a model lens specimen, the specimen was placed convex-

side down on a 170 µm-thick coverglass measuring 50 mm x 24 mm which bridged 

the microscope stage insert. An Olympus IX81 inverted microscope coupled to an 

Fluoview FV1000 confocal scanning unit (Olympus, Japan) was used to image the 

lens specimen. The microscope was configured for IRM by replacing the emission 

dichroic by an 80/20 beam splitter. Images were acquired using a 10x/0.3 NA UPlanFl 

objective lens (Olympus, Japan) and reflection signals were detected using a 

photomultiplier tube (PMT) for each wavelength, with spectral detection limited to a 

10 nm bandwidth over the wavelength of incident light used. A 488 nm line from an 

Argon laser source (GLG3135; Showa Optronics, Japan) was used for single 

wavelength acquisition. For multi-wavelength acquisition, 488 nm and 514 nm lines 

were provided by an Argon laser and 543 nm was provided by a Helium-Neon-Green 

laser source (GLG3135; Showa Optronics, Japan).  

For M. xanthus imaging, optical-bottom dishes were placed on the stage of an 

inverted Olympus IX81 microscope coupled to a Fluoview FV1000 confocal laser 
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scanning unit (Olympus, Japan). Images were acquired using a 60x/1.35 N.A. 

UPlanSApo Oil objective lens (Olympus, Japan). The microscope was configured for 

IRM as described above with incident light of 488 nm from an Argon laser and 635 

nm obtained from a 635 nm laser diode (GLG3135; Showa Optronics, Japan) for 

multi-wavelength acquisitions. These wavelengths were selected based on their large 

spectral separation, meaning that colour-ordering in the observed IRM images was 

more distinct. For multi-wavelength images both channels were acquired 

simultaneously with two separate photomultiplier tube detectors. 

For widefield IRM specimens were prepared as above and imaged using a Nikon 

Eclipse-Ti2 inverted microscope (Nikon Instruments, USA) coupled to a Prime 95B 

sCMOS detector (Teledyne Photometrics, USA). Images were acquired using a 

60x/1.4 NA PlanApo Oil objective lens (Nikon Instruments, USA). The microscope 

was configured for IRM by placing an 80/20 beam splitter in the detection path and 

incident light was sourced from 450 nm and 550 nm LEDs (CoolLED, UK). Multi-

wavelength images were acquired sequentially.  

2.2.3 Image processing and analysis 

2.2.3.1 Image processing 

Images were initially processed using FIJI235.Where specified, kymographs were 

made of time lapse data using the manual tracking and the Multi-Kymograph plugin 

(linewidth = 3 pixels). Images were linearly contrast stretched for presentation 

purposes only. 

To illustrate the improvement in axial resolution that can be gained when using three 

or more wavelengths of incident light in IRM the FIJI difference operation was used 

to remove overlapping regions of interference fringes. This method is presented in 

more detail by Tinning et al. (2020) (manuscript in preparation). 
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2.2.3.2 Background correction for multi-l IRM data 

A common problem for the analysis of IRM images is the inhomogeneity of brightness 

across the image that limits the use of image segmentation tools like thresholding. To 

correct for changes in image brightness across the field, the moving average of the k 

x k neighbourhood was divided from each pixel using MATLAB 2018b. To rescale the 

histogram for downstream analysis in FIJI235 the image intensity was rescaled by 

dividing by a factor of 2. This background correction workflow was developed for this 

study by Lisa Kölln (University of Strathclyde).   

The length of the neighbourhood, k, was selected depending on the specimen that 

was imaged. For the lens specimen, a large k-value (k = 1000) was chosen to prevent 

lowering the contrast of the lens signal. For IRM images of M. xanthus, where the 

frequency of the observed interference fringes relative to the pixel density is high, a 

relatively small k-value (k = 30) proved suitable. Line intensity profiles from raw and 

corrected IRM images were checked to verify that the position and intensity 

succession of the interference fringes were not altered due to the correction method 

(Figures 2.11, 13 and 14). 

2.2.3.3 Lens analysis and reconstruction 

To show that multi-wavelength IRM could be used to study the changes in cell 

topography during gliding, a lens specimen of known geometry was first imaged and 

compared to the theoretical model (refer to Section 2.1.3). Lens images were 

analysed using a MATLAB analysis script written by Ross Scrimgeour (University of 

Strathclyde) for analysis of standing wave microscopy data on lens specimens85,236. 

Images acquired at multiple wavelengths of the lens specimen were linearly contrast 

adjusted and cropped to create a square image using FIJI57. A composite RGB image 

was created by merging the channels. The data was imported into MATLAB 2018b, 

and using the same radial analysis method as presented by Tinning et al., the axial 
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height of interference fringes was calculated from the composite RGB image of the 

lens specimen85. The findpeaks function was used to determine the spacing between 

the experimental intensity maxima of the interference fringes. Each subsequent 

constructive interference fringe was subtracted from its neighbouring fringe to 

calculate the experimental spacing. 

Lens reconstruction was performed using MATLAB. Firstly, the radial distance for 

each pixel was extracted from the centre of the RGB IRM image of the lens specimen. 

By applying a priori knowledge of the lens specimen geometry to the radial distance 

of each pixel (refer to Section 2.1.3), each pixel was assigned an axial height value 

based on the experimental fringe separation calculated previously. The x, y and z 

coordinates along with the image intensities were plotted to create a 3D 

reconstruction of the RGB IRM image. 

2.3 Results 

2.3.1 Characterisation of a model plano-convex lens specimen for IRM 

To show that topographical information of a given specimen could be extracted from 

interference fringe data a specimen of known geometry was characterised before 

applying IRM to biological samples. Single wavelength IRM (l = 488 nm) was initially 

used to image an f = 72 mm plano-convex lens specimen in air. The resulting IRM 

image was compared with a theoretical schematic of a lens specimen where the 

concentric rings of interference fringes correspond to the topography of the specimen 

(Figure 2.2a and b). The normalised radial intensity plot (Figure 2.2c) was created 

using the same analysis script documented by Tinning et al. for standing wave 

microscopy of plano-convex lens specimens and shows the lateral spacing between 

interference fringes85,236. The lateral spacing and can be used to extract 3D 

information based on the known geometry of the lens specimen. As the axial distance 
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separating the interference maxima shown in Figure 2.2b follow a l/2n relationship107, 

the height of each constructive interference order was calculated using the same 

analysis pipeline developed by Tinning et al.85,236 (Figure 2.2d). For the lens shown, 

a fringe separation of 248.7 ± 1 nm and fringe FWHM of 124.3 ± 1 nm was measured, 

compared to a theoretical separation of 244 nm and FWHM of 122 nm (error = 1.9%). 

Figure 2.2. Extracting 3D information from 2D IRM image data. a) A schematic of a 

plano-convex lens specimen where R is the lens radius, L1 and L2 are the axial position of 

two constructive interference orders, r1 and r2 are the lateral distance from the centre of the 

lens to the interference orders 1 and 2.  Adapted from Amor et al., 2014. b) A confocal IRM 

image of an f = 72 mm plano-convex lens specimen (l = 488 nm). Concentric fringe orders 

correlate to the topography of the specimen. c) A normalised radial intensity profile of the 

fringe orders in b). d) Extracted axial positions of interference fringes from 2D IRM data 

shown in b). 
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According to IRM theory, unlike diffraction-limited resolution, the effect of NA on the 

axial resolution of IRM is negligible. Therefore, interference fringe separation should 

also remain constant if the same plano-convex lens specimen is imaged under the 

same conditions with different NA objective lenses. To demonstrate the conservation 

of axial resolution two plano-convex lens specimens were imaged with two objective 

lenses. Figure 2.3 shows the resulting IRM images (l = 488 nm) of a f = 48 mm and 

f = 72 mm acquired using a 5x/0.1 NA lens (Figure 2.3a) and a 10x/0.3 NA lens (Figure 

2.3b). Normalised radial intensity plots were created as before and show that the 

interference fringe features remain constant despite changing NA. With NA having a 

negligible effect, the axial resolution of IRM is effectively fixed between different 

objective lenses given that imaging conditions remain constant. However, due to the 

relationship between NA and depth of field, having a low NA can result in intensity-

based artefacts from self-interference from reflections elsewhere within the samples. 

This can be observed as inhomogeneous illumination across the image, as in the top 

panels of Figure 2.3a and b, but it is more apparent when multiple wavelengths are 

used to acquire IRM images (Figure 2.4). By visualising images acquired at the same 

focal plane using multiple wavelengths at low NA the intensity differences across the 

field are apparent, whereas these are much decreased when using a higher NA 

objective lens. Therefore, the NA should still be taken into account when acquiring 

IRM data, particularly when imaging specimens where interference is likely to occur 

within the depth of field of the objective lens (i.e. from the apical membrane of adhered 

cells or planar side of a plano-convex lens). 

 



 59 

 

Figure 2.3. Axial resolution in IRM is independent of numerical aperture. a) IRM 

images (l = 488 nm) of an f = 48 mm plano-convex lens specimen acquired using two 

different objective lenses with different NAs. Associated radial intensity profiles are 

included. b) IRM images (l = 488 nm) of an f = 72 mm plano-convex lens specimen 

acquired using two different objective lenses with different NAs. Associated radial intensity 

profiles are included. For both lenses, top panels were acquired using a 5x/0.1 NA lens, 

and bottom panels were acquired using a 10x/0.3NA lens. Coloured markers indicate the 

peak intensity of each constructive order for comparison.  
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2.3.2 Application of multi-wavelength confocal IRM to a model specimen  

Having characterised a model plano-convex lens specimen using single wavelength 

IRM and describing the effect of NA on acquiring IRM images the same 

characterisation methods were applied to multi-wavelength confocal IRM data. As 

previously introduced, the purpose of using multiple acquisition wavelengths is to rely 

on the spectral separation of different reflected wavelengths with increasing distance 

from their reflection boundary. When images are merged post-acquisition, the 

Figure 2.4. Low NA objective lenses can result in erroneous intensity artefacts. a) 

Mutli-wavelength confocal IRM images (l = 488 nm, 515 nm and 543 nm) and a composite 

merge of an f = 72 mm plano-convex lens specimen acquired using a low NA lens (5x/0.1 

NA). Associated intensity plot profile is shown below for each reflected wavelength (red = 

543 nm, green = 515 nm, blue = 488 nm).  b)  Mutli-wavelength confocal IRM images (l = 

488 nm, 515 nm and 543 nm) and a composite merge of an f = 72 mm plano-convex lens 

specimen acquired using a high NA lens (10x/0.3 NA). Associated intensity plot profile is 

shown below for each reflected wavelength (red = 543 nm, green = 515 nm, blue = 488 

nm).   
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constructive orders of each wavelength will occupy some of the deconstructive orders 

of the others and partially fill in the information gap between fringes, which is most 

apparent in single-wavelength IRM. This decreases the information gap from 50% in 

single wavelength IRM to approximately 17% in multi-wavelength IRM (when 3 

separate wavelengths are used). A composite of IRM images of a f = 72 mm lens 

specimen acquired at 488 nm, 514 nm and 543 nm is shown in Figure 2.5a. In Figure 

2.5b, a cross-sectional schematic of a plano-convex lens specimen is shown, outlining 

the axial position of the intensity maxima that are caused by constructive interference 

for different orders and wavelengths. Additionally, the resulting colour ordering of 

Figure 2.5. Using multiwavelength IRM to fill the information gap. a) A composite IRM 

image acquired using wavelengths at 488 nm, 514 nm and the 543 nm which are false-

coloured blue, green and red. The spectral separation of the interference orders can be 

observed as the concentric fringes propagate away from the coverglass. Scale bar = 200 

µm b) A cross-sectional schematic of the lens specimen showing the colour-ordering of 

each acquisition wavelength as they propagate axially from the coverglass. 
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multi-wavelength IRM data provides a sense of directionality in the z-dimension, 

where fringe orders of shorter wavelengths will appear followed by orders of longer 

wavelengths if the specimen surface is inclined, while the opposite is true if the 

surface is sloping downward towards the coverglass.  

Three-dimensional reconstruction of IRM data is difficult in biological specimens due 

to, for example, fluctuating refractive indices or changing local environmental 

conditions. However, to demonstrate that 3D reconstruction of IRM data is possible, 

the model specimen was reconstructed by assuming constant imaging conditions and 

applying a priori knowledge of specimen geometry. The intensity of the interference 

orders was analysed by comparing the radial intensity profile (Figure 2.6a) with the 

theory of IRM regarding fringe separation. The calculated theoretical spacing (i.e. 

l/2n) between the constructive inference maxima for each incident wavelengths were 

244 nm, 258 nm and 272 nm (n = 1 (air)). The experimental data resulted in slightly 

different spacings for between the intensity maxima, with 249 ± 1 nm, 262 ± 1 nm and 

277 ± 1 nm (Figure 2.6b). Therefore, experimental and expected values deviated by 

2.07%, 1.63% and 1.91% for the different wavelengths. Additionally, the overlap of 

the intensity maxima of different acquisition wavelengths decreased with lens-to-

coverslip distance (Figure 2.6b). These observations provided a sense of 

directionality regarding specimen topography, where the curvature of the plano-

convex lens specimen was clear from the acquired images and allowed for 3D 

reconstruction of the lens specimen (Figure 2.6c). This means that assumptions 

outlined in previously in Section 2.1.3 are appropriate to reconstruct the morphology 

of simple model systems. Furthermore, a multi-wavelength IRM approach provides 

important additional morphological information over single wavelength IRM.   
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2.3.3 Further improving the axial resolution of IRM using a difference 

operation 

Using multiple wavelengths in IRM results in some overlap of the fringe maxima 

arising from each reflected wavelength. While providing more information, the 

overlapping interference orders do not offer any improvement to the axial resolution 

of IRM. However, it is possible to removing the overlapping intensities using a simple 

post-acquisition step in FIJI. By applying a difference operation any overlapping 

regions between two channels can be removed resulting in an overall increase in the 

number of interference orders obtained compared to a composite of the two images 

(Figure 2.7). When the difference operation is applied to three-channel data (e.g. 488 

Figure 2.6. 3D reconstruction of a plano-convex lens specimen. a) The radial intensity 

profile of the interference fringe pattern shown in Figure 2.5a). We observed the fringe 

periodicity decrease as observed in the RGB IRM image. b) Using a priori knowledge of 

the lens specimen, the axial height was calculated and used to plot the intensity of each 

pixel as a function of height. c)  A 3D reconstruction of the lens specimen using the known 

x, y and z values and intensity extracted from the 2D IRM image. 
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nm, 515 nm and 543 nm), an image pair is generated (e.g. |543 nm – 515 nm| and 

|515 nm – 488 nm|) which when merged provides an axial resolution improvement of 

approximately 50% (Tinning et al., (2020), manuscript in preparation). 

This difference method works optimally with experiments using three or more 

wavelengths. However, due to instrument limitations it was not possible to acquire 

three-channel IRM images simultaneously on dynamic biological specimens using the 

Olympus FV1000 inverted confocal microscope available. Therefore, the difference 

Figure 2.7. Improving the axial resolution of IRM using a difference operation. a) Two 

IRM difference images are presented for wavelengths 488 nm, 515 nm and 543 nm with 

accompanying composite difference image for a f = 72 mm plano-convex lens specimen. 

b) A radial intensity profile measured along the yellow ROI presented in a) shows an 

increased number of interference fringes following the difference operation when compared 

to multi-wavelength IRM alone (Figure 2.6a). Intensity profile was measured with a line 

thickness of 10 pixels (12.09 µm).  
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method was only applied on model specimen data as a demonstration of its use in 

improving the axial resolution of multi-wavelength IRM data.  

2.3.4 Single-wavelength IRM reveals axial gliding behaviours in M. 

xanthus 

Having characterised IRM using a specimen of known geometry the technique was 

applied to the gliding bacterium, M. xanthus. When placed on a glass coverglass and 

imaged using IRM, wild-type M. xanthus (DK1622) displayed shifting interference 

fringe patterns along the length of the cell body (Figure 2.8). This was indicative of 

changing axial position of the basal membrane of the cell relative to the coverglass. 

Previous imaging experiments in literature suggested that myxobacterial gliding 

motility was limited to a flat plane, however using IRM it is clear that cells move in 

three dimensions while gliding and display a range of topographies while gliding along 

Figure 2.8. Myxococcus xanthus exhibits 3D gliding behaviours. A temporal 

hyperstack shows a colour-coded time series of gliding myxobacteria acquired using IRM 

(l = 488 nm). Changing cell topographies can be identified by observing the changing 

interference fringe patterns along cell bodies (false coloured according to time). 
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a solid surface (Figure 2.9). Initially conventional microscopy tracking plugins were 

used to try and track gliding cells in order to understand their changing shape over 

time. However, automated tracking algorithms often depend upon the tracked object 

being spherical, meaning that rod-shaped objects such as M. xanthus are more 

difficult to track237–239. This is made more challenging by the reflection interference 

contrast mechanism which introduces fringe patterns into the image data. Use of 

conventional tracking tools resulted in multiple fragmented tracks for each cell which 

would be impractical to use for any analysis (Figure 2.9a). Therefore, manual tracking 

was used in ImageJ of selected gliding cells within a time series which resulted in 

tracks lasting the full duration of the gliding path length (Figure 2.9b). Tracks from the 

manual tracking were used to generate kymographs in FIJI which showed the 

changing interference fringe patterns along the cell body during gliding (Figure 2.9c). 

Interestingly, the 3D topography of the leading and lagging poles often changed 

according to the polarity of the cell (i.e. forward or reverse gliding). Additionally, most 

cells displayed a behaviour where a centre portion of the cell body was raised by 

above the surface of the coverglass. Assuming that most of the fringes present along 

the cell body of the cell shown in Figure 2.9c were first order fringes, these behaviours 

all involve raising regions of the cell body approximately 90 nm above the surface of 

the coverglass. However, without the directional information provided by multi-

wavelength IRM it is not possible to confirm this.  
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Figure 2.9. Understanding the 3D behaviour of M. xanthus during gliding. a) 

TrackMate output showing calculated tracks for various gliding cells. Multiple tracks are 

present for every cell which makes kymograph generation impractical. b) Manual tracking 

using ImageJ allows for more adaptive cell tracking to demonstrate changes in cell 

behaviour over time. Selected cells were tracked over the course of 600 seconds, or until 

they moved beyond the edge of the image. c) A kymograph of ROI 2 from b) shows the 

spatial information collected from a single gliding cell over 600 seconds. As the cell begins 

gliding the leading pole is inclined, before both poles incline and a polarity shift occurs 

causing the cell to reverse. During this reversal at approximately 450 seconds a portion of 

the cell body in the centre of the cell is raised. Three example ROIs of the gliding cell are 

presented displaying different gliding behaviours. Scale bars = 5 µm.  
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To ensure that the changing fringe patterns observed in Figure 2.8 were linked solely 

to gliding motility and not owed to any intensity-based artefacts, cells were treated 

with 80 mM sodium azide (NaN3) to inhibit gliding motility. When treated with sodium 

azide, M. xanthus gliding motility was completely inhibited. Cells remained static 

throughout imaging and any interference fringes present along the cell bodies also 

remained static (Figure 2.10). This finding determined that the changing fringe 

patterns observed using IRM was linked to gliding motility, and moreover 

corresponded to changing topography during gliding.  

  

Figure 2.10. Changing interference fringe patterns are indicative of changing gliding 

topographies. A temporal hyperstack shows a colour-coded time series of gliding 

myxobacteria treated with 80 mM NaN3 prior to imaging using IRM (l = 488 nm). Any 

interference fringes present remain static while gliding is inhibited. 
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2.3.5 Inhomogeneous background correction for IRM data 

To address the inhomogeneous background intensity present in multi-wavelength 

IRM data a background correction tool which was developed by Lisa Kölln (University 

of Strathclyde) was used. Briefly, a moving average (neighbourhood length = k) was 

taken and divided by each pixel in the image which resulted in a homogeneous 

background signal across the field (Figure 2.11). The k-value was empirically selected 

based on having minimal change on the specimen data (Figure 2.12). To demonstrate 

that the background correction method did not alter the location of the interference 

order maxima a normalised intensity plot was measured for both model and biological 

datasets (Figure 2.13). Following background correction, the location of the fringe 

maxima remained the same whereas the background intensity was more even across 

the field. The correction method had the additional benefit of increasing contrast 

between interference orders (Figure 2.14), making image processing more robust. 

2.3.6 Multi-wavelength IRM reveals 3D behaviours of gliding bacteria  

Following observations of 3D behaviours by gliding cells using IRM with a single 

acquisition wavelength, multiple wavelengths were used to fill in the information gap 

between constructive fringe orders. For these experiments two wavelengths were 

selected that were well separated (e.g. 488 nm and 635 nm) to make colour ordering 

more apparent and interpreting specimen directionality easier.  

To demonstrate the benefit of using confocal approach to multi-wavelength IRM, 

initially wild-type M. xanthus was imaged on a commercial inverted widefield 

microscope. However, it was clear that due to the contribution from out of focus signal 

and low coherence length of the light source used by many widefield systems that a 

widefield approach was impractical. Multi-wavelength IRM in widefield mode resulted  
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Figure 2.11. Image correction workflow for IRM data. a) Linearly contrast-adjusted IRM 

image of a 6 mm diameter lens specimen (focal length = 72 mm) acquired using light at 

488 nm. Scale bar = 100 µm. b) Linearly contrast adjusted IRM image of M. xanthus with 

inhomogeneous background intensity. Scale bar = 10 µm. c) Calculated moving average 

of a) when k = 1000. The calculated moving average accounts for the inhomogeneous 

background which is subtracted to correct the raw image. d) Calculated moving average of 

b) when k = 30. e)  Corrected IRM image resulting from a). f)  Corrected IRM image 

resulting from b). The ROI selects a single cell where the intensity profile was measured in 

Figure 2.13.  Selected line plots are shown in each panel where intensity profiles were 

measured in Figure 2.12.  
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Figure 2.12. Selecting a k-value for IRM background correction. To select the optimum 

k-value a series of possible values are presented with accompanying predicted background 

images (BG) generated by applying the walking average to the input data. The corrected 

output images are shown for each possible k-value. The optimum k-value should have 

minimal structure in the BG image, and minimal blur in the DATA image. The optimal k-

value for the data shown would be k = 50. Linear plot profiles are taken through the centre 

of each k-value DATA image and merged to perform an alteration check to ensure that the 

image features are not lost in the correction process.   

Figure 2.13. Image correction does not alter the 

position of fringe maxima and minima. a) Selected 

line intensity profiles from Figure 2.11 a), c) and e) are 

shown. Following correction of the raw images using 

the calculated moving average, there was no change 

in the peak position of the intensity maxima and 

minima. b) Selected line intensity profiles from Figure 

2.11 b), d) and f) are shown. Correction resulted in 

homogeneity of illumination across the field. Line 

intensity profiles were averaged using a line width of 

a) 5 px (4.2 µm) and b) 5 px (0.5 µm). 
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in inhomogeneous background intensities, and also provided much lower contrast 

compared to previous confocal imaging experiments (Figure 2.15a). Raw widefield 

data was processed using the background correction pipeline above (Figure 2.15b). 

While the correction pipeline equalised the background intensity across the field, 

interference orders cannot be clearly resolved in either the raw or corrected data, 

meaning that a widefield approach is not suitable for studying the changing adhesion 

profile of gliding bacterial cells. 

Given that widefield IRM was not appropriate for bacterial imaging, a confocal mutli-

wavelength approach was used to image M. xanthus gliding motility. Gliding wild type 

M. xanthus (DK1622) cells were imaged on a glass substrate using incident light at 

488 nm and 635 nm. Figure 2.16 shows clearly resolved interference fringes along 

the cell body which indicated that the cell was not completely attached to the 

Figure 2.14. Image correction increases contrast and does not alter the position of 

intensity peaks. a) Unprocessed ROI from Figure 2.11 f) with a line profile shown for 

reference. b) Corrected ROI shown in a) (k = 30). c) Selected line intensity profiles of a) 

and b) show that there are no changes to the position of intensity values along the length 

of gliding cells. Line intensity profiles were averaged using a line width of 5 px (0.5 µm). 
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coverglass, and that the cell-to-coverglass distance varies along the body. There is a 

clear aperiodic change in the fringe pattern over time which indicates changes in the 

adhesion profile of the cell body during gliding. Interpreting the colour ordering of 

these fringes, as with the lens specimen, shows that part of the cell body is lifted up 

from the glass substrate. There was also no synchronicity in the height changing 

behaviours between nearby gliding cells. This observed change in adhesion profile 

Figure 2.15. Widefield IRM does not provide sufficient contrast to reveal sub-

diffraction limited changes in the adhesion profile of gliding bacteria. a) Unprocessed 

and b) background corrected (k = 30) multi-wavelength widefield IRM composite image of 

M. xanthus (450 nm = cyan, 550 nm = magenta). Magnified ROI of gliding cells shows low 

contrast between fringe order when images are acquired using widefield modality. Full field 

scale bars = 20 µm, ROI scale bars = 5 µm. 
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opposes the current theory that gliding cells are firmly adhered along the cell body as 

they glide.   

As discussed previously, the use of multiple acquisition wavelengths allows for a 

better understanding of the axial directionality of the specimen by observing the colour 

ordering of fringe orders. This allows for a tentative reconstruction of the cell 

topography. Figure 2.17a shows a multi-wavelength IRM image of a gliding wild type 

cell, where the cell is attached to the coverglass at one pole and the body is inclined 

which is clearly indicated by an alternating fringe pattern along the body. Qualitative 

topographical information about the cell morphology can be extracted by interpreting 

the intensity plot profile along the cell body. The cell shown in Figure 2.17a shows a 

Figure 2.16. Multi-wavelength confocal IRM reveals axial movements along the cell 

body during gliding motility. A single frame from a wild type DK1622 gliding specimen 

with 4 magnified regions of interest (ROI) of a single representative cell over the course of 

the time-lapse (from t = 1 min 27 s to t = 5 min 24 s). Images were acquired using confocal 

multi-wavelength IRM, with reflected 488 nm signal false coloured in cyan and reflected 

635 nm signal shown in magenta. As the cell glides across the solid substrate the 

interference fringe pattern changes as the relative position of the cell to the coverglass 

fluctuates. Full field scale bars = 20 µm, ROI scale bars = 5 µm. 

 



 75 

cyan fringe (l = 488 nm) followed by a magenta fringe (l = 635 nm) and based on 

this we can conclude that the cell body was attached to the coverglass at the leading 

pole before the basal surface raised to a height of approximately 180 nm. A cartoon 

diagram approximating the shape of the cell body is presented to show this. The IRM 

data indicates a variety of cell orientations and shapes which occur during gliding 

motility. These include an undulating topology where the cell is attached to the 

coverglass at the leading pole while the cell body raises to a height of approximately 

180 nm before falling to 90 nm, and again raising to 180 nm at the lagging pole (Figure 

2.17b). Another cell motility behaviour is depicted at the point of surface attachment 

prior to the start of gliding where the leading pole of the cell is attached to the 

coverglass and the cell body projects upwards into the liquid medium at a sharp incline 

of approximately 60° relative to the coverglass (Figure 2.17c).   

Figure 2.17 (overleaf). Understanding the 3D topography of gliding cells. Three 

representative wild type gliding cells are presented from a time series dataset, each with 

a linear ROI showing where the intensity plot profile was measured along the cell. 

Interference fringes along the cell body can be observed, with reflected 488 nm signal 

shown in cyan and 635 nm signal in magenta. Intensity plot profiles are presented for 

each exemplary gliding morphology which is used to extract axial information. Plots were 

acquired by averaging the signal over a line width of 3 pixels (0.3 µm). A schematic of the 

x, z profile of each cell which was generated according to the colour ordering and 

corresponding intensity profile. The axial position of each interference maxima from each 

acquisition wavelength was assigned by calculating the height of each maxima relative to 

the coverglass (using the  l 2𝑛%  relationship), while directionality along the optical axis of 

the microscope was deduced from colour ordering of interference maxima along the cell 

body (i.e. maxima of shorter wavelengths will appear first followed by maxima of longer 

wavelengths if the cell is inclined – as in (a)). Schematics are not drawn to scale. Scale 

bars = 5 µm. Morphologies include a) raised, b) undulating, and c) polar attachment. 
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2.3.7 Understanding the mechanism behind the aperiodic oscillatory 3D 

gliding motility of M. xanthus 

One of the main motility mechanisms of M. xanthus is PMF-driven focal adhesions 

and cytoskeletal rotation which propels the cell forward. The PMF which facilitates 

this mode of motility is provided by the proton pump, AglQ. To determine if PMF-

driven motility dynamics were responsible for the behaviours observed using IRM an 

aglQ deletion mutant (DK1622-DaglQ) was studied using the same imaging conditions 

as above. Figure 2.18 shows the same oscillating fringe patterns along the length of 

gliding cells. This conserved behaviour between the wild type and DK1622-DaglQ 

determines that the novel gliding behaviour observed is independent of PMF-

mediated motility mechanisms. 

Figure 2.18. Axial gliding behaviours are independent of PMF-driven motility 

mechanisms. A single frame from a DK1622-DaglQ specimen with 4 magnified regions of 

interest (ROI) of a single representative cell over the course of the time-lapse (from t = 3 

min 01 s to t = 5 min 18 s). Images were acquired using confocal multi-wavelength IRM, 

with reflected 488 nm signal false coloured in cyan and reflected 635 nm signal shown in 

magenta. As the cell glides across the solid substrate the interference fringe pattern 

changes as the relative position of the cell to the coverglass fluctuates. Full field scale bars 

= 20 µm, ROI scale bars = 5 µm. 
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Despite the conserved 3D behaviour between the wild type and DaglQ strain, the 

gliding phenotype was different between the two strains. To assess the difference in 

gliding ability multiple cells were manually tracked from their time of attachment until 

they detached from the coverglass. The length of time that cells remained attached 

to the coverglass and the distance which they travelled while adhered was measured, 

as well as the mean gliding velocity. Deletion of aglQ decreased the length of time 

which cells remain adhered to the glass substrate compared to the wild type (Figure 

2.19a), which implied that AglQ is responsible for maintaining adherence to the 

coverglass during gliding. The mean velocity of gliding cells was determined by 

measuring the displacement of the cells over time as they glide, selecting cells with 

an approximately linear trajectory. There was a 41.2% decrease in mean velocity of 

DK1622-ΔaglQ (mean velocity = 9.26 ± 0.72 µm/min) when compared with the wild-

type (mean velocity = 15.76 ± 0.89 µm/min), which concurs with their altered motility 

phenotype (Figure 2.19b). 

Figure 2.19. IRM as a method for measuring the velocity of adherent cells. a) The path 

length of wild type (DK1622) and DK1622-ΔaglQ are presented over the course of a time 

series. Overall DK1622 has an increased mean path length when compared to DK1622-

ΔaglQ, which shows that DK1622-ΔaglQ has a lower adhesion profile than the wild type. 

b) Deletion of aglQ results in a decrease in mean velocity of 41.2% from 15.76 ± 0.89 

µm/min to 9.26 ± 0.72 µm/min when compared with the wild type. nDK1622 = 21, nDK1622-ΔaglQ 

= 22, p < 0.0001. 
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Another canonical gliding mechanism is the use of T4P to propel the cell forward 

following elongation, attachment and retraction of thin polar filaments from the leading 

pole of the cell. It was hypothesised that this process could result in force transmission 

along the cell body and cause some form of mechanical recoil following pili extension. 

To test this hypothesis, a mutant lacking PilA (the monomer which polymerises to 

form mature pili) and a mutant lacking both PilA and AglQ were imaged under the 

same conditions as above. However, due to the lack of attachment apparatus these 

strains were unable to attach to the coverglass due to a lack of pili, and cells remained 

out of the depth of focus of the high NA lens used during imaging (Figure 2.20). It 

remains unclear if T4P dynamics are responsible for the 3D behaviours reported here.  

A proposed method to determine the involvement of T4P in the oscillatory 3D gliding 

behaviour reported would be to develop a correlative TIRF/IRM technique. By imaging 

Figure 2.20. Type IV pili deletions prevent cell attachment and are not applicable for 

study with IRM. a) A temporal hyperstack of DK1622-DpilA acquired using multi-

wavelength IRM (l = 488 nm and 635 nm). Cells remained unattached to the coverglass 

due to a lack of pili. b) A temporal hyperstack of DK1622-DpilA/DaglQ acquired using multi-

wavelength IRM (l = 488 nm and 635 nm). Again, cells remained unattached to the 

coverglass due to a lack of pili. Scale bars = 20 µm. 
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fluorescently labelled pili extension and attachment and correlating any synchronous 

changes in the adhesion profile of gliding cells by IRM, T4P-mediated effects on cell 

topography during gliding could be identified. 

2.4 Discussion 

The application of a label-free imaging technique capable of providing topographical 

3D information below the diffraction limit in the z-dimension has wide reaching 

applications in microbiology. Historically, optical sectioning of bacteria has been 

impossible due to the elongation of the emission PSF along the optical axis of the 

microscope. Therefore, any live cell observations to date have almost exclusively 

been limited to 2D studies. This work begins by characterising a novel mutli-

wavelength confocal variant of IRM for bacterial imaging on a model specimen of 

known geometry. This approach to validating novel microscopical methods is well 

documented and has been used for similar interference-based techniques such as 

standing wave fluorescence microscopy84,229. The findings presented in Sections 

2.3.1 through Sections 2.3.3 show that multi-wavelength confocal IRM allows for 

understanding and reliable extraction of 3D data from 2D interference images. A 

difference method for improving the axial resolution of IRM data is also presented, 

where an axial resolution improvement of up to 50% can be achieved by a simple 

post-processing operation in ImageJ. The ease of implementation, minimal specimen 

preparation and high-contrast label-free imaging make IRM an attractive tool for 

topographical imaging of individual live bacterial cells.  

Aperiodic changes in the adhesion profile of gliding myxobacteria have been 

observed using the label-free technique, IRM. Given that previous studies had failed 

to identify any axial behaviours in gliding cells due to the drawbacks with conventional 

imaging techniques, it was hypothesised that changes in cell height from the substrate 
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may arise due to the complex mechanisms which govern gliding motility. The data 

presented in this chapter shows new behaviour in gliding myxobacteria which do not 

support the current gliding motility models. The behaviours reported suggest that 

there are additional factors which mediate gliding motility and show the benefit of 

using IRM to extract 3D information from bacterial specimens by using an easily 

implemented microscopy technique. 

The current consensus is that gliding cells are firmly attached to a solid surface to 

facilitate gliding, however these data show that this is not the case. The results show 

that throughout gliding, cells undergo changes in the axial position of their basal 

surface on the order of 90-180 nm. This new information indicates that the helical 

rotation and FAC motility models do not fully explain the mechanisms of bacterial 

gliding. Both of these models converge on constant firm attachment to the substrate 

for the entirety of the track length of the cell. However, the findings presented in this 

Chapter show that attachment is transient, and cells display oscillatory attachment 

and de-attachment of their basal surface to the substrate during gliding. For example, 

Figure 2.9c, clearly shows aperiodic changes in the axial position of the leading and 

lagging poles of the cell during gliding, as well as raised portions along the cell body. 

These motility behaviours cannot be explained by the current FAC or helical rotation 

models of gliding motility.  

One previous study has used RICM to investigate the adhesion profile of 

myxobacteria during detachment102. However, they did not report any fringes along 

the cell body, or any aperiodic changes in adhesion in gliding cells. This is likely due 

to the poor contrast of widefield RICM compared to confocal IRM that prohibits the 

detection of higher interference fringe orders. It is important to also note that some 

researchers have claimed that the ability of IRM to detect regions of close contact is 

questionable due to the inhomogeneous refractive index of the cytosol proximal to the 
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plasma membrane and from self-interference from higher fringe orders within the 

cell107,108. However, these claims are solely based on observations of mammalian 

cells using widefield IRM. Owing to the lack of vesicular trafficking and much smaller 

relative size of bacteria compared to mammalian cells, this is not a concern in this 

bacterial study and confocal IRM remains a valid technique for studying surface 

adhesion in prokaryotes.  

Previous studies which have used conventional optical microscopy methods to image 

gliding myxobacteria have also failed to observe changes in surface adhesion due to 

the elongation of the axial point spread function being on the same order as the 

thickness of a bacterial cell9,240. A confocal approach to IRM for bacterial imaging 

overcomes the inability to optically section thin specimens with standard optical 

microscopy, while simultaneously visualising the adhesion profile of cells. The 

drawback of using confocal IRM is a decreased temporal resolution when compared 

with widefield IRM. However, gliding cells were still able to be tracked manually. While 

the contrast improvement provided by using a confocal approach over widefield 

should make image analysis easier9,241, the complexity of IRM image data makes 

image processing and analysis challenging. There are currently no readily available 

image processing tools that can extract 3D information from a 2D image, such as in 

IRM. However, with these improved data it may be possible to develop software tools 

to reconstruct the 3D topography of bacteria using IRM data. The temporal resolution 

could be improved by using a spinning disk confocal microscope for IRM, however 

most commercial spinning disk microscopes may not be suitable to incorporate IRM 

due to hardware limitations107. Using confocal IRM also allows us to confirm that the 

studied cells are in close proximity to the surface of the coverglass and that the gliding 

behaviours we report are not caused by other factors such as inertia or Brownian 

motion. 
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Changes in the relative position of the basal cell membrane above the coverglass 

could perhaps be explained by proposed distortions in cell wall due to the 

translocation of FACs along the basal surface of the cell219, or because of cell surface 

unevenness242. However, when we compare the axial movements displayed by the 

wild type with the ΔaglQ mutant we see that this novel gilding behaviour remains. The 

role of AglQ in gliding motility is central to both the helical rotation and FAC 

models142,224,225,243, and having both wild-type and DK1622-ΔaglQ display the same 

behaviour highlights that more understanding of the mechanisms of gliding motility is 

required. It is important to address that the DaglQ mutant still retains other 

mechanisms involved in gliding motility (i.e. T4P, slime extrusion etc.), hence why it 

is still able to traverse its environment by gliding. Moreover, the motility phenotype of 

the DaglQ strain does not nececerally subvert its movement to twitching motility. This 

is evidenced by the lack of a “stop-start” movement in DK1622-DaglQ which is 

characteristic of twitching motility (in pseudomonads, for example). What the findings 

show in Figure 2.18, is that the 3D behaviours observed in M. xanthus are 

independent of the central gliding motility complex and of PMF-driven dynamics. 

Instead, other factors must contribute to the height-changing behaviour of 

myxobacteria during gliding, and this requires re-evaluation of the current motility 

models to factor in 3D movement.  

A recent study by Tchoufag et al. proposed an elasto-hydrodynamic mechanism for 

bacterial gliding where a sinusoidal basal shape is adopted when myxobacteria glide 

upon a soft substrate244. This was confirmed by observing membrane-stained gliding 

cells on semi-solid agar pads with TIRF microscopy and revealed distinct foci where 

the cell membrane was lifted approximately 100 nm above the substrate surface 

(outside of the TIRF evanescent field). The behaviours described in this chapter are 

reminiscent of this undulating basal shape, however our observations are 
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documented on solid glass substrates, and describe a wider variety of behaviours. 

However, it is possible that slime excretion and accompanying basal membrane 

deformations could provide an explanation to the behaviours documented here. 

Additionally, M. xanthus is known to produce outer membrane vesicles (OMVs) 

bearing a host of hydrolytic enzymes and signalling molecules which are used in the 

predatory stages of its lifecycle245–247. The production of OMVs causes membrane 

distortions along the lateral membranes of predating cells, but according to electron 

micrographs OMVs are much more pronounced than the topographical changes 

reported here. Moreover, OMVs are typically produced when M. xanthus is either in 

high cell densities (such as when in biofilms) or when undergoing the predatory phase 

of its lifecycle246, neither of which were conditions tested here. 

The mean velocity of wild-type and DK1622-ΔaglQ cells was measured. Using ΔaglQ 

as a control, where it is known from previous work that gliding should be impaired142, 

we have shown that changes in adhesion profile are independent of the gliding 

velocity or path length where cells remain associated with the coverglass. To 

determine the gliding velocity, we measured the average time cells glided along 

approximately linear trajectories. Routine automated tracking algorithms generally 

have difficulties in tracking bacterial specimen due to their reliance on blob detection 

of spherical objects237–239. Attempting to isolate and track rod-shaped objects, such 

as M. xanthus, has proven difficult and the addition of interference fringes to rod-

shaped objects only adds to the complications of automated cell tracking and 

analysis. We therefore used a manual tracking method to measure the mean velocity 

of gliding cells. We concluded that the DK1622-ΔaglQ moved on average 30% slower 

than the wild-type. Also, the wild type remains adhered to the surface for longer 

periods of time, yet the dynamic fluctuations in gliding adhesion we report remain.  
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The potential role of T4P in the aperiodic oscillations was also investigated. Time 

lapse data was acquired of DK1622-ΔpilA and DK1622-ΔpilA/ΔaglQ but these cells 

were unable to adhere to the coverglass and did not display an adherence pattern 

when imaged using IRM. Therefore, it was not possible to confirm if T4P extension, 

attachment and retraction were responsible for the 3D behaviours observed. Moving 

forward it would be interesting to investigate the spatiotemporal dynamics of T4P firing 

in association with the changing adhesion profile of gliding cells using a correlative 

TIRF-IRM approach. This would allow for simultaneous imaging of the adhesion 

profile of gliding cells and fluorescently tagged T4P proximal to the coverglass. The 

development of an image processing workflow to extract 3D information from confocal 

IRM images of biological specimens would also provide users with a method to 

quantify the aperiodic oscillatory behaviour. Additionally, this Chapter has shown that 

bacteria are ideal candidates for study by IRM, and the new multi-wavelength confocal 

variant presented here could be easily applied to various other bacteria species and 

behaviours. 

2.5 Conclusions 

This chapter has provided new insights into the 3D motility of bacteria and identified 

novel motility behaviours in M. xanthus which suggest there are additional 

mechanisms which do not agree with the current FAC and helical rotation models. A 

hypothesis is suggested where the fluctuations in height observed could be mediated 

by T4P and occur due to recoil following firing of pili from the leading pole. Attempts 

to image T4P mutants using IRM to confirm this hypothesis were unsuccessful as T4P 

mutants were unable to attach to the glass substrate and therefore unable to glide. 

Given that IRM was unable to reveal T4P-mediated behaviours due to non-

attachment of cells to the coverglass, we suggest that this hypothesis could be 
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investigated further by means of a correlative TIRF-IRM method to detect 

synchronicity between pili extension and topographical changes along the cell body.    
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Chapter 3 
Characterisation of a novel intra-
colony channel system in Escherichia 
coli biofilms using the Mesolens 
 

 

In this chapter the architecture of mature E. coli macro-colony biofilms was explored 

using a novel mesoscopic imaging approach. The initial aim of this Chapter was to 

use the Mesolens to investigate the internal architecture of E. coli macro-colony 

biofilms. In doing so a previously undocumented channel system was identified and 

characterised within E. coli biofilms. These emergent proteinaceous channels, which 

are on the order of 10µm in diameter, allow for nutrient uptake from the external 

environment, which potentially offers a novel understanding of nutrient delivery in 

microbial communities beyond passive diffusion. The nutrient uptake hypothesis was 

also tested to determine if intra-colony channels played a role in the uptake of 

antimicrobial compounds into the mature biofilm.  The findings presented in this 

chapter provide a novel understanding of how spatial organisation in bacterial biofilms 

contributes to their ability to transport material from the external environment which, 

with further study, could be used to develop eradication methods to lower their social 

and economic burden.  

Sections of this chapter have been adapted from Rooney et al. (2020b)248.  
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3.1 Introduction 

3.1.1 Spatial organisation in bacterial communities  

Biofilms are aggregate communities of microbes held together by a self-secreted 

extracellular matrix containing extracellular polysaccharides (EPS), lipids, proteins 

and nucleic acids178,249. These microbial communities can be composed of one or 

more species (mono/poly-microbial) and are found in almost every ecological 

environment250. The protective matrix enveloping the biofilm confers resistance to 

desiccation and exposure to diffusing agents such as biocides or antibiotics146,251–254, 

in turn promoting the development and spread of antimicrobial resistance158. 

Consequently, the study of biofilm structure is vital to understanding and combatting 

the development of resistance and lowering the clinical and industrial burden of 

biofilms. The 3D structure of biofilms can take many forms147,169,255,256; for example, 

mushroom-shaped biofilms grown in liquid flow systems, thin sheet-like biofilms in 

static liquid systems, pellicle biofilms grown at liquid/air interfaces, and macro-colony 

biofilms grown on solid surfaces. Although morphologically distinct, what classifies 

these structurally-different communities as ‘biofilms’ lies with their shared 

fundamental biochemical signals and pathways183.  

The study of biofilm architecture has developed over the past several years and has 

discussed the role of extracellular components and secreted macromolecules which 

provide the biofilm with spatial organisation and structural support. Among these 

surface structures are type I pili (fimbriae), antigen43 (Ag43), colanic acid, cellulose, 

curli and flagella165. The dense extracellular matrix of bacterial biofilms makes 

transport of substances in and out of the biofilm difficult. For example, oxygen 

diffusion is often limited in thick biofilms, which requires the emergence of 

macroscopic folds by some species to increase the surface area and oxygen 
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permeability of the biofilm185,257,258. Diffusion-limited transport has also been linked to 

the development of persister cells and the emergence of antimicrobial resistance in 

biofilms. This is caused, for example, when antibiotics are topically applied to a biofilm 

in effort to clear it, and the limited diffusion due to the matrix results in a concentration 

gradient of the antibiotic. Cells towards the centre of the biofilm are therefore exposed 

to sub-optimal concentrations of antibiotics which then fuels the emergence and 

spread of resistance throughout the biofilm, and possibly beyond if resistant cells 

become planktonic following mechanical agitation158.  

The dense spatial organisation of bacterial biofilms also makes imaging them difficult. 

The abundance of exopolymeric substances results in the scattering of light, 

particularly in large or thick biofilms, ultimately lowering image quality. Therefore, in 

effort to shed light on the architecture of large bacterial communities, dynamic 

computational modelling programmes, such as CellModeller259,260, have been 

routinely used to predict the spatial patterning and arrangement of cells within 

biofilms186,259–262. In silico models primarily show growth of polymicrobial communities 

where cell shape, size, surface properties and cell-cell interactions influence the 

spatial organisation of the mature biofilm, resulting in sectoring of different strains into 

distinct populations, which has been validated experimentally182,187–190. However, in 

silico modelling has shown little evidence of structural ordering or complex spatial 

patterning, and a lack of effective multi-scale imaging techniques has presented little 

experimental evidence of 3D structure within mono-strain biofilms.   

3.1.2 The Mesolens as a tool for biofilm imaging 

The most common method for studying biofilms is by optical imaging, and often 

involves routine widefield epifluorescence and confocal laser scanning microscopy. 

For example, the density-dependent phage sensitivity in Escherichia coli colonies has 
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been studied263, the  biofilms present on human tooth enamel have been imaged at 

different pH levels264, and synchronies of growth and electrical signalling between 

adjacent bacterial colonies have been observed265. Such studies have exposed a gap 

in the repertoire of the optical microscope in that either microbes could be individually 

imaged with a high-power objective lens, or the overall structure could be viewed at 

low magnification with resolution so poor, particularly in depth, that individual 

microbial cells could not be seen. Therefore, until this point it has been challenging to 

image specimens with sufficiently high resolution on a global scale266. Alternatively, 

stitching and tiling has been used routinely to image biofilms267–269, however this 

results in long acquisition times and intensity artefacts over the final image. Without 

stitching and tiling microscopy, the current size which a biofilm can be imaged while 

still resolving sub-cellular information is around 2000 cells (or around 100 µm in 

diameter)129,131. Therefore, the Mesolens should provide a vast improvement on the 

scale at which bacterial communities can be studied. 

To address this, the Mesolens was used to image intact live macro-colony biofilms in 

situ with isotropic sub-cellular resolution. As discussed in Chapter 1, along with the 

lens prescription, the unique ratio between the magnification and NA of the Mesolens 

provides an imaging volume over 100 mm3 with sub-cellular resolution throughout111. 

While the Mesolens has proven to be a powerful tool in neuroscience, developmental 

biology and pathology111–113, it also presents an untapped technology for biofilm 

imaging, where whole live microbial communities can be imaged with unprecedented 

detail within a single dataset without additional processing or stitching and tiling. 

3.1.3 The use of antibiotics for biofilm clearance 

To overcome the clinical and industrial impacts that biofilms pose, they are often 

treated by bombardment of potent antibiotics or by adopting the use of functionalised 
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surfaces as a preventative measure for bacterial colonisation. Given that up to 80% 

of chronic infections are linked to biofilms270, and that biofilm-related corrosion alone 

is estimated to cost, according to the BBSRC, anywhere between 1-5% of UK GDP271 

(up to £110 billion as of October 2019), new understanding of bacterial architecture 

can be of huge benefit. In industry, the most common biofilm clearance methods are 

physical removal of the biofilm from a surface or by disinfection, often using 

concentrated solvents or irradiation272.  The most common clearance method in the 

clinic involves sustained antibiotic treatment over a number of days, however recently 

there has been an increase in the development of alternate therapeutic strategies, 

including nanoparticles, antimicrobial peptides, matrix-degrading enzymes and 

quorum sensing inhibitors273,274. However as discussed previously, these methods all 

share the problem of diffusion-limited entry into large scale biofilms. As an impasse 

to this, functionalised surfaces have become a promising alternative to aggressive 

treatment strategies. Functionalisation involves either adapting the surface of an 

abiotic material to decrease bacterial attachment and effacement, or using affinity 

targeting (e.g. with antibodies, glycans etc.) to direct antimicrobial compounds held in 

vesicles or liposomes into the biofilm275–279. Despite these recent advances in 

clearance and prevention techniques, biofilms remain a huge burden in both clinical 

and industrial settings and further study is merited to understand the structure of these 

communities and inform new methods of eradication.  

3.1.4 Experimental aims 

The initial aim of this chapter was to use the Mesolens to investigate the internal 

architecture of E. coli macro-colony biofilms. Upon visualising these biofilms, a 

previously undocumented intra-colony channel network was identified. The aim was 

then to characterise these channel systems with three main questions in mind; what 

the structural make-up of the intra-colony channels was; how did the intra-colony 
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channels form; and did the intra-colony channels play a functional role in the wider 

context of the biofilm.  The first of these questions was answered by systematically 

visualising known components of polymeric biofilm matrices using a combination of 

reflection confocal microscopy and fluorescent dyes. The formation of the channels 

was investigated by observing the effect of total mechanical agitation of the biofilm 

and observing re-growth and reformation of the channels. A functional role in nutrient 

uptake was suggested following observations using fluorescent microspheres and an 

arabinose biosensor. The functional role was investigated further by visualising the 

effect of bactericidal antibiotics on the proportion of non-viable cells in and around the 

channel structures.  

3.2 Materials and Methods 

3.2.1 Specimen preparation 

3.2.1.1 Designing and 3D-printing an imaging chamber for biofilm 

mesoscopy 

A custom imaging chamber was designed using AutoCAD (Version no. N.49.M.324, 

Autodesk, USA) with the purpose of imaging large-scale cultured bacterial 

communities in situ using the Mesolens. The design consisted of a plate with 

dimensions 90 mm x 80 mm x 12 mm and a central well measuring 60 mm in diameter 

with a depth of 10 mm (Figure 3.1). The imaging chamber was 3D-printed using black 

ABS plastic (FlashForge, Hong Kong) with a FlashForge Dreamer 3D printer 

(FlashForge, Hong Kong). The chamber slide was sterilised prior to use with 70% 

ethanol and UV irradiation for 15 minutes.  
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3.2.1.2 Bacterial cell culture 

All experiments were performed using the E. coli (JM105) strains outlined in Appendix 

I. Colony biofilms were grown by inoculating a lawn of cells at a density of 1x104 cfu/ml 

on either solid LB medium or M9 minimal medium280 to achieve single colonies, and 

growth medium was supplemented with the appropriate selective antibiotic to 

maintain the photoprotein. The colonies were grown in the 3D-printed imaging mould 

at 37°C for 18-24 hours in darkened conditions prior to imaging.  

For colony imaging alone, colonies were submerged in sterile LB broth (refractive 

index (n) = 1.338) as a mounting medium following the allocated growth time prior to 

Figure 3.1. Schematic for bacterial culture and imaging mould. Technical drawing 

shows dimensions for the 3D-printed imaging mould used in this study. The design was 

based on a Petri dish-come-microscope slide with a central well where bacteria can be 

cultured as required. The top surface could be sealed with a large glass coverslip which 

was custom-made for the Mesolens, and if required, the design allows the imaging 

chamber to be incorporated into an immersion bath. 
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imaging. A large coverglass was placed over the central well of the imaging mould 

(70 mm x 70 mm, Type 1.5, 0107999098 (Marienfeld, Lauda-Koenigshofen, 

Germany)), and the colonies were then imaged using either the Mesolens or a 

conventional widefield epifluorescence microscope to compare their performance and 

to justify using the Mesolens to study biofilm architecture over conventional 

techniques. All experiments were repeated in triplicate to ensure observations were 

reliable. A schematic of the experimental setup is presented in Figure 3.2. 

The refractive index of the LB mounting medium was measured using an Abbe 

Refractometer (Billingham & Stanley Ltd., U.K.) which was calibrated using absolute 

methanol at 21°C (l = 589 nm).  

Figure 3.2. Schematic of specimen preparation for mesoscopic imaging. A schematic 

showing the experimental setup for biofilm mesoscopy. The 3D printed imaging chamber 

is filled with solid bacterial growth medium before biofilms are grown on the surface, 

mounted in sterile nutrient broth and sealed with a coverglass. The imaging chamber is 

then placed under the mesolens with water immersion and imaged.  
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3.2.2 Imaging conditions  

3.2.2.1 Stereomicroscopy 

Mature macro-colony biofilms were imaged using an SMZ1500 stereomicroscope 

coupled with a mercury arc lap (Nikon, Japan). All stereomicroscope images were 

acquired at 4x magnification (NA = 0.21). GFP excitation was achieved using the 

mercury lamp with appropriate excitation and emission filters in place (49002 ET-

EGFP (FITC/Cy2), Nikon, Japan). Brightfield transmission and fluorescence images 

were acquired using a DFK 33UX264 CMOS camera (The Imaging Source Europe 

GmbH, Germany). Specimens were prepared by growing as single colonies of solid 

LB medium and imaged in air (n = 1.00). 

3.2.2.2 Conventional widefield epifluorescence microscopy 

Colony biofilms were also imaged on a conventional an Eclipse E600 upright widefield 

epifluorescence microscope (Nikon, Japan) equipped with a 4x/0.13 NA PLAN 

FLUOR objective lens (Nikon, Japan). GFP excitation was provided by a 490 nm LED 

from a pE-2 illuminator (CoolLED, U.K.), and emission was detected using a 

bandpass filter (BA 515-555 nm, Nikon, Japan) placed before an ORCA-spark digital 

CMOS camera (Hamamatsu, Japan). The camera detector was controlled using 

WinFluor software281. Colonies were imaged after 20 hours of growth in an imaging 

mould as described above.  

3.2.2.3 Widefield epifluorescence mesoscopy 

Specifications of the Mesolens have been previously reported111 and outlined in 

Chapter 1 (Section 1.4.1). Therefore, only the imaging conditions used in this study 

will be outlined here. GFP excitation was achieved using a 490 nm LED from a pE-

4000 LED illuminator (CoolLED, U.K.). A triple bandpass filter which transmitted light 
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at 470 ± 10 nm, 540 ± 10 nm and 645 ± 50 nm was placed in the detection pathway. 

The emission signal was detected using a VNP-29MC CCD camera with chip-shifting 

modality (Vieworks, South Korea) to capture the full FOV of the Mesolens at high 

resolution. Widefield mesoscopic imaging was carried out using water immersion (n 

= 1.33) with the Mesolens’ correction collars set accordingly to minimise spherical 

aberration through refractive index mismatch. 

3.2.2.4 Confocal laser scanning mesoscopy 

For laser scanning confocal mesoscopy specimens were prepared as outlined above. 

Fluorescence excitation of GFP was obtained using the 488 nm line set at 5 mW from 

a multi-line LightHUB-4 laser combiner (Omicron Laserage, Germany).  The green 

emission signal was detected using a PMT (P30-01, Senstech, U.K.) with a 550 nm 

dichroic mirror (DMLP550R, Thorlabs, USA) placed in the emission path and a 525/39 

nm bandpass filter (MF525-39, Thorlabs, USA) placed before the detector.  

For reflection confocal mesoscopy incident light was sourced from a 488 nm line set 

at 1 mW from a multi-line LightHUB-4 laser combiner (Omicron Laserage, Germany). 

Reflected signal was detected using a PMT (P30-01, Senstech, U.K.) with no source-

blocking filter in place.  

Confocal laser scanning mesoscopy was carried out using type DF oil immersion (n 

= 1.51) with the Mesolens’ correction collars set accordingly to minimise spherical 

aberration through refractive index mismatch. 

3.2.3 Characterising the structure of intra-colony channels 

The distribution of several archetypal biofilm structural components was visualised to 

characterise the structure of intra-colony channels.  
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3.2.3.1 Assessment of channel composition by reflection 

confocal mesoscopy  

As the biofilms in this study were submerged during imaging in a medium with known 

refractive index, it was possible to determine if channels were filled with substances 

of differing refractive index (e.g. air) using reflection confocal mesoscopy as above. 

Solid LB was cast into a 3D printed imaging chamber and inoculated with JM105 at a 

density of 1x104 cfu/ml and incubated for 18-24 hours at 37°C in darkened conditions. 

Biofilms were mounted in sterile LB medium (n = 1.338) prior to imaging. 

3.2.3.2 Determining the distribution of non-viable cells in E. coli 

biofilms  

The distribution of non-viable cells in the biofilm was assessed using the approach 

developed by Asally et al.172. Briefly, JM105-miniTn7-HcRed1 colony biofilms were 

grown for imaging in 3D-printed imaging moulds as outlined previously. LB medium 

was supplemented with gentamicin (20 µg/ml) (G-3632, Sigma-Aldrich, USA) and 0.5 

µM Sytox green dead-cell stain (S7020, Invitrogen, USA).  Cells were seeded at a 

density of 1x104 cfu/ml and grown for 18-24 hours prior to imaging on the Mesolens 

in widefield epifluorescence mode as described above. A 490 nm and a 580 nm LED 

from a pE-4000 LED illuminator (CoolLED, U.K.) were used to excite Sytox Green 

and HcRed1 respectively. The emission signal was detected using a VNP-29MC CCD 

detector (Vieworks, South Korea) with 3x3 pixel-shift modality enabled and with a 

triple band pass filter (470 ± 10 nm, 540 ± 10 nm and 645 ± 50 nm) in the emission 

path. 
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3.2.3.3 Determining the distribution of exopolysaccharides in E. 

coli biofilms 

To visualise the distribution of EPS in the biofilm, sialic acid and N-acetylglucosaminyl 

residues were stained by supplementing solid M9 medium (0.2% glucose (w/v))280 

with 20 µg/ml gentamicin and 2 µg/ml Alexa594-wheatgerm agglutinin (WGA) 

(W11262, Invitrogen, USA) before inoculating with 1x104 cfu/ml JM105-miniTn7-gfp 

and growing as previously described. EPS-stained specimens were imaged using 

widefield epifluorescence mesoscopy as before using a 490 nm LED to excite GFP 

and 580 nm LED to excite Alexa594-WGA.  

3.2.3.4 Determining the distribution of cellulose in E. coli biofilms 

Although E. coli K12 isolates do not typically produce cellulose, this is a major 

constituent of many other biofilm-forming species171,282. To effectively exclude this as 

an option cellulose distribution was tested using the fluorescent dye, Calcofluor-White 

(CFW), which binds selectively to cellulose and chitin residues. Solid LB medium 

supplemented with 20 µg/ml gentamicin and 10 µM CFW (18909, Sigma-Aldrich, 

USA) and inoculated with 1x104 cfu/ml JM105-miniTn7-HcRed1 and growing as 

previously described. CFW-stained specimens were imaged using widefield 

epifluorescence mesoscopy as before using a 435 nm LED to excite CFW and 580 

nm LED to excite HcRed1. 

3.2.3.5 Determining the distribution of lipids in E. coli biofilms 

The lipid localisation throughout the biofilm was determined by staining with Nile Red. 

Solid LB medium with 20 µg/ml gentamicin was supplemented with 10 µg/ml Nile Red 

(72485, Sigma-Aldrich, USA) before inoculating with 1x104 cfu/ml JM105-miniTn7-gfp 

and growing as previously described. The lipid distribution in relation to the intra-
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colony channels was observed using widefield epifluorescence mesoscopy as before 

using a 490 nm LED to excite GFP and 580 nm LED to excite Nile Red. 

3.2.3.6 Determining the distribution of proteins in E. coli biofilms 

The protein distribution was determined by staining the biofilm with FilmTracer 

SYPRO Ruby biofilm matrix stain (F10318, Fisher Scientific, USA) which binds to a 

number of different classes of extracellular protein. Solid LB medium was prepared 

containing 20 µg/ml gentamicin and a final concentration of 2% (v/v) FilmTracer 

SYPRO Ruby biofilm matrix stain before inoculating with JM105-miniTn7-gfp and 

growing as previously described. Specimens were imaged using widefield 

epifluorescence mesoscopy. A 490 nm and a 580 nm LED from a pE-4000 illuminator 

(CoolLED, UK) were used for GFP and SYPRO Ruby excitation, respectively. 

Fluorescence emission from GFP and SYPRO Ruby were detected as outlined 

above. Both channels were acquired sequentially.   

3.2.3.7 Viability screening with structural dyes 

To ensure that the addition of structural stains did not impact the viability of strains 

used in this chapter the end-point viability was determined by growing each strain in 

the presence and absence of each dye noted above and recording the number of 

cfu/ml after growing in the presence of the dye. Overnight cultures of JM105, JM105-

miniTn7-gfp and JM105-miniTn7-HcRed1 were prepared in LB broth and the miniTn7 

strains were supplemented with 20 µg/ml gentamicin. Following 12 hours of 

incubation shaking at 250 rpm at 37°C, each overnight culture was subcultured into 

sterile LB broth at a dilution ratio of 1:100 and grown for 3-4 hours shaking at 250 rpm 

at 37°C. The OD of each culture was then equalised to OD600 = 0.5 and then serial 

diluted to 1x10-5 before spreading 100 µl on solid LB medium supplemented with the 

working concentration of each structural dye (described above) and 20 µg/ml 
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gentamicin for the miniTn7 strains. The inoculated plates were then incubated at 37°C 

for 20 hours before counting the number of colony-forming units (CFUs). 

Statistical analysis (unpaired T-test) was carried out using Prism (v6.0e) to determine 

if growth in the presence of structural dyes had affected the growth of each strain.  

3.2.4 Disruption and recovery of intra-colony channel structures 

To assess if intra-colony were able to recover following disruption, single colonies of 

JM105-miniTn7-gfp were grown on solid LB medium supplemented with 20 µg/ml 

gentamicin and allowed to grow for 10 hours at 37°C in darkened conditions. 

Following the initial growth step colonies were removed from the incubator and gently 

mixed with a sterile 10 µl pipette tip to disrupt the channel structures in the growing 

biofilm. Care was taken to prevent disruption to the underlying solid medium on which 

the colony was supported. Following disaggregation, the colonies were grown for a 

further 10 hours at 37°C in darkened conditions prior to imaging. Colonies were then 

mounted in sterile LB medium and imaged using widefield epifluorescence 

mesoscopy as described above.  

3.2.5 Strain mixing 

The phenomenon of strain sectoring has been previously documented and occurs by 

mechanical buckling as adjacent colonies expand into each other during radial 

growth182,186. Lineage sectoring has also been observed to control interactions 

between adjacent strains, and so it was investigated if intra-colony channels were 

able to cross the strain boundary between sectors. A low-density mixed culture of 

JM105-miniTn7-gfp and JM105-miniTn7-HcRed1 at a 1:1 ratio was inoculated as 

lawn onto solid LB medium containing 20 µg/ml gentamicin. Colonies of each strain 

were allowed to stochastically collide into adjacent clonal populations during colony 
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expansion and then imaged using widefield mesoscopy after incubation for 20 hours 

at 37°C in darkened conditions as described above.   

3.2.6 Verification of mini-Tn7 insertion by colony PCR 

Colony PCR was used to confirm that the miniTn7 insertion, which contained the 

photoprotein gene (Figure 3.3), occurred at the same chromosomal location in both 

strains. The miniTn7 insertion site is believed to be close to the gene encoding the 

glutamate-fructose-6-phosphate aminotransferase (glmS)283. Forward and reverse 

primers were designed using IDT’s PrimerQuest tool for the glmS gene situated 

approximately 25 bp upstream of the Tn7 insertion site and the right flanking region 

of the miniTn7 insert (glmS Fwd. – 5’-AAC CTG GCA AAT CGG TTA C-3’; tn7R109 

Rev. – 5’-CAG CAT AAC TGG ACT GAT TTC AG-3’). Colony PCR was carried out 

using a mastermix containing 1X Green GoTaq® Reaction Buffer (M791A, Promega, 

USA), 800 µM PCR nucleotide mix (U144A, Promega, USA) (200 µM of each dNTP), 

59 pM glmS forward primer and 68 pM tn7R109 reverse primer in a 50 µl reaction. 

Single colonies of JM105, JM105-miniTn7-gfp and JM105-miniTn7-HcRed1 which 

were grown on solid LB (miniTn7 cultures supplemented with 20 µg/ml gentamicin) 

were suspended in the mastermix which was supplemented with 1.25 units of ice cold 

GoTaq® DNA polymerase (M3005, Promega, USA) and mixed thoroughly 

immediately prior to cycling. A no template control (NTC) was included by adding 1µl 

of nuclease-free water to a mastermix solution and supplemented with polymerase. 

The cycling conditions involved an initial denaturation at 94°C for 2 minutes followed 

by 34 cycles of denaturation (94°C for 30 seconds), annealing (49°C for 30 seconds) 

and extension (72°C for 1 minute), with a final extension at 72°C for 5 minutes.  
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Following amplification, PCR products were analysed by gel electrophoresis. 

Products were run on a 1.5% agarose gel prepared with 1X 

tris:acetate:ethylenediaminetetraacetic acid (TAE) buffer (40 mM tris, 20 mM glacial 

acetic acid and 1 mM disodium EDTA) and ethidium bromide. Four microlitres of each 

product was ran along with 8 µl of a 50 bp hyperladder (BIO-33054, Bioline, USA) at 

70 volts for 1 hour and 45 minutes in 1X TAE. Gels were then imaged using an 

inGenius gel imaging system (Syngene, Synoptics Ltd., UK) with UV excitation.  

3.2.7 Determining the function of intra-colony channels 

3.2.7.1 Fluorescein uptake assay 

To test if intra-colony channels were able to transport small molecules (e.g. signalling 

molecules, nutrients etc.) from their external environment, mature colonies of JM105 

Figure 3.3. An overview of the miniTn7 photoprotein system. A schematic of the 

delivery plasmid containing the miniTn7 insertion element. The insertion element confers 

gentamicin resistance (GmR) provided by aacC1 which encodes for an acetyltransferase-

3-1 enzyme, chloramphenicol resistance (CmR) from cat which encodes for a 

chloramphenicol-acetyltransferase. W denotes that the GmR gene is flanked by a 

transcriptional and translational terminator sequence. Each photoprotein is under the 

control of its own promotor; white triangles represent the growth dependent promotor, PrrnB-

P1, and black triangle represent the constitutive promotor, PA1/04/03 (a Plac-derivative). Figure 

adapted from 283 to outline only the Tn7 elements used in this study.  
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were prepared as described above. Prior to imaging, fluorescein sodium salt (F6377, 

Sigma-Aldrich, USA) was added to sterile LB broth at a final concentration of 10 µg/ml 

(26.6 µM). The fluorescein-spiked LB broth was used to mount the colony for imaging 

as before, and colonies were incubated with the mountant at 37°C for 30 minutes to 

allow fluorescein to diffuse into the colony. Colonies were imaged by confocal 

mesoscopy, as outlined above, to ensure that detected fluorescein emission was 

limited to the focal plane.  

3.2.7.2 Fluorescent microsphere uptake assay 

To further test the function of intra-colony channels a confluent lawn of fluorescent 

microspheres was seeded along with the bacterial inoculum at the culturing stage. 

Two-hundred nanometre Fluoresbrite® Multifluorescent microspheres (24050, 

Polysciences Inc., USA) were seeded at a density of 1x1010 microspheres/ml and 

plated along with 1x104 cfu/ml JM105-miniTn7-gfp in a mixed-inoculum. Microsphere 

translocation was assessed by widefield epifluorescence mesoscopy as above with 

two-channel detection for both the GFP and microsphere fluorescence emission. A 

triple bandpass emission filter which transmitted light at 470 ± 10 nm, 540 ± 10 nm 

and 645 ± 50 nm was place in the detection path. Sequential excitation of GFP and 

the fluorescent microspheres was achieved using a 490 nm and 580 nm LED, 

respectively, from a pE-4000 LED illuminator (CoolLED, U.K.) Each channel was 

acquired sequentially using a CCD camera detector (Stemmer Imaging, U.K.). All 

imaging was carried out using water immersion. 

3.2.7.3 Assessing channel-mediated nutrient uptake 

The functional role of intra-colony channels was further tested using an arabinose 

biosensor. The biosensor strain contained the araBAD operon with gfp inserted 

downstream on the promotor and araBAD functional genes (Figure 3.4), where gfp 
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expression was controlled by the presence or absence of L-arabinose284 (Figure 3.5). 

The biosensor strain was a gift from colleagues at the James Hutton Institute. 

JM105 transformed with the arabinose biosensor plasmid, pJM058, were grown 

overnight at 37°C while shaking at 250 rpm in liquid LB medium supplemented with 

25 µg/ml chloramphenicol (C0378, Sigma-Aldrich, USA). Overnight cultures were 

then diluted in fresh LB and grown until OD600 = 0.5. Cells were then pelleted and 

washed three times with 1x M9 salts. Washed cells were inoculated on to solid M9 

minimal medium280 with L-arabinose as the sole carbon source (0.2%) at a density of 

1x104 cfu/ml and grown for 42-48 hours in darkened conditions at 37°C. Specimens 

were then prepared for imaging as outlined above.  

After establishing a role for intra-colony channels in nutrient acquisition, a method for 

time-delayed induction of PBAD was tested so that nutrient uptake might be visualised 

by time-lapse microscopy. It was initially thought that injecting an L-arabinose 

suspension directly under a mature colony would allow for induction of gfp expression 

along the intra-colony channels to be visualised. To determine if an injection method 

was viable a 25 µM solution of fluorescein was prepared and injected directly under 

the surface of solid M9 medium which had been cast into an imaging chamber, 

mounted in sterile 1x M9 salts with a Mesolens coverglass on top. Time-lapse 

widefield mesoscopy was then carried out as described above to observe the diffusion 

of fluorescein from the injection site.  
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Figure 3.4. Induction of the arabinose operon. a) When L-arabinose is present positive 

regulation of the araBAD operon occurs, where AraC is able to bind to control sites on 

araI1 and araI2, which allows RNA polymerase (RNAP) to bind to the araBAD promoter 

sequence and transcribe the functional genes araB, araA and araD, which catalyse steps 

in the pentose phosphate pathway. b) When L-arabinose is not present AraC binds to 

control sites on araO2 and araI1 which results in formation of a hairpin loop and subsequent 

occlusion of PBAD. Therefore, in the absence of L-arabinose the downstream functional 

products AraB, AraA and AraD are not produced. c) The biosensor strain used in this work 

relies on the positive regulation of the araBAD operon, meaning that in the presence of L-

arabinose all genes under the control of PBAD will be transcribed, including any inserted 

gene (e.g. gfp). Adapted from 284.  
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Injection of fluorescein was found to result in rapid diffusion, and so a perfusion 

system which provided more control over the delivery of liquid to the solid medium 

was investigated. A perfusion system was built using a 20 ml syringe and tubing 

coupled to an automatic valve controller (VC-6, Warner Instruments, USA), and with 

a 120 mm long 21-gauge hypodermic needle (4665643, B. Braun Melsungen AG, 

Germany) inserted into the side wall of the imaging chamber with the tip directly under 

the surface of the solid medium. A 25 µM solution of fluorescein was then perfused 

into the solid medium and time-lapse widefield mesoscopy was used to monitor the 

diffusion of fluorescein in the medium. The perfusion method proved more robust than 

the injection method, and so the same perfusion method was used to introduce a 

0.5% (w/v) L-arabinose solution (33 mM) directly underneath a mature JM105-

Figure 3.5. GFP production by JM105-pJM058 is dependent on the presence of L-

arabinose. Three culture of JM105-pJM058 (PBAD-gfp) grown on solid M9 minimal medium 

with various carbon source. Images of plates were acquired in ambient lighting (top) and 

on a blue lightbox (lEx. = 470 nm) (bottom). JM105-pJM058 only expresses gfp in the 

presence of L-arabinose as a carbon source.  
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pJM058 macro-colony biofilm which had been grown on solid M9 medium 

supplemented with 25 µg/ml chloramphenicol as above, but with 0.5% (v/v) glycerol 

(54 mM) as the sole carbon source. The colony was then imaged using the previous 

acquisition settings over the course of 20 hours after perfusion with L-arabinose, 

however PBAD was not induced.  

As the colonies were grown initially on glycerol as a carbon source before the 

introduction of L-arabinose, it was thought that carbon catabolite repression (CCR) 

may be preventing the induction of PBAD if the biofilm was under diauxic conditions. 

To test this theory, GFP emission was used as a proxy measurement for PBAD 

induction. A range of diauxic conditions were prepared in a black optical-bottom 96-

well plate (265300, ThermoFisher Scientific, USA). M9 minimal medium 

supplemented with 25 µg/ml chloramphenicol was used as a base medium for all 

wells. Varying ratios of glycerol and L-arabinose (0.15%:0.05%, 0.1%:0.1%, 

0.05%:0.15%) or D-glucose and L-arabinose (0.15%:0.05%, 0.1%:0.1%, 

0.05%:0.15%) were tested. JM105-pJM058 was grown in overnight cultures which 

were then diluted in fresh LB and grown until OD600 = 0.5. Cells were then pelleted 

and washed three times with 1x M9 salts and used to inoculate the 96-well plate 

(inoculum volume = 1%). Blanks of each condition containing no cells were also 

included and used as a baseline for all test wells. The loaded plate was then placed 

into a Synergy™ HTX multi-mode plate reader (BioTek Instruments Inc., US) with 

GFP emission selected (490/520 nm). The plate reader was set to medium orbital 

shaking at 37°C while measuring GFP emission every hour for a period of 36 hours. 

3.2.7.4 Testing intra-colony channel-mediated antibiotic transport 

As intra-colony channels were found to transport nutrients into the colony from the 

external environment it was hypothesised that this function could be exploited to 
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promote the uptake of antimicrobial compounds. To test this hypothesis antibiotics 

would have to be introduced to the mature colony once it had already grown, as any 

antibiotics supplemented into the medium at the start of the experiment would prevent 

colony formation. To achieve this a modified disk diffusion assay was developed 

where, instead of filter disks, sterile filter rings with a central bore dimeter larger than 

that of the colony (approx. 3 mm) were placed around the colony for a set time period   

prior to imaging. Following this a viability staining approach revealed the distribution 

of non-viable cells throughout the biofilm, including along the intra-colony channels. 

Three bactericidal antibiotics were selected from a panel of clinically relevant 

compounds routinely used in antimicrobial disk diffusion and bioactivity assays (as 

outlined by the European Committee on Antibiotic Susceptibility Testing (EUCAST) 

and the British Society for Antimicrobial Chemotherapy (BSAC)). Streptomycin (S-

6501, Sigma-Aldrich, USA), colistin (C-4461, Sigma-Aldrich, USA) and kanamycin (K-

1876, Sigma-Aldrich, USA) were selected.  

To narrow down which antibiotic should be tested against mature macro-colony 

biofilms, each compound was screened in a disk diffusion assay against JM105 and 

JM105-miniTn7-HcRed1. To ensure that the clearance diameter was large enough to 

effect the whole colony, three different dose concentrations of each antibiotic were 

tested in triplicate to generate a standard curve of dose concentration versus 

clearance diameter which was used to determine the optimal dosage for a 6 mm filter 

ring with a 3 mm diameter bore. Briefly, an overnight culture of each strain was 

subcultured into fresh LB broth (with 20 µg/ml gentamicin supplemented into the 

miniTn7 cultures) and grown for 3-4 hours shaking at 250 rpm at 37°C until OD600 = 

0.5. Cultures were then serial diluted to 10-4 before spreading 100 µl on solid LB 

medium (again, with 20 µg/ml gentamicin supplemented into the miniTn7 cultures). 

Four sterile 6 mm filter disks were placed over the lawn and three were saturated by 
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pipetting 10 µl of antibiotics at each dose concentration (streptomycin = 1 µg, 5 µg 

and 10 µg;  colistin = 5 µg, 10 µg and 25 µg; kanamycin = 10 µg, 25 µg and 50 µg). 

The final filter disk on each plate was saturated with 10 µl of sterile distilled water as 

a negative control. Plates were incubated for 20 hours at 37°C and clearance zones 

were measured from the centre of each disk. From this, colistin was selected as the 

appropriate test antibiotic due to its increased potency and clinical relevance. 

Having established colistin as the test compound, the clearance diameter of filter rings 

was compared to that of filter disks. This ensured that filter rings could produce 

comparable clearance zones despite their lower area when compared to disks. The 

area of the filter disks was calculated to be 28.26 mm2, whereas the area of the filter 

rings was 25% lower at 21.20 mm2. This was taken into account when loading the test 

dosage onto the rings to ensure that both rings and disks had a proportional mass of 

test antibiotic. Filter rings were prepared by pressing out 6 mm disks from Whatman 

3MM Chr paper (3030-917, GE Healthcare UK Ltd., UK) and using a pair of revolving 

punch pliers to punch out a 3 mm diameter central bore. Rings were sterilised by 

autoclaving at 121°C for 15 minutes. As before, lawns of JM105-miniTn7-HcRed1 

were inoculated onto solid LB medium supplemented with 20 µg/ml gentamicin.  

Sterile filter disks and rings were placed evenly spaced on each plate. Disks were 

loaded with 5 µg of colistin and rings were loaded with 3.75 µg of colistin (25% less 

to accommodate for lower surface area) in triplicate as before. Sterile distilled water 

was loaded as a negative control. Plates were incubated for 20 hours at 37°C and 

clearance zones were measured from the centre of each disk.  

To establish if it was possible for the nutrient acquisition function of the intra-colony 

channels could be exploited for antibiotic uptake, biofilms were imaged in the 

presence of a cell viability dye following treatment with colistin for different time 

periods. JM105-miniTn7-HcRed1 biofilms were prepared for imaging as in Section 
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3.2.3.2 by inoculating solid LB medium supplemented with gentamicin (20 µg/ml) and 

0.5 µM Sytox green dead-cell stain (S7020, Invitrogen, USA). Plates were then 

incubated for 20 hours at 37°C in darkened conditions. Following growth, sterile filter 

rings were carefully placed around several colonies and loaded with 3.75 µg of colistin 

before incubating specimens for 8, 6, 4 and 2-hour periods at 37°C in darkened 

conditions to allow diffusion of the antibiotics. Sterile distilled water was used as a 

negative control. Following antibiotic treatment, the filter rings were carefully removed 

using sterile forceps as to not disrupt the colony. The specimens were then mounted 

in sterile LB broth and imaged by widefield epifluorescence mesoscopy as described 

in Section 3.2.3.2.  

To quantify the effect of colistin treatment on the mature biofilms the intensity of the 

Sytox Green signal was measured each time point. An ROI around the colony was 

generated using FIJI. Colony segmentation was achieved by automatically 

thresholding (Huang) raw widefield images and creating a binary mask before 

selecting as an ROI and measuring the mean fluorescence intensity of Sytox Green 

emission within the ROI. The mean intensities were then normalised to rescale all 

datapoints between 0 and 1 using Equation 3.1 (where x’ is the normalised value for 

datapoint, x, and xmin and xmax are the minimum and maximum datapoints in the 

dataset) and plotted using Plots of Data (developed by Joachim Goedhart, University 

of Amsterdam, Netherlands). Each timepoint was then compared using an unpaired 

t-test in Prism (v6.0e).  

𝑥1 =	 !0!0'+
!0120!0'+

    [3.1] 

3.2.8 Image processing and analysis 

Widefield epifluorescence mesoscopy z-stacks were deconvolved where specified 

using with Huygens Professional version 19.04 (Scientific Volume Imaging, The 
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Netherlands, http://svi.nl) using a Classic Maximum Likelihood Estimation algorithm. 

Hot and cold pixels were removed prior to deconvolution by the Huygens Professional 

software. A theoretical point spread function was generated using Huygens 

Professional with parameters adjusted to suit the experimental setup. Deconvolution 

was performed using a server with a 64-bit Windows Server 2016 Standard operating 

system (v.1607), two Intel® Xeon® Silver 4114 CPU processors at 2.20 GHz and 2.19 

GHz and 1.0 TB installed RAM. Image analysis was performed using FIJI60. Figures 

presented here were linearly contrast adjusted for presentation purposes where 

required using FIJI235.   

BiofilmQ285 was used to quantitatively analyse confocal mesoscopy data. This 

MATLAB image analysis tool was developed specifically for analysing image data of 

whole biofilm specimens and uses segmentation to quantify biofilm properties such 

as density and number of cells. Fluorescence intensity statistics can also be extracted 

for each individual cell within a multi-millimetre biofilm, however until this work, the 

programme had only been shown using biofilms on the order of 1x103 cells130. 

Confocal data was used due to the increased SNR which makes computational 

analysis easier. A custom MATLAB script was provided by Hannah Jekel (Max-

Planck-Institut für terrestrische Mikrobiologie, Marburg, Germany) to overcome the 

time-out limits included in the published BiofilmQ script. Images were first aligned in 

the z-dimension by the programme to account for any drift present in the imaging 

system.  Automated thresholding (Otsu) and segmentation was used to identify and 

provide spatial and fluorescence information for all cells within a mature colonial 

biofilm.  
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3.3 Results 

3.3.1 Identification of a network of intra-colony channels in E. coli 

biofilms 

3.3.1.1 Intra-colony channels discovered in mature E. coli 

biofilms 

Firstly, GFP-expressing E. coli (JM105) macro-colony biofilms were imaged using 

widefield mesoscopy to reveal a network of previously undocumented channel-like 

structures which permeated the superstructure of the biofilm (Figure 3.6). These 

channels measure, on average, 15-20 µm in width and spanned from the centre of 

the colony to the periphery. The intra-colony channels possessed fractal patterning 

features, with sharp boundaries consisting of individual cells arranged pole-to-pole. 

The raw data stack was deconvolved using a Classical Maximum Likelihood 

Estimation (CMLE) algorithm to improve the image quality and reveal the 

arrangement of individual cells in the mature biofilm. A colour-coded look-up table 

(LUT) was then assigned according to the axial position of each image within the 36 

µm-thick z-stack. From the axial coded LUT shown in Figure 3.6, the intra-colony 

channels were determined not to be a 2D lateral arrangements of cells, but instead 

channels exhibited a 3D topography within the context of the biofilm, resembling 

canyons and ravines rather than enclosed capillaries. It is difficult to quantitatively 

analyse these features of the biofilm using conventional image processing tools due 

to the complex geometry of the channel structures and the sheer size of Mesolens 

datasets. Similarly, it is difficult to trace these channels in 3D through the biofilm as 

conventional thresholding does not allow for segmentation of the channels due to the 

intensity difference between cells at the periphery and centre of the biofilm.  
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The benefits of deconvolution of widefield Mesolens data include increased resolution 

and contrast, particularly with thick specimens, as well as decreased acquisition time 

and light exposure when compared to confocal laser scanning methods. To illustrate 

the improvement that was achieved by deconvolving widefield data, Figure 3.7 shows 

a comparison of raw and deconvolved data. 

Colonies were also imaged using the Mesolens in confocal laser scanning mode to 

verify that the post-acquisition processing, such as deconvolution, did not introduce 

erroneous structural artefacts with similar fractal-like patterns to the intra-colony 

channels (Figure 3.8). A confocal approach was used because of the marked 

improvement in signal-to-noise ratio compared to widefield techniques, particularly 

with thick specimens, resulting in a similar image quality to a deconvolved widefield 

dataset. Confocal mesoscopy revealed the same channel structures that were 

Figure 3.6. Identification of an intra-colony channel system in E. coli macro-colony 

biofilms. A deconvolved 36 µm-thick central transverse hyperstack of a mature E. coli 

macro-colony biofilm acquired using widefield mesoscopy. An axial colour coded LUT has 

been applied which indicates the relative position of each cell within the context of the 

biofilm. A magnified ROI is presented where individual cells can be clearly resolved. 

Channel structures are seen to permeate throughout the biofilm and present a 3D 

topography within the context of the biofilm. 
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identified by widefield imaging experiments presented in Figure 3.6. This concludes 

that the structures observed were not introduced as an artefact of image processing. 

Using the recently published MATLAB analysis tool, BiofilmQ285, multi-scale structural 

analyses were performed to further investigate the channel structures. Parameters 

such as local cell density and distance from the substrate were able to be extracted 

from the BiofilmQ programme. Where most analysis tools are unable to process large 

datasets (such as those generated by the Mesolens), BiofilmQ was capable of 

handling large file sizes where the only limitation was the processing speed and 

available RAM of the computer used. This meant that, with Mesolens datasets, 

Figure 3.7. Increasing the quality of widefield mesolens data with deconvolution.  A 

widefield mesoscopy image of a GFP-expressing JM105 macro-colony biofilm before and 

after deconvolution. Raw data is presented on the left and deconvolved data is shown on 

the right. Following deconvolution, intra-colony channels and individual E. coli cells are 

more clearly resolved.  
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biofilms containing more than 1x109 individual cells could be analysed, whereas most 

image analysis tools are capable of only analysing up to a maximum of approximately 

1x104 cells in any given biofilm. Therefore, until now this has limited the scope of 

biofilm research to quantitative study of microcolonies. Following thresholding and 

segmentation, the distance of each cell in the biofilm was determined in relation to the 

Figure 3.8. Confocal laser scanning mesoscopy revealed that intra-colony spatial 

patterns are not an artefact of the deconvolution process. A maximum intensity 

projection of a single JM105-miniTn7-gfp colony measuring 201 µm thick is shown with a 

colour coded LUT applied to each optical section depending on its axial position within the 

dataset. Intra-colony channels could be observed throughout the colony and converged 

towards the apex of the biofilm. Accompanying orthogonal sections are presented from a 

cross-section at the centre of the colony. Channels were observed to pass through the 

majority of the colony from the base to the apex suggesting that they originate at the base 

of the biofilm. Yellow lines indicate the x, z and y, z planes of the orthogonal views.  
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position of the underlying substrate (Figure 3.9). The number of cells within a mature 

E. coli macro-colony biofilm was extracted and calculated to be 126,308,734 in the 

case of the confocal dataset presented in Figure 3.8. This number of cells was 

consistent with what would be expected of culture-based numeration of a single E. 

coli macro-colony of this size. The local density of cells was also extracted from 

confocal data and cells were found to be more closely packed along the edges of 

intra-colony channels throughout the colony (Figure 3.10).  

Figure 3.10. Cells are densely packed along the borders of intra-colony channels. 

BiofilmQ analysis reveals that local density is increased along the border of intra-colony 

channels. Local-density sensitivity = 5 voxels (2.5 µm x 2.5 µm x 15 µm). 

Figure 3.9. A mature E. coli biofilm analysed by BiofilmQ. A JM105-miniTn7-gfp biofilm 

imaged by confocal mesoscopy and analysed using BiofilmQ. Cell-to-substrate distance is 

colour coded for each individual cell. BiofilmQ calculated 1.26x108 cells were present in 

the biofilm. Input data was of the same colony presented in Figure 3.8. 
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3.3.1.2 Demonstrating the benefits of mesoscopy for studying 

biofilm architecture 

Having discovered an intra-colony channels system using the Mesolens, mature 

colonies were also imaged using conventional optical microscopy methods to 

demonstrate the benefits of using the Mesolens for biofilm imaging. The internal 

architecture of E. coli macro-colony biofilms was imaged using conventional widefield 

epifluorescence microscopy and stereomicroscopy (Figure 3.11). Fluorescence 

stereomicroscopy was able to show some indication of internal structure within the 

biofilm; however, these features were too poorly resolved to merit using 

stereomicroscopy to study biofilm architecture beyond macroscopic structures.  

The performance of the Mesolens was also compared to that of a conventional upright 

widefield imaging system to show the benefits of optical mesoscopy. Macro-colonies 

Figure 3.11. Spatial resolution is too low to sufficiently resolve intra-colony channels 

by stereomicroscopy. A JM105-miniTn7-gfp macro-colony biofilm imaged by 

stereomicroscopy. A transmission image, GFP fluorescence image and an ROI of the 

highlighted region are presented. The transmission image of the colony shows the surface 

topology of the colony, but no intra-colony channels are evident. Fluorescence mode 

reveals some indication of intra-colony channels. However, these are poorly resolved and 

stereomicroscopy does not have optical sectioning capabilities, so 3D imaging is not 

possible. 
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of JM105-miniTn7-gfp were prepared and imaged using a Nikon Eclipse E600 system 

with a low magnification objective lens with approximately the same FOV as the 

Mesolens. Conventional widefield microscopy was able to resolve the intra-colony 

channel structures that were identified using widefield mesoscopy, however the 

spatial resolution was once again too low to adequately resolve the fine structure of 

the channels (Figure 3.12). This was particularly true along the z-dimension due to 

the elongation of the axial PSF along the optical axis of the microscope which scales 

in relation to the objective NA. Moving forward, these findings confirm that the 

Mesolens is an appropriate method for imaging large 3D microbial communities with 

sub-micron spatial resolution. 

3.3.2 A structural assessment of intra-colony channels  

The channel structures identified in E. coli macro-colonies appear as dark regions 

within the biofilm, and so it was hypothesised that they contained some form of 

structural matrix. A number of structural candidates were tested by reflection and 

fluorescence microscopy methods. 

3.3.2.1 Intra-colony channels are not composed of solid growth 

medium or air 

The structural makeup of the channels was initially investigated to determine if they 

were filled with materials of differing refractive index compared to that of the biomass. 

Two candidates were solid growth medium which was forced upward during biofilm 

growth, or air which was trapped in the biofilm. Reflection confocal mesoscopy, where 

signal is detected from reflections of incident light at refractive index boundaries such 

as those between bacterial cells and the surrounding growth medium, was used. A  



 119 

  

Figure 3.12. Comparison of conventional low-NA widefield epifluorescence 

microscopy and high-NA mesoscopy. a) Image of a JM105-miniTn7-gfp macro-colony 

biofilm acquired using a conventional low-magnification, low-NA objective lens on an 

upright widefield epifluorescence microscope. b) A mature JM105-miniTn7-gfp colony 

biofilm imaged using widefield epifluorescence mesoscopy. Intracolony spatial patterns are 

evident in both a) and b). Magnified regions have comparable FOVs, and line ROIs, shown 

in yellow, indicate that the increased NA of the Mesolens results in spatial higher resolution 

than a low-magnification, low numerical aperture lens. 
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maximum intensity projection of an unlabelled E. coli JM105 biofilm acquired in 

reflection confocal mode showed no reflection signal resembling the intra-colony 

channels throughout the colony (Figure 3.13a). Instead the surface layers of the 

colony were visible, where the biomass-medium interface occurs. This finding 

determined that the channels must be of a similar refractive index to the surrounding 

biomass and biofilm matrix and are not occupied by solid growth medium or air.  

3.3.2.2 Biofilm channels are not composed of non-viable cells, 

EPS, cellulose or lipids 

To determine if the channel structures we observe were occupied by non-viable/non-

fluorescing cells, biofilms were grown in the presence of the viability dye, Sytox 

Green. This dye has an emission peak at 523 nm enabling the use of HcRed1 (lem. 

618 nm) expressing JM105 E. coli cells for two-colour imaging. Figure 3.13b shows a 

false-coloured composite maximum intensity projection of a JM105-miniTn7-HcRed1 

biofilm stained with Sytox Green acquired using widefield mesoscopy, where live cells 

are presented in green and non-viable cells are shown in magenta. Here, non-viable 

cells cluster in the centre of the biofilm while intra-colony channels are not occupied 

by non-viable/non-fluorescent cells.  

To investigate whether intra-colony channels were filled with exopolysaccharides 

(EPS) secreted by bacteria within the biofilm, JM105 biofilms were grown in the 

presence of the lectin binding dye conjugate Alexa594-WGA. Figure 3.13c shows a 

deconvolved composite image of a JM105-miniTn7-gfp biofilm (green) and 

associated EPS (magenta). Exopolysaccharides are distributed throughout the entire 

biofilm and are not strictly localised within the channel structures.  

The distribution of cellulose was determined by growing JM105-miniTn7-HcRed1 in 

the presence of CFW. Figure 3.13d shows that intra-colony channels were not filled  
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Figure 3.13. Structural assessment of intra-colony channels. a) Maximum intensity 

projection of an unlabelled JM105 colony acquired using reflection confocal mesoscopy, 

with a single isolated optical section shown. Reflection imaging determined that intra-

colony channels were not occupied by material of differing refractive index to the biomass. 

Widefield mesoscopy revealed that channels were not filled with (b) non-viable/non-

fluorescing cells, (c) EPS, (d) cellulose or (e) lipid matrices. 
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with a cellulose-based matrix. In fact, the JM105 strain produced little cellulose, as 

expected due to it being a K12 derivative.  

The lipid distribution within macro-colonies was assessed using the lipid-binding dye 

Nile Red. Staining showed that intra-colony channels are not composed of a lipid 

matrix, and lipids were mainly distributed throughout the centre of the biofilm (Figure 

3.13e).  

3.3.2.3 Intra-colony channels contain protein  

Extracellular proteins were stained using the protein-specific fluorescent dye, SYPRO 

Ruby. The interstitial space of the intra-colony channels was found to contain 

extracellular protein (Figure 3.14). Due to the broad affinity of the SYPRO dye, it is 

not possible to tell from this data what the specific protein(s) occupying the channels 

may be. The finding that the channels are filled by a protein matrix suggests that they 

arise not due to some stochastic process and eludes that the channels have some 

function in the broader context of the biofilm.  

3.3.2.4 Fluorescent probes used for structural staining have 

minimal impact on cell viability 

To ensure that the use of chemical dyes to stain the structural components of biofilms 

did not drastically affect the viability of the constituent cells, the end-point viability of 

each strain used in this study was assessed after having grown in the presence of 

each dye. Strains were only assayed against dyes which they were used with in 

experiments detailed in Section 3.3.2. Figure 3.15 shows that JM105-miniTn7-gfp and 

JM105-miniTn7-HcRed1 had lower overall CFUs than the parent strain, and although 

statistical significance was found between cells grown in the presence of every dye 
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tested, the overall viability did not change drastically stained and unstained samples 

(i.e. remained within one order of magnitude). The lower overall CFUs between the 

parental strain and the miniTn7 strains was likely due to the increased metabolic 

burden of expressing the inserted resistance cassettes and photoprotein genes. 

Figure 3.14. Intra-colony channels are occupied by a protein-based structural matrix. 

A deconvolved widefield Mesolens image of a JM105-miniTn7-gfp biofilm stained using 

SYPRO Ruby. Emission of SYPRO Ruby-stained extracellular proteins (magenta) 

mimicked the spatial patterns of intra-colony channels, showing that channels were filled 

by a protein-based matrix. An ROI is shown of a representative region of the biofilm and 

has been locally contrast adjusted for presentation purposes.  
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3.3.3 Understanding the formation of intra-colony channels  

3.3.3.1 Channel formation is an emergent property of biofilm 

formation 

To determine whether the formation of intra-colony channels arose as an emergent 

property of biofilm formation, the ability of the structures to re-form following total 

mechanical disaggregation was investigated. The biofilm was established to allow the 

Figure 3.15. Structural fluorescent dyes do not drastically alter the viability of JM105 

strains. The viability of JM105, JM105-miniTn7-gfp and JM105-miniTn7-HcRed1 grown in 

the presence of various structural dyes used in this study. Colony-forming units (CFUs) 

were measured following growth of biofilms on solid LB media containing gentamicin 

(GEN), Sytox Green (SYTOX), Alexa594-WGA (WGA), calcofluor white (CFW), Nile red 

(NR) and SYPRO Ruby (SYPRO). All assays were carried out at the working concentration 

used during imaging experiments in Section 3.3.2. Only the strain/dye combinations noted 

in Section 3.3.2 were assessed (e.g. JM105-miniTn7-gfp viability was not tested against 

Sytox Green or CFW because these combinations were not used in imaging experiments). 

Error bars show standard error of the mean (n = 3). 
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formation of channels (Figure 3.16a) and then the colony was disrupted by mixing to 

create a uniform mass of cells. Following a recovery period of 10 hours, the channels 

reformed in the regrowing regions of the biofilm (Figure 3.16b). The ability of the 

channels to form in the same way as a naïve colony suggests that they form as an 

emergent property of E. coli colonial growth on a solid surface. 

Figure 3.16. Intra-colony channels form as an emergent property of biofilm 

formation. (a) An unmixed, naïve control biofilm of JM105-miniTn7-gfp with established 

intra-colony channels. (b) A macro-colony JM105-miniTn7-gfp biofilm which was initially 

grown for 10 hours before mechanical disruption and subsequent recovery and regrowth 

at 37°C for a further 10 hours (purple outline shows original colony boundary). Regrowth 

was accompanied with the re-emergence of intra-colony channels in the outgrown region 

of the disrupted colony, showing that channel formation is an emergent property of macro-

colony biofilm development. 



 126 

3.3.3.2 Channels are unable to cross strain boundaries in mixed 

cultures 

Growth of two isogenic strains in co-culture, each expressing a different photoprotein, 

resulted in the two strains forming sectors, which has been previously described182,186–

190. The sectoring property was then explored in the context of intra-colony channel 

formation to determine if the channels were shared between the strains. When the 

two isogenic strains sector, the channels were found to not intersect the boundary 

between the strains and were retained within their own sector (Figure 3.17). The 

confinement of channels was more evident between different populations (i.e. 

HcRed1 and GFP-expressing), whereas the boundaries between sectors of cells 

expressing the same photoprotein were less ordered. 

Figure 3.17. Intra-colony channels are confined within clonal populations and unable 

to cross strain boundaries. A mixed culture of isogenic JM105 strains which express 

either GFP (cyan) or HcRed1 (magenta). Each strain sectored into segregated clonal 

populations which have propagated from a single colony forming unit, and cells from each 

sector were unable to cross the strain boundary. The intra-colony channels present within 

each sector were also unable to cross the strain boundary and were therefore not shared 

by opposing isogenic colonies. 
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To ensure that both strains were truly isogenic and that the insertion of the miniTn7 

sequence had inserted into the predicted chromosomal location, both miniTn7 strains 

were verified using colony PCR. The miniTn7 transposon should insert at only one 

attTn7 site in the chromosome, downstream of glmS283. Primers were designed for 

the glmS gene and right flank of the miniTn7 insert. Colony PCR confirmed that the 

miniTn7 sequence was inserted approximately 25 base pairs downstream of glmS in 

both JM105-miniTn7-gfp and JM105-miniTn7-HcRed1 (Figure 3.18). Therefore, the 

strains were truly isogenic except for the inserted photoprotein gene, meaning 

segregation was an emergent property of how founder populations gave rise to the 

colonies, and not because of any genotypic differences.  

Figure 3.18.  The miniTn7 insert location is conserved between JM105-miniTn7-gfp 

and JM105-miniTn7-HcRed1. A colony PCR gel showing a product of approximately 150 

bp in JM105-miniTn7-gfp and JM105-miniTn7-HcRed1, confirming that the miniTn7 

sequence is inserted approximately 25 bp downstream of the glmS gene in both strains. 

The lower molecular weight bands in the JM105 samples is likely due to primer 

dimerisation.  A no template control and two 50 bp hyperladders (HL) are also presented.  
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3.3.4 Determining a functional role for intra-colony channels  

3.3.4.1 Intra-colony channels do not facilitate fluorescein 

transport when submerged in a fluorescein solution  

To investigate whether the intra-colony channels were able to facilitate the uptake of 

substances from the external environment, their ability to promote diffusion was tested 

using a dilute fluorescein solution as a mounting medium. Fluorescein was dissolved 

in sterile LB broth and used to mount macro-colonies prior to imaging. Initial attempts 

used widefield mesoscopy, however there was a large contribution of out-of-focus 

signal which blurred the images. Therefore, confocal laser scanning mesoscopy was 

used to limit this. Following mounting in a 10 µg/ml fluorescein LB solution, unlabelled 

JM105 colonies were imaged after a 30-minute incubation period. Figure 3.19 shows 

the shadow of the unlabelled colony mounted in the fluorescein solution. There is little 

evidence of diffusion of fluorescein into the colony which follows the same spatial 

patterning as the intra-colony channels. However, it may be that the low signal present 

in the centre of the colony is due to limited diffusion of fluorescein molecules but, as 

they are so small, they may not necessarily need to follow the path of the channels 

present in the colony. Therefore, a more robust means of testing the function of intra-

colony channels was required. 

3.3.4.2 Intra-colony channels create a capillary effect and act as 

uptake systems for fluorescent microspheres 

To further investigate whether the intra-colony channels play a role in the transport of 

substances into the biofilm, the functional role of the channel system was tested by 

introducing 200 nm diameter fluorescent microspheres to the extracellular medium 

when preparing the specimen for widefield mesoscopy. The fluorescent microspheres 
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were spread as a dense lawn along with a dilute mid-log JM105-miniTn7-gfp culture. 

A single optical section, 25 µm above the base of the colony, allows the outline of the 

Figure 3.19. Fluorescein does not enter macro-colonies via intra-colony channels. a) 

A single confocal optical section of a JM105 colony mounted in a 10 µg/ml fluorescein LB 

solution. The shadow of the colony can be seen surrounded by fluorescein solution. There 

is no obvious diffusion of fluorescein into the colony through the intra-colony channels. b) 

An intensity profile measured along the yellow ROI shown in a) shows increased 

fluorescent signal outside of the colony and confirms no diffusion of fluorescein into the 

colony via intra-colony channels. Intensity profile was averaged over a line thickness of 

100 pixels (50 µm).  
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colony to be observed at the edges of the image, with the untouched lawn of 

microspheres outside the colony (Figure 3.20).  

The distribution of beads in these areas are homogenous, whereas within the colony 

the transport of the fluorescent microspheres through the channels reflects the spatial 

structure of the biofilm. Magnified ROIs of intra-colony channels show that the 

channels are acting as conduits for the transport of microspheres into the biofilm. The 

transport of microspheres into the channels suggests that these intra-colony 

Figure 3.20. Intra-colony channels facilitate transport of nanoscopic particles. A 

single optical section approximately 25 µm above the base of the colony shows a mature 

JM105-miniTn7-gfp biofilm (green) and a lawn of 200 nm fluorescent microspheres 

(magenta). The fluorescent microspheres were transported from a confluent lawn at the 

base of the colony into the intra-colony channels and directed towards the centre of the 

colony. Two ROIs are presented from different regions of the colony where fluorescent 

microspheres were transported into the colony via intra-colony channels. 
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structures are involved in the acquisition of substances from the external environment. 

From these data, was hypothesised that the ability of the channels to transport small 

fluorescent particles could be extended to facilitate uptake of smaller particles into the 

colony, such as nutrients. 

3.3.4.3 Intra-colony channels facilitate nutrient transport in 

mature E. coli macro-colonies 

To further investigate the role of intra-colony channels in biofilm nutrient acquisition, 

an arabinose inducible GFP strain (E. coli JM105 PBAD-gfp (JM105-pJM058)) was 

used. Growth of the arabinose-inducible GFP strain on solid minimal medium with L-

arabinose as the sole carbon source revealed that biofilm fluoresced most intensely 

in regions which bordered the intra-colony channels (Figure 3.21). This suggested 

that the concentration of L-arabinose was highest in the channel system compared to 

the remainder of the biofilm and demonstrates that these structures play a role in 

nutrient acquisition and transport within the colony. This outcome challenges the long-

held belief that bacterial colony nutrient uptake occurs through simple diffusion 

through the extracellular matrix of the biofilm, and concurs with previous work which 

showed that large biofilms must develop transport mechanisms to direct nutrients to 

their centre249.  

Following from the initial observation of nutrient uptake, a method which would allow 

for time-lapse imaging of nutrient uptake was trialled. This method required growing 

the JM105-pJM058 biofilm to maturity on an alternate carbon source and introducing 

L-arabinose before or during mesoscopic imaging. First a 25 µM fluorescein solution 

was injected directly under the surface of solid M9 medium and time-lapse data was 

acquired using the Mesolens in widefield mode. There was a rapid diffusion of the 

fluorescein solution shortly after injection, meaning that the injection method would 

likely result in rapid diffusion of L-arabinose from underneath the colony (Figure 3.22). 
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To achieve greater control over the diffusion of the fluorescein solution a perfusion 

system was used to inject a 25 µM fluorescein solution under the surface of solid M9 

Figure 3.21. Intra-colony channels play a functional role in nutrient acquisition and 

transport to the centre of bacterial biofilms. A deconvolved image of a JM105-pJM058 

macro-colony biofilm grown on M9 minimal medium with L-arabinose as the sole carbon 

source. This arabinose biosensor expresses GFP only in the presence of L-arabinose. GFP 

emission intensity was higher in cells which line the intra-colony channels compared to 

cells elsewhere within the biofilm, which shows that the channel structures have a higher 

concentration of L-arabinose compared to elsewhere within the biofilm. This provides 

evidence of a functional role in nutrient acquisition and transport for the intracolony channel 

system. 
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medium during time-lapse imaging (Figure 3.23). Perfusion of fluorescein resulted in 

a more stable signal over time compared to the injection method, meaning that should 

L-arabinose be perfused into the M9 medium it is more likely to remain at inducible 

concentrations. A final concentration of 0.5% L-arabinose (33.30 mM) was perfused 

under the colony, which was approximately 3-fold higher than the concentration 

required to induce PBAD
286. However, no GFP emission from the induction of PBAD was 

observed in the resulting time-lapse images acquired over a 20-hour period post-

perfusion. Therefore, it was not possible to visualise the uptake of nutrients into the 

colony over time by these methods.  

Figure 3.22. Injection of fluorescein into solid medium resulted in rapid diffusion. a) 

A schematic of the experimental setup prior to imaging. A fluorescein solution was injected 

directly under the surface of solid M9 medium. b) A mean intensity plot profile across the 

field of view of the injected region over time (line width = 50 pixels (11.30 µm)). There is a 

sharp decrease in fluorescence over time correlating to rapid diffusion of fluorescein after 

injection. c) A waterfall chart showing the rapid decrease in mean fluorescence intensity 

over the injection site over time.  
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It was then hypothesised that the lack of GFP emission could be a result of CCR as 

the strain was growing in the presence of two carbon sources. To test this, JM105-

pJM058 was grown under diauxic conditions with varying ratios of glycerol, glucose 

and L-arabinose as carbon sources and GFP emission was measured over a 36-hour 

period to determine when PBAD had been induced. JM105-pJM058 was found to 

metabolise glycerol and glucose initially before using arabinose as carbon source 

(Figure 3.24). PBAD induction was determined to occur more quickly when grown on a 

Figure 3.23. Perfusion of fluorescein into solid medium maintains a higher 

concentration over time compared to injection. a) A schematic of the experimental 

setup prior to imaging. A fluorescein solution was perfused directly under the surface of 

solid M9 medium using a gated perfusion rig. b) A mean intensity plot profile across the 

field of view of the injected region over time (line width = 50 pixels (11.30 µm)). There is a 

steady decrease in fluorescence over time, meaning that fluorescein concentration remains 

relatively high over time. c) A waterfall chart showing the decrease in mean fluorescence 

intensity over the field of view following perfusion of fluorescein.  
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combination of glycerol and L-arabinose compared with glucose and L-arabinose, 

with an increase in GFP emission after 5 hours. The increased standard error over 

time shown in Figure 3.24 was due to the build-up of condensation on the lid of the 

96-well plate which results in scattering of the incident light from the plate reader; 

however, even with this the trend is still clear. These data showed that when grown 

on glycerol, colonies should exhibit some fluorescence after approximately 5 hours, 

but this did not translate to Mesolens imaging experiments on M9 medium. Therefore, 

although CCR was likely affecting the induction of PBAD, it was not possible to account 

for this by these methods to optimise time-lapse imaging of nutrient acquisition by 

intra-colony channels.  

Figure 3.24. Fluorescence emission of JM105-pJM058 during diauxic growth 

conditions. Following exhaustion of a preferred carbon source, L-arabinose metabolism 

begins and PBAD induction occurs resulting in the expression of gfp and an increase in 

fluorescence intensity over time. GFP production begins after approximately 5 hours when 

JM105-pJM058 is grown under diauxic conditions on a mix of L-arabinose and glycerol. 

When grown with under diauxic condition with glucose, PBAD induction takes longer 

depending on the concentration of glucose available.  
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Despite not being able to show uptake of nutrients over time, the discovery of channel-

mediated nutrient uptake in a prokaryote system remains novel. It was hypothesised 

that the role of intra-colony channels may not solely be limited to nutrient acquisition, 

and that this beneficial function could be exploited to promote the uptake of 

antimicrobial compounds or dispersal agents through the channel structures.  

3.3.5 Exploiting the role of intra-colony channels for antibiotic uptake  

Given the putative role of intra-colony channels in nutrient acquisition, it was 

hypothesised that this function could be exploited to promote the uptake of biocides. 

To test this a modified disk diffusion assay was used, where filter rings were loaded 

with a known concentration of a bactericidal antibiotic.  

3.3.5.1 Selecting the appropriate test antibiotic  

The guidelines on antibiotic susceptibility testing by EUCAST and the BSAC were 

consulted choose appropriate biocide compounds that could be tested for these 

experiments. Streptomycin, colistin and kanamycin were selected based on their 

clinical profiles and bactericidal properties. The dose concentration was first optimised 

by carrying out a standard disk diffusion assay with various concentrations of each 

antibiotic. A curve of concentration vs. clearance diameter was plotted for each 

antibiotic (Figure 3.25). Disk diffusion assays revealed that colistin and kanamycin 

had a bactericidal effect on JM105 strains, with colistin having an increased overall 

potency. Streptomycin was found to be ineffective against JM105 strains and after 

consulting published literature it was found that JM105 is intrinsically resistant to 

streptomycin and it was therefore removed as a potential candidate for imaging 

experiments. Colistin was selected as the test antibiotic moving forward due to an 

increased potency compared to kanamycin and its clinical relevance to E. coli. 
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3.3.5.2 Comparison of filter disks and filter rings for antimicrobial 

susceptibility assays 

As the test antibiotic had to be introduced to a mature colony a modified diffusion 

assay was used with filter disks which could be placed around a mature colony for a 

set period of time. As the filter rings had a lower surface area compared to the disks 

used above (25% decrease), the dose of test antibiotic had to be altered for use with 

the rings. Therefore, 75% of the dose of colistin was added to the filter rings compared 

to the filter disks (3.75 µg) before the clearance diameters were measured between 

the filter disks and filter rings. Filter rings loaded with 3.75 µg colistin resulted in a 

mean clearance diameter of 14 mm, which was an 84.85% decrease in the clearance 

diameter of 6 mm filter rings loaded with 5 µg colistin (mean clearance diameter = 

16.5 mm) (Figure 3.26). Therefore, the efficacy of colistin on filter rings was 

comparable to the conventional antimicrobial susceptibility method using filter disks.  

Figure 3.25. Colistin was selected as 

the appropriate test antibiotic. The 

mean clearance diameter of candidate 

bactericidal compounds in a disk 

diffusion assay. Streptomycin had no 

effect on the viability of JM105 strains. 

Colistin was more potent than kanamycin 

and produced sufficiently large clearance 

diameters (21.67 mm) even at low doses. 

n = 3 for each test antibiotic, at each 

concentration.  
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3.3.5.3 Non-viable cells accumulate within intra-colony channels 

following antibiotic treatment 

The findings involving nutrient transport into mature colonies led to the hypothesis 

that intra-colony channels could also be used to facilitate antibiotic uptake. Mature 

JM105-miniTn7-HcRed1 macro-colonies grown with Sytox Green were treated with 

antibiotics for set time periods by placing a filter ring loaded with 3.75 µg colistin 

around the colony and removing immediately prior to imaging by widefield mesoscopy 

(Figure 3.27a). The distribution of non-viable cells was higher in the colistin-treated 

specimens than the negative control, with the intra-colony channels throughout the 

colony being filled with Sytox Green-labelled cells in some cases. The mean intensity 

of Sytox Green in the colony was measured and compared to a negative control  

Figure 3.26. Filter rings have comparable antibiotic diffusion properties to filter 

disks. a) Images of a colistin diffusion assay (disks = 5 µg, rings = 3.75 µg) against JM105-

miniTn7-HcRed1 with a negative sdH2O control. b) The mean clearance diameter of 

colistin-loaded filter disks and rings shows a decrease from 16.5 mm to 14.0 mm (n = 4). 

Error bars show standard error of the mean. 



 139 

  

Figure 3.27. Intra-colony channels can be exploited to facilitate antimicrobial uptake. 

a) Deconvolved widefield Mesolens images of Sytox Green-stained JM105-miniTn7-

HcRed1 macro-colony biofilms following exposure to 3.75 µg colistin for 2-8 hours. A 

negative control is also shown which was treated with sterile distilled water (sdH2O). 

Designated regions of interest are included for each timepoint showing a build-up of non-

viable cells within the intra-colony channels. HcRed1 = green, Sytox Green = magenta. b) 

A plot of normalised mean intensity of Sytox Green emission in macro-colony biofilms 

which were exposed to colistin. An unpaired t-test showed a significant increase in the 

mean intensity of Sytox Green in biofilms which had been treated with colistin for 8 hours 

compared to the control (p < 0.05).  
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(sdH2O) (Figure 3.27b). The mean fluorescence intensity of Sytox Green was found 

to be significantly higher when biofilms were treated for 8 hours (p < 0.05) compared 

to the negative control. 

3.4 Discussion 

The internal structure of mature bacterial communities is largely considered to be a 

uniformly distributed mass of cells with little evidence in literature of internal structure. 

The reason for this is due to the lack of high-performance imaging systems which are 

able to image multi-millimetre specimens with sufficiently high spatial resolution to 

resolve individual bacterial cells. This study was the first application of the Mesolens 

to microbiology and has offered a new approach for imaging large microbial 

specimens, enabling the characterisation of a novel structural aspect of E. coli macro-

colony biofilms. The channel structures reported are formed as an emergent property 

of biofilm growth and are confined within founder cell boundaries in mixed isogenic 

cultures. This chapter has also established a functional role for intra-colony channels 

in nutrient acquisition and transport. Moreover, the role of intra-colony channels was 

further explored to investigate their role in antimicrobial uptake where accumulation 

of non-viable cells was visualised in the lumen of channels. The identification and 

characterisation of this previously undocumented channel network offers a novel 

outlook for microbial community biology and provides a novel mechanism for transport 

and delivery in bacterial biofilms.  

The structures identified in mature E. coli macro-colonies bear similarities to some 

other aspects of bacterial community architecture, however it is important to note that 

intra-colony channels are fundamentally different to structures such as the water 

irrigation channels discovered in mushroom-shaped Pseudomonas and Klebsiella 

spp. biofilms287,288. There have also been channel-like structures identified in mature 
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bacterial colonies, such as the crenulations of B. subtilis macro-colonies172,184 or the 

macroscopic folds of P. aeruginosa biofilms185,289, which have been extensively 

described in literature. It is important to note, that crenulations and folds are all visible 

as surface structures of the colony and resolvable using photography techniques, 

whereas the intra-colony channels identified here are present within the main body of 

the biofilm and are not observable by viewing the surface of the colony. A similar 

phenomenon was recently reported in colonies of Proteus mirabilis where 100 nm 

diameter fluorescent microspheres were observed to penetrate the boundary of the 

colony through “crack-like conduits” present at the colony edge290. However, the 

authors were unable to show any spatial evidence of the conduits themselves. 

The spatial arrangement of the intra-colony channels is fractal in nature, with 

repeating patterns and complex topographies. Upon first glance, channels resemble 

fractal features found in multi-strain colonies which form as a result of the mechanical 

instability between growth and viscous drag of dividing cells182. However, these 

features have only been reported in multi-strain colonies where the fractal dendrites 

have been composed of live, fluorescing cells187–190,192. Similarly, a recent 

phenomenon has been recorded in polymicrobial macro-colonies where striking 

flower-like patterns emerge on soft-agar surfaces between motile and non-motile co-

cultured strains291, where pattern formation occurs in this case by a combination of 

mechanical instability from non-motile cells, “hitchhiking” motility behaviours and 

friction-mediated crenulation formation. Again, these patterns only occur in multi-

strain systems which is inherently different from the experiments described in this 

chapter. This study demonstrated that the spatial patterns and channels observed are 

different to those outlined previously. Firstly, the patterns of intra-colony channels 

documented here arose in a single population of cells where there are no strain-to-

strain interactions to result in the formation of fractal patterns. Given that the intra-
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colony channels are not occupied by dead non-fluorescing cells (Figure 3.13b) it is 

clear that the bacterial colonies used in this work are not composed of two pseudo-

domains (i.e. viable and non-viable cells) which could interact to form complex 3D 

fractal patterning. The finding that non-viable cells localise in the centre of the biofilm 

agrees with previous studies showing that dense microbial aggregates often have 

dense hypoxic, acidic centres which have diminished access to nutrients169,255,264,292–

296.  

All of the observations noted in this chapter are of mature E. coli (K12) communities, 

and so it remains unclear if these structures are conserved in biofilms formed by other 

species. In silico modelling of biofilm patterning in two strain systems has shown that 

cell shape can influence the final structure of the mature colony, where the growth 

dynamics of rod-shaped and coccoid cells resulted in columnar striations which 

contained only one species per column187. The emergence of intra-colony channels 

could be owed to the perpendicular division axis of E. coli, where cells will divide and 

can arrange themselves in long chains of cells arranged pole-to-pole. If this were true 

it may be that bacteria which possess different division mechanisms, such as the 

alternating orthogonal division planes in Staphylococcus aureus297, could possess a 

different intra-colony architecture than E. coli. Moving forward it would be interesting 

to assess the role of cell shape in the formation of intra-colony channels. This could 

be performed by observing biofilms formed by other species or could be directly 

compared to the ability of E. coli to form channels by altering the natural shape of E. 

coli. This could be achieved, for example, by using a tatC mutant which affects 

amidase (AmiA) expression resulting in long filamentous cells298; by mutating rodZ299, 

using a strains with truncated MreB cytoskeletons300 or using min system mutants301 

to form short rod-shaped or spherical cells. These experiments would establish if cell 

shape was a determining factor in the formation of intra-colony channels. 
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Following a systematic structural assessment of the biofilm, the intra-colony channels 

were found to be filled with a proteinaceous matrix. The exact composition of this 

matrix remains unclear, and the SYPRO-Ruby staining method does not allow for 

specific labelling of any one class of protein. However, it may be possible to determine 

the make-up of the channels by comparing transcriptomic data from cells adjacent to 

the intra-colony channels and cells elsewhere in the biofilm, or by comparing RNA 

sequencing (RNA-seq) data from mature biofilms where intra-colony channels have 

formed and juvenile biofilms where they have not. Moving forward, if the protein matrix 

composition was identified then it could lead to the development of targeted drug 

delivery approaches, such as has been achieved in other therapeutic strategies using 

functionalised non-ionic surfactant vesicles or liposomes275–279. 

The intra-colony channels form as an inherent property of biofilm formation, leading 

to fractal-like patterns which exhibit plasticity which is reminiscent of the results of a 

classical eukaryotic developmental biology experiment by Moscona, where  

reformation of the channel architecture in marine sponges occurred after 

disaggregation by passage through a fine silk mesh302,303. The ability of the channels 

to reform also suggests that they fulfil a functional role in the context of the biofilm, 

which was further tested using a combination of uptake assays. 

The findings presented in this chapter establish a role for intra-colony channels in 

nutrient acquisition, which provide a new mechanism for transport in large bacterial 

communities. Moreover, this finding offers some explanation to the BiofilmQ analysis 

presented in Figure 3.10, where cells lining the borders of intra-colony channels were 

more densely packed. Given their role in nutrient transport, it would make sense that 

the area surrounding the nutrient-rich channel networks were more densely packed 

with actively growing viable cells. To further test the nutrient acquisition role a series 

of nutrient reporters could be observed to provide further evidence for nutrient uptake. 
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For example, nutrient-responsive promotors linked to fluorescent protein reporters 

such as those responding to nitrogen (e.g. the ammonium transporter, AmtB304, and 

glutamine synthetase, GS305) and phosphate (e.g. phosphate periplasmic binding 

protein, PstS306). 

The long-held understanding of biofilm nutrient acquisition is based on passive 

diffusion of nutrients from the external environment259–261, and the same diffusion-

limited mechanism is also thought to be responsible for entry of antimicrobial 

compounds and dispersal agents during biofilm clearance. Current treatment 

regimens for biofilm eradication lead to a concentration gradient of the antimicrobial, 

causing the emergence of persister cells and development of antimicrobial resistance 

where antimicrobial concentrations become sub-optimal158.  Viability staining 

revealed, following treatment with colistin, a significant increase in the signal of non-

viable cells within the lumen of intra-colony channels. There was some degree of 

variability between the replicate biofilms for each timepoint in the experiment, which 

is likely due to the variability in structure from biofilm to biofilm, but may also be due 

to variability in viability staining which is common in bacterial live/dead staining 

protocols307–310. It is currently unclear if the intra-colony channels were directly 

involved in the uptake of antimicrobials into the biomass of the colony, or if the 

increased number of non-viable cells present in the channels was a result of global 

cell death and sequestering of non-viable cells into the channels. Additionally, and in 

relation to experiments which show uptake of fluorescent microspheres and nutrients, 

it is also unclear if transport is one-directional or if they can also function to expel 

waste material from the biofilm. To establish if intra-colony channels are directly 

involved in the uptake of antimicrobials, time-lapse imaging with viability dyes in 

combination with recently developed fluorescent antibiotic conjugates311, such as 

polymyxin B-Cy3312 or the BODIPY-based BOCILLIN™-FL penicillin313,314, could be 
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used. If high concentrations of fluorescent antibiotics were found in the lumen of intra-

colony channels it would provide further support for this hypothesis. Alternatively, 

time-lapse imaging of viability-stained antibiotic-treated biofilms may show movement 

of non-viable cells through the intra-colony channel network, which would suggest 

that the channels were being used as a method for removing dead cells from the 

colony. For example, a similar system has been shown in Bacillus spp. colonies, 

where dead cells are found in discrete pockets at the base of macro-colonies which 

nucleate the formation of macroscopic folds and crenulations172. These time-lapse 

experiments would be difficult to achieve using the current methods outlined in this 

Chapter, as any attempts to perform time-lapse imaging resulted in either stasis of 

the biofilm, or conversion to planktonic cells and shedding of the biofilm when 

mounted in a liquid medium. 

Previous biofilm imaging studies have mainly used conventional widefield and laser 

scanning microscopy to study biofilm architecture, which are inherently limited by 

sacrificing spatial resolution and imaging volume. For example, automated tile-

scanning microscopes which change the location of the FOV or focal plane have been 

used to image growing colonies from 1x101-1x104 cells129–131; however, this method 

often requires long acquisition periods and results in tiling artefacts. With the 

Mesolens the need for stitching and tiling is negated when imaging multi-millimetre 

specimens. This means that images can be acquired of much more than just small 

bacterial aggregates and live bacterial macro-colonies in excess of 1x109 cells can be 

imaged while maintaining sub-micron resolution throughout the entire 36 mm2 field. 

Therefore, in comparison with other conventional large specimen imaging techniques, 

the Mesolens stands as a novel and improved method for in situ imaging of live 

bacterial communities. Additionally, recent advances in light sheet microscopy315 and 

mutli-photon microscopy264,316 have been applied to biofilm imaging. However, these 
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methods currently cannot resolve sub-micron information over multi-millimetre scales, 

as with the Mesolens. The same problem accompanies ultrasound124,124,125, optical 

coherence tomography and photoacoustic tomography126–128 methods used for 

mesoscale biofilm imaging, where they cannot properly resolve structures on the 

order of which are reported in this work.  

3.5 Conclusions 

In summary, a previously undocumented nutrient uptake system in colonial biofilms 

has been identified which challenges the current belief where cells that are out with 

the reach of underlying nutrient-rich medium are able to gain nutrients beyond passive 

diffusion through the base of the biofilm259–262. The presence of these channels may 

represent a route to circumvent the chemical protection and resistance phenotype of 

bacterial biofilms159, such that rather than applying drugs to the apical surface of the 

biofilm it may be possible to exploit the intra-colony channels for delivery of 

antimicrobial agents. The identification and characterisation of an intra-colony 

channel network could therefore have far-reaching applications to public health and 

disease prevention, while providing another understanding on the delivery of nutrients 

to the centre of densely packed microbial communities.  
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Chapter 4 
Visualising the growth behaviours of 
soil bacteria using a transparent soil 
environment 
 
Bacteria have been historically isolated from soil and aquatic sediments and studied 

under laboratory conditions which do not reflect the natural habitats in which they are 

found. Therefore, although interesting and novel behaviours have been documented 

under these conditions, there may be unknown behaviours that can only be 

understood by observing bacteria in a structured culture environment. However, soil 

is difficult to work with as a growth medium as it must be sterilised by a process which 

removes nutrients, and also cannot be effectively studied by microscopical methods 

to gain a spatial overview of how bacteria behave in the environment due to the high 

autofluorescence, absorption and scattering which soil displays. This chapter outlines 

the development and characterisation of a Nafion™-based transparent soil system 

specifically designed for bacterial culture. Two species which represent prominent soil 

bacteria genera were selected (S. coelicolor and B. subtilis) and cultured in 

specifically designed, refractive index matched soil systems and imaged using the 

Mesolens to gain sub-micron resolution over multiple transparent soil particles. In this 

work it was observed that S. coelicolor and B. subtilis colonise soil particles by 

different manners compared to conventional culture techniques, and bacteria were 

found to be viable in this new system over a number of days. This approach to 

bacterial culture stands as a platform that could be taken forward to further study the 

behaviour of bacteria in their native environment and could be expanded to study 

interactions with other organisms, such as bacterial competition and warfare.   
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4.1 Introduction 

Bacteria colonise almost every environment on Earth and can exist as either free-

living planktonic cells or as part of microbial communities and biofilms. The 

colonisation of abiotic and biotic surfaces has long been studied to understand how 

bacteria establish and grow in their native environment. These processes are crucial 

in comprehending the development of bacterial disease317–319, formation of 

commensal relationships320–324 and how bacteria produce novel specialised 

metabolites which we can exploit for clinical purposes325–328. The most common 

methods of studying these behaviours typically involve culturing bacteria in synthetic 

lab-based conditions which are not representative of how bacteria would grow in the 

environment. This problem was addressed by the mammalian cell biology field in the 

early 2000s by using 3D culture methods329–337, however the technology was not 

readily taken up by the microbiology community. Therefore, although the phenotypes 

which were observed of bacteria in a lab-based environment to date have been vital 

to our knowledge, certain behaviours may be overlooked without studying bacteria in 

a more natural culture system. 

The two strains used in this chapter, Bacillus subtilis and Streptomyces coelicolor, 

belong to two different phyla of soil bacteria (Firmicutes and Actinobacteria, 

respectively). Interestingly, the relative abundance of these two genera in terrestrial 

soils is low compared to the overall bacterial titre, with Bacillus spp. only representing 

1.6% and Actinobacteria as a whole representing 4.7%338. Moreover, studies have 

shown that Streptomyces spp. are the dominant genus of Actinobacteria in soil 

(accounting for over 95%)339, and are typically found in densities of 1x106-1x109 

colony forming units per gram of soil340. Despite their low comparative abundance, 

both of these phyla are renowned producers of specialised secondary metabolites, 

which have been adopted for clinical use as anti-tumour medicines341–344, anti-
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helminthic treatments345  and antimicrobial drugs346–352. The biosynthetic potential and 

growth behaviours of these organisms has only been explored by conventional culture 

methods; however, novel specialised metabolites may be elicited by mimicking the 

natural conditions in which these bacteria are found.  

4.1.1 Streptomyces spp. in the environment  

Streptomycetes are a found in a variety of soil habitats and their biosynthetic potential 

has led to huge strides in drug discovery and antimicrobial therapies. Almost all 

studies which focus on Streptomycete development use an agar-based culture 

method, and so most observations of these bacteria are based on growth by 

traditional non-mimetic culture methods. This genus is morphologically distinct from 

other bacteria and have a complex life cycle which is tightly regulated in relation of 

production of specialised metabolites353–356 (Figure 4.1). The Streptomycete life cycle 

begins with germination of a spore during favourable environmental conditions and a 

single hypha emerges and begins to branch to form a vegetative mycelium.  

Following germination, germ tubes grow by extension of the hyphal tips and begin to 

branch along the lateral walls, which is controlled by polar growth and division 

machinery consisting of FilP, Scy and DivIVa proteins (the so-called 

polarisome)357,358. The process of tip elongation and branching is regulated by a 

Serine/Threonine kinase which phosphorylates DivIVA and initiate branching359. 

Control of aerial hyphae erection and sporulation are governed by Bald (Bld) and 

White (Whi) proteins, respectively. First, rodlin and chaplin proteins are recruited to 

the polarisome to create a hydrophobic coating which protects the aerial mycelium 

from desiccation360, and the surfactant SapB is produced to break surface tension to 

allow aerial hyphae to emerge from below the medium/air interface361–363. Septation 

then occurs, which separates nucleoids into separate cellular compartments before 

thickening to form individual exospores which are disseminated in the environment364. 
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This complex developmental cycle resembles that of saprophytic fungi and is 

controlled by a complex cascade of signalling molecules which trigger the next phase 

of the lifecycle 353,365.  

The regulation of these processes is tightly controlled by a signalling cascade of Bld 

and Whi proteins. Briefly, the master regulator of aerial hyphae formation, BldD, binds 

with cyclic-di-GMP and represses a suite of bld genes, the sigma factor sBldN and whi 

genes366–371. Aerial hyphae are erected once nutrients are depleted or environmental 

response genes are activated372. BldD-c-di-GMP repression is removed which 

activates sBldN, in turn activating a BldM homodimer which then goes on to trigger the 

master regulator of sporulation, sWhiG, resulting in a transition from aerial growth to 

Figure 4.1 The developmental lifecycle of Streptomycetes. A diagram showing the 

lifecycle of Streptomycetes, where a spore initially germinates to form a mycelium which 

grows down into the nutrient-rich substrate before erecting aerial hyphae. During starvation 

the aerial hyphae septate and form spores which are then disseminated in the environment 

to restart the cycle. Adapted from 353.  
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sporulation373. Activation of sWhiG results in upregulation of whiI and whiH which are 

involved in the latter stages of sporulation374. The link between sWhiG and WhiA is 

poorly understood, but it is hypothesised that WhiA and WhiB regulate the expression 

of the other in a negative feedback loop, while WhiB goes on to direct transcription of 

two components of the divisome, ParAB and FtsZ367,373. The sum of these events 

leads to a differentiated mycelium, where non-motile Streptomycetes are able to be 

spread throughout the environment and survive for long periods in unfavourable 

conditions.  

The morphology of Streptomyces spp. is inherently linked to how they colonise and 

interact with other species in their environment. Laboratory-based observations 

routinely document Streptomycete growth as large “fluffy” colonies on agar plates, or 

as a dispersed or pelleted growth in liquid depending on the strain375. The growth of 

Streptomyces spp. in lab-based environments has been compared to those extracted 

directly from soil samples, which showed that the biomass forms smaller 

microcolonies376, however no in situ observations of Streptomycetes in soil has been 

reported. Furthermore, the abundance of Streptomycetes has been reported to be 

unchanged between vegetated and non-vegetated soils377, suggesting that some 

Streptomyces spp. are not so dependent on plant roots for soil colonisation as some 

studies have suggested378–381. Recent observations have also documented the 

phenomenon of “exploratory growth” where the mycelia will traverse a greater 

distance over a given time, even overcoming physical barriers, in the presence of 

exogenous signalling molecules such as trimethylamine382,383. Despite the many ways 

which Streptomycetes can grow, all of these colonisation phenotypes are adopted to 

make the most of the nutrients present in the surrounding environment, and by 

altering their metabolism they are also able to ward off nearby competing microbes. 
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While the biosynthetic potential of Actinobacteria has been exploited for clinical use, 

the biocides produced by these bacteria have evolved over millennia to wage an 

ongoing ecological war in the soil384–387. A plethora of antimicrobial compounds are 

produced by Actinobacteria to subdue nearby competitors, and since the 1940s they 

have accounted for up to 70% of all clinical and agricultural drugs387–389. However, 

some studies have suggested that the concentration of bioactive metabolites in the 

environment is too low to have any bactericidal effects, and instead may facilitate 

inter-species signalling between adjacent strains in a soil microcosm390–392. Many 

strains were known to produce one or two specialised metabolites, however a much 

larger number of cryptic biosynthetic gene clusters (BGCs) were revealed with the 

use of whole genome sequencing (many of which cannot be produced under 

conventional culture conditions)393,394. The most common method of activating these 

silent BGCs is by elicitation; achieved by mimicking the chemical or environmental 

pressures which require these bioactive metabolites to be produced395. As mentioned, 

most approaches use chemical elicitation, or extremes of temperature, pH, salinity or 

nutrient concentration to trigger the production of novel metabolites. However, some 

studies have shown that more could be done to explore the role of a 3D environment 

on the observation of new behaviours, as behavioural changes in Streptomycetes and 

Bacilli have been documented in changing from static solid to agitated liquid culture 

conditions396–400. Moreover, the co-culture with various plant species has also been 

documented to elicit specialised metabolite production401,402. 

4.1.2 Bacillus spp. in the environment  

Bacillus spp. are also found in a variety of soil habitats around the world and have 

been noted to produce bioactive metabolites. Bacillus subtilis has been a model 

organism for bacterial genetics and molecular biology for the past 70 years and is 

perhaps the most well-known Bacillus species. The colonisation and growth of 
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Bacillus spp. in the environment has almost exclusively been related to commensal 

plant relationships and growth in the rhizosphere. The role of B. subtilis as an 

endophyte of plant roots has been well documented and correlated with increased 

plant growth, increased plant salt tolerance and protection from pathogenic fungi403–

409. However, there are few spatial observations of how Bacillus spp. grow in soil 

outside of a rhizospheric context.  

Again, this genus of bacteria has been found to produce a number of specialised 

metabolites, similar to Streptomycetes in the environment410–413. However, it remains 

unclear how these bacteria grow in their native habitat, and moreover if viable cells 

growing in a mimetic environment produce novel metabolites or display previously 

undocumented behaviours.  

4.1.3 Transparent soil as an imaging tool for soil microbes 

A lack of microscopical methods for studying soil bacteria in situ has prevented 

understanding of bacteria in complex structured environments, and as such the 

colonisation behaviours of soil bacteria in the environment have remained elusive. 

Most studies currently investigate bacterial colonisation phenotypes using 

conventional cultivation and culture methods; however, this only provides a view of 

how bacteria grow in a laboratory environment. While these methods have obviously 

resulted in successful characterisation of bacterial species, their metabolic profiles 

and biosynthetic potential, there may be undiscovered behaviours which only occur 

in the bacteria’s native environment.  

Current culture methods in microbiology rely on century-old techniques and are 

largely unsuitable for in situ optical imaging. Therefore, spatial understanding of 

bacterial behaviour has been limited to studying laboratory-based phenomena that 

may not be representative of environmental behaviours. Taking inspiration from the 

mammalian cell biology community329–337, it was hypothesised that a 3D structural 
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matrix which mimics the natural habitat of the test organism could result in observation 

of new behaviours. In order for this new culture technique to be compatible with 

existing microscopy methods the substrate would have to be optically transparent, 

and also would have to have a low refractive index (i.e. ≤ 1.34). Therefore, a range of 

transparent materials were considered for construction of a transparent soil 

environment to culture soil-dwelling bacteria.   

Cryolite was one contender for transparent soil. This white/transparent mineral 

(Na3AlF6) has a refractive index of 1.339414, making it easy to refractive index match 

in aqueous solution. However, cryolite is rare and costly, often only available through 

jewellers and gemstone dealers, and commonly found with siderite, fluorite, and 

quartz impurities415. Synthetic cryolite is commercially available, however is often 

found with aluminium oxide impurities which result in clouding of the particles and an 

inconsistent refractive index414. Another candidate for transparent soil construction 

was fluorinated ethylene propylene (FEP); a low-cost synthetic fluoropolymer used as 

a non-stick coating for Teflon surfaces and has a refractive index of 1.337416. The 

hydrophobicity of FEP polymers makes aqueous suspensions unstable, and traps air 

bubbles in between the particles when they are submerged, and therefore was not 

considered for use. GrowDex® (UPM Biomedicals, Finland) is a hydrogel product 

which has recently been developed for use as a 3D culture matrix for mammalian 

cells. The 3D matrix is composed of a nanofibrillar cellulose mesh and can be mixed 

with nutrient media to maintain cell viability in a 3D environment417. However, the cost 

of this matrix remains high and has yet to be optimised for bacterial culture. 

Amorphous silica powder and gel preparations have also been suggested as suitable 

substrate for transparent soil. However, silica preparations often have a high 

refractive index (i.e. ≥ 1.41) and are therefore not suitable for aqueous culture 

environments418. Silica transparent soils have been used mainly for geological studies 
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to develop geotechnical physical models of soil particles in a controlled 

environment419,420, however they are rarely used with biological specimens.  

After eliminating the previous candidate substrates for transparent soil, Nafion™ was 

considered for construction of transparent soil environments. Nafion™ is a fluorinated 

co-polymer of tetrafluoroethylene (Teflon) and perfluorosulfonic acid (Figure 4.2) and 

has been previously used to create transparent soils for observation of plant root 

growth206,207. However, the focus of these studies has involved imaging of root 

systems or root colonisation by pathogenic bacteria and the culture systems were 

optimised for plant growth rather than bacterial culture. Nafion™ has a refractive index 

of 1.34421 and can be made hydrophilic after chemical processing, meaning Nafion™ 

soils are able to retain water between particles (similarly to soil)206. The Nafion™ 

polymer was able to undergo processing to imbibe the surface of particles with 

bacterial growth medium due to the chemical structure of Nafion™. Ionic exchange 

between growth medium components and perfluorosulfonic acid residues was 

possible following conversion of Nafion™ precursors to the anionic form, as discussed 

by Van Nguyen et al.422. Particles can then be refractive index matched prior to 

imaging to render them transparent. Nafion™ was chosen as a transparent soil 

substrate due to its commercial availability, documented use for biological 

Figure 4.2 The chemical structure of Nafion™ co-polymers. Repeating monomers form 

the bulk material which can be refined and processed to form transparent soil.  
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imaging206,207, ability to be sterilised by autoclave, low refractive index, potential for 

particle size refinement and ion exchange capacity for nutrient imbibement. 

4.1.4 Experimental aims  

3D mimetic environments and 3D culture techniques are now common in eukaryotic 

cell biology, but have not been so readily taken up by the microbiology community. 

Some studies have primarily used transparent soil for observing plant root formation 

and growth, with little optimisation specifically for bacterial culture. The aim of this 

chapter was to develop and optimise a 3D mimetic environment for soil-dwelling 

bacteria which could be suitable for study by means of optical microscopy. The 

hypothesis was that soil-dwelling bacteria would exhibit different colonisation 

phenotypes and behaviours in a mimetic 3D environment compared to conventional 

laboratory culture conditions. These methods could then be taken forward to 

determine if 3D culture could be used to elicit novel behaviour or specialised 

metabolite production by soil bacteria.  

4.2 Materials and Methods 

4.2.1 Specimen preparation  

4.2.1.1 Bacterial cell culture 

Two representative soil bacteria phyla were selected to characterise a new optically 

transparent 3D culture system; Actinobacteria and Firmicutes. Well-studied species 

were selected from both phylum, Streptomyces coelicolor and Bacillus subtilis, 

respectively. Transparent soil environments were created, supplemented with 

nutrients, refractive index matched and optimised for each species with the aim of 

generating a mimetic 3D culture medium to understand their colonisation phenotypes 

in the environment. The methods for transparent soil construction were adapted from 
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Van Nguyen et al.422 and Downie et al.206, along with helpful guidance from Dr. Lionel 

Dupuy (James Hutton Institute, Dundee, UK). 

Streptomyces coelicolor (M145) cultures were maintained on solid Mannitol-Soya 

Flour (MS) medium375 and grown in 2x Yeast-Tryptone (2x YT) broth375 (Appendix II). 

The GFP-expression strain, S. coelicolor M145, containing idh::gfp in its native 

location, integrated on the chromosome and was maintained by supplementing all 

media with 50 µg/ml apramycin. M145-idh-gfp423  was selected as a test strain for this 

work as gfp was translationally fused to idh, which is a highly expressed primary 

metabolic gene encoding an isocitrate dehydrogenase found throughout the 

cytosol424.  

Bacillus subtilis cultures were maintained on solid LB medium and grown in LB broth. 

The plasmids encoding for photoproteins in fluorescent B. subtilis strains (JWV042 

and CCBS189) were maintained by supplementing growth medium with 5 µg/ml 

chloramphenicol. JWV042 carried a plasmid which had a translation fusion of gfp and 

hbs423, a gene encoding for the non-specific DNA-binding protein HBsu, which was 

under the control of an endogenous promotor (cat amyE::Phbs-hbs-gfp). CCBS189 

carried a plasmid which had a translation fusion of mRuby2 and mbl, a gene encoding 

for the shape-determining cytoskeletal MreB-homologue protein Mbl, which was 

under the control of a native promotor (mbl::mRuby2-mbl, cat). 

4.2.1.2 Schwedock staining for Streptomycetes 

To visualise the structure of S. coelicolor grown under conventional laboratory 

condition, specimens were stained using a method known as Schwedock staining425. 

This method uses two fluorescent dyes, fluorescein isothiocyanate-wheatgerm 

agglutinin (FITC-WGA) and propidium iodide (PI), to label N-acetylglucosamine 

residues in the peptidoglycan cell wall and nucleic acids, respectively. To prepare 
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cultures for staining, a 22 mm x 22 mm type 1.5 coverglass (631-0125, VWR 

International Ltd., UK) was sterilised by immersing in 100% ethanol before passing 

through a Bunsen flame. Sterile coverglasses were then inserted into solid MS 

medium at a 45° angle. Five micro-litres of a dilute M145 spore suspension were 

inoculated at the coverglass-medium interface at the acute angle, and care was taken 

to ensure that the spores were not injected under the surface of the solid medium. 

Inoculated plates were then inverted and incubated at 30°C in darkened conditions 

for 72 hours (when erection of aerial hyphae occurred). Following incubation, 

coverslips were carefully removed from the agar using sterile forceps and placed with 

the mycelium facing upwards abridge two sterile wooden toothpicks in a staining dish. 

The mycelium was fixed by pipetting 500 µl of ice-cold fixative (2.8% (v/v) 

formaldehyde (344198, Merck Millipore, USA), 0.0045% (v/v) glutaraldehyde 

(340855, Sigma Aldrich, USA)) onto the coverglass. The coverglasses were then 

washed twice with ice-cold phosphate-buffered saline (PBS) (BR0014, ThermoFisher 

Scientific, USA) before being allowed to completely air dry. The mycelia were then re-

hydrated by adding 500 µl of ice-cold PBS and incubating for 5 minutes at room 

temperature (RT). The PBS was then replaced with 500 µl of ice-cold 

Glucose:Tris:EDTA buffer supplemented with 2 mg/ml lysozyme (L4631, Sigma 

Aldrich, USA) and incubated for 1 minute at RT before being washed with ice cold 

PBS. Finally, the mycelia were incubated with a blocking solution of 2% (w/v) bovine 

serum albumen (BSA) (A8531, Sigma Aldrich, USA) in PBS and incubated for 5 

minutes at RT. 

All subsequent staining steps were performed in darkened conditions. The 2% BSA 

solution was removed and replaced with 500 µl of an ice-cold staining solution 

containing 2 µg/ml FITC-WGA (W834, Invitrogen, USA) and 10 µg/ml PI (P1304MP, 

Invitrogen, USA) suspended in 2% (w/v) BSA in PBS. The coverglass was then 
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incubated with the staining solution for 2 hours at RT. Following incubation, the first 

staining solution was removed and the coverglass was washed eight times with 500 

µl of a second ice-cold staining solution containing only 10 µg/ml PI in PBS. Before 

imaging, 10 µl of 40% (v/v) glycerol was used to mount the stained mycelium, and the 

coverglass was sealed around the edges using clear nail varnish. Slides were stored 

at -20°C until required.  

4.2.2 Constructing transparent soil for bacterial culture 

Transparent soil has previously been constructed for plant root imaging using 

Nafion™ co-polymers, which were provided from the manufacturer as approximately 

3.5 mm diameter resin pellets. The Nafion™ precursor pellets were initially reduced 

in size before being taken through a series of chemical treatments to confer a positive 

charge and purify the surface of the particles, before titrating with bacterial growth 

medium and refractive index matching prior to inoculation and imaging.  

4.2.2.1 Particle size reduction 

The size of naïve Nafion™ NR-50 1100 EW pellets (Ion Power GmbH, Germany) was 

refined by cryomilling to ensure freeze-fracturing of the particles following submersion 

in liquid nitrogen. A 10 g sample of Nafion™ NR-50 was placed in a metal sample 

holder and pre-cooled for 5 minutes in liquid nitrogen before being milled using a 

cryogenic grinder (6850, SPEX SamplePrep, USA) at the highest frequency (10.0 

A.U.) for 2 minutes. Milled particles were then sieved through a series of different pore 

sizes (500 µm, 850 µm, 1250 µm) (Fisher Scientific, UK) to separate particles of 

different sizes. Particles larger than 1250 µm were re-processed as above until they 

passed through the 1250 µm sieve.  
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4.2.2.2 Conversion of Nafion™ to an acid form and surface 

purification to ensure cationic exchange 

In order to mimic the water retention profile of soil and to eventually bind nutrient 

cations, the surface of the milled particles was converted to an anionic form which 

resulted in a hydrophilic surface and imbibed a negative charge. Milled particles were 

converted to the acidic form by soaking in a solution of KOH (15% w/v), DMSO (35% 

v/v) and distilled deionised water (ddH2O) (sourced from a Neptune Life water 

purification and deionisation system (R.2.0/200, Purite Ltd., UK)) and held in an 80°C 

water bath for 5 hours. The conversion buffer was then replaced with ddH2O and left 

for 30 minutes at RT, before washing the particles three times with fresh ddH2O. The 

particles were then submerged in a 15% (v/v) HNO3 solution for 1 hour at RT, before 

washing with ddH2O and replacing with fresh 15% (v/v) HNO3 solution and left 

overnight at RT.  

Inorganic and organic impurities were removed from the protonated particles prior to 

surface exchange with nutrient cations. Following HNO3 treatment, inorganic 

impurities were removed from the particle surfaces by first washing three times with 

ddH2O before replacing with a 1 M H2SO4 solution at RT. The H2SO4 suspension was 

then heated to 65°C and held in a water bath for 1 hour before cooling down to RT. 

The H2SO4 was replaced with ddH2O and again incubated in a 65°C water bath for 1 

hour before allowing to cool to RT. Organic impurities were then removed by H2O2 

treatment. Particles were then washed three times with ddH2O before being 

submerged in a 3% (w/v) H2O2 solution and being incubated in a 65°C water bath for 

1 hour. The H2O2 suspension was then cooled to RT and rinsed three times with 

ddH2O and stored in ddH2O until required for staining or for nutrient titration.  
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4.2.2.3 Sulphorhodamine-B staining of processed Nafion™ 

particles 

Milled and chemically processed Nafion™ particles were fluorescently stained in 

order to first visualise the size and shape distribution of particles. Sulphorhodamine-

B-stained particles were provided by Dr. Lionel Dupuy and colleagues (James Hutton 

Institute, Dundee, UK), and were created by the following method; 500 µl of 1 µg/ml 

(1.8 nM) sulphorhodamine-B (S1307, Invitrogen, USA) was added to a sample of 

milled and chemically processed Nafion™ particles. The dye solution was then 

removed and placed in a refractive index matching buffer prior to imaging (details 

below).  

4.2.3 Preparing chemically processed Nafion™ particles for bacterial 

culture 

Following anionic conversion and surface purification, the Nafion™ particles were 

then titrated with growth medium. The growth medium was selected depending on the 

test organism (i.e. S. coelicolor or B. subtilis), and several candidate media were 

initially screened. Once a growth medium which was suitable for imaging Nafion™ 

soils was identified (i.e. low autofluorescence, low refractive index etc.), the 

chemically-processed particles were titrated with nutrient broth and the pH was 

monitored to determine when the sulphonic acid groups (SO3H+) had been saturated 

with cations from the growth medium. This meant that ionic exchange was complete 

and the Nafion™ polymer now mimicked the surface chemistry of a clay-based soil 

particle, as discussed by Downie et al.206. Additionally, a range of refractive index 

matching substances were investigated with the aim of supplementing the growth 

medium with a non-metabolisable refractive index matching compound which the test 

bacteria could not break down. Thereby, the refractive index of the surrounding milieu 

would remain stable over long incubation periods and during imaging.  
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4.2.3.1 Selecting the appropriate Streptomycete nutrient medium 

for use with transparent soil 

Initially Yeast Extract Malt Extract (YEME), a rich nutrient medium, was selected for 

Streptomycete culture in transparent soil. The recipe for YEME medium can be found 

in Appendix II. The particles were titrated by taking chemically processed transparent 

soil and submerging in fresh YEME broth and placing in a 30°C shaking incubator set 

to 225 rpm for 30 minutes. The pH was measured using a ThermoOrion pH meter 

(0410A0, Thermo Scientific, USA) after 30 minutes, and the spent YEME was 

replaced with fresh medium before being placed back in the incubator for another 30 

minutes. This process was repeated until the pH of the spent medium was equal to 

that of fresh YEME medium (pH = 6.13). However, it was observed that the first 

addition of YEME medium resulted in the medium turning transparent and the soil 

particles were dyed yellow, indicating that the yeast extract in the medium had bound 

to the surface of the soil particles. Upon imaging, this resulted in high 

autofluorescence owed to the yeast extract components of the rich medium. 

Therefore, other media were investigated which did not contain yeast extract as a 

nutrient source. 

The above method of titration was then used with Supplemented Minimal Medium 

(SMM) with L-arabinose used as the sole carbon source (total [L-arabinose] = 0.2% 

w/v (13.3 mM)). L-arabinose was chosen as it is a common plant-derived sugar which 

is found in soil environments426. The recipe for SMM can be found in Appendix II. 

When titrated with SMML-arabinose, there was no observable discolouration of the soil 

particles and the SO3H+ exchange sites were saturated typically after 6 cycles (3 

hours) once the pH stabilised at 7.02. Following nutrient adsorption, the particles 

could then be refractive index matched prior to inoculation.  
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4.2.3.2 Selecting the appropriate Bacillus subtilis nutrient 

medium for use with transparent soil 

Bacillus subtilis 168 was also selected to test the suitability of a mimetic transparent 

soil culture system. Maintaining the aforenoted criteria of any medium having no yeast 

extract, a variety of minimal media were considered for nutrient titration for B. subtilis 

growth. Literature suggested either S750 defined minimal medium427 or Spizizen 

minimal (SM) medium428 would be logical candidates based on their composition 

(Appendix II). S750 medium was discounted due to a repeated precipitation of the 

mineral salts from the solution. Spizizen minimal medium provided in a stable solution 

which could be supplemented with defined carbon and nitrogen sources and had no 

autofluorescent or pigmented components, and so was used for studying B. subtilis 

colonisation phenotypes in transparent soil. Again, L-arabinose (0.2% w/v (13.3 mM)) 

was selected as the sole carbon source for imaging experiments. Transparent soil 

particles were titrated with SML-arabinose as described above and could then be 

refractive index matched prior to inoculation. 

4.2.4 Refractive index matching for transparent soils 

The principle of refractive index matching is to submerge particles in a solution of the 

same refractive index as the test material to negate refraction of light at the solid-

liquid interface, and thereby render the test material transparent. In reference to this 

work, refractive index matching means that the colonisation of soil environments by 

bacterial species can be studied by means of optical microscopy with minimal 

scattering by the 3D culture environment. Refractive index matching is typically 

achieved using colloidal silica or sugar solutions. However, care must be taken when 

using sugars to ensure that constituent bacteria are unable to metabolise the 

correcting sugar, which would alter the refractive index of the imaging medium over 

time.  
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4.2.4.1 Refractive index matching for S. coelicolor soils 

The central carbon metabolism of S. coelicolor are well documented375, and so finding 

a refractive index matching substance that would not be metabolised by the bacteria 

during growth was achieved by consulting a centralised metabolism database, the 

Kyoto Encyclopaedia of Genes and Genomes (KEGG). No sucrose-degrading 

pathways were identified in the primary metabolism of the S. coelicolor strain used in 

this chapter (M145), and so it was considered as a suitable candidate for refractive 

index matching transparent soil for observing M145 growth behaviours.  

The refractive index of naïve Nafion™ particles is 1.34421, meaning that a refractive 

index correcting solution must also have a refractive index of 1.34. The refractive 

index of sucrose at varying concentrations was measured in triplicate using an Abbe 

refractometer (Billingham & Stanley Ltd., U.K.) which was calibrated using absolute 

methanol at 21°C (l = 589 nm). A range of sucrose concentrations from 1% to 100% 

(w/v) were measured in triplicate and plotted. All sucrose solutions were prepared by 

dissolving in SMML-arabinose medium. A linear fit was applied and the equation of the 

trendline used to calculate the concentration of sucrose required to effectively 

refractive index match Nafion™ soils. A concentration of 6.5% (w/v) (190 mM) 

sucrose was required to refractive index match Nafion™ soil. 

4.2.4.2 Refractive index matching for B. subtilis soils 

Bacillus subtilis has been used as a workhorse of molecular microbiology for the past 

70 years, and so its central metabolism is also well established. The strains used in 

this study are able to metabolise many carbon sources commonly found in soil 

environments, and so a plate-based growth assay was used to determine carbon 

auxotrophies for potential sugars which could be used for refractive index matching. 

Logan and Berkley (1984) had previously shown multiple carbon auxotrophies in B. 

subtilis, however it was unclear from their work the genetic background of the strain 
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they had used429. Therefore, an auxotrophy screen was performed with B. subtilis 

168, JVW042 and CCBS189 to confirm their metabolic profiles. Four sugars were 

selected from Logan and Berkely’s original screening (glucose, D-sorbitol, D-xylose 

and D-arabinose), and were initially supplemented to SM medium at a final 

concentration of 0.2% (w/v). A positive control of LB medium was used in all 

auxotrophy screenings. A preliminary check by growing 5 ml overnight cultures in 

sterile universals at 37°C shaking at 225 rpm resulted in growth on LB, glucose and 

D-sorbitol, but none observed on D-xylose or D-arabinose. A 96-well optical bottom 

dish (265300, ThermoFisher Scientific, USA) was prepared with 198 µl of either SM 

medium supplemented with a test carbon source, or LB (with selective antibiotics 

where required). Overnight cultures of each B. subtilis strain grown in LB broth before 

diluting in fresh LB broth and growing to OD600 = 0.5. To ensure that nutrients from 

the rich LB medium was not carried over into the plate assay, the cells were washed 

twice by centrifuging at 12,000 rpm for 3 minutes and replacing supernatant with 

sterile 1x SM buffer. Two micro-litres of the washed cell suspensions were added to 

the respective wells of the 96-well plate before being loaded into a Synergy™ HTX 

multi-mode plate reader (BioTek Instruments Inc., US) set to medium orbital shaking 

at 37°C while measuring OD600 emission every 15 minutes for a period of 72 hours. 

Blanks which contained sterile SM medium with each carbon source and sterile LB 

were also included.  

Following growth over 72 hours, the specific growth rate was calculated to quantify 

the growth of each strain on different nutrient sources and empirically identify carbon 

auxotrophies.  The growth of microbial cells can be described as an increase in the 

number of cells over a given time period, which can be expressed as the growth rate 

(µ) (h-1). The growth rate can be calculated using Equation 4.1d and by understanding 
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the change in the number of cells (N) (which is provided using OD600 as a proxy) 

between two time points (t1 and t2). 

2&
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As Equation 4.1d takes the form of 𝑦 = 𝑚𝑥 + 𝑐, The growth rate can also be extracted 

from a growth curve based on knowledge that cells will double over a certain period 

of time during log phase. Plotting the log phase resulted in a linear response, where 

the gradient is equal to µ. This method was used to compare the specific growth rate 

of Bacillus strains in different nutrient media and found that D-arabinose and D-xylose 

were not metabolised by any of the test strains. 

A curve of refractive index against concentration was created by the same method 

described in Section 4.2.4.1 for both D-arabinose (1% - 50% w/v) and D-xylose (1% 

- 50% w/v). All solutions were prepared by dissolving either D-arabinose or D-xylose 

in SML-arabinose medium. A concentration of 5.1% (w/v) (340 mM) D-xylose and 3.8% 

(w/v) (253 mM) D-arabinose was required to refractive index match Nafion™ soil. D-

arabinose was selected as an appropriate refractive index matching material for B. 

subtilis soils moving forward as a lower concentration was required to refractive index 

match Nafion™ soils. 

4.2.4.3 Comparison of refractive index matching sugars to 

commercial colloid silica solutions 

Refractive index matching is also routinely achieved using commercial colloidal silica 

suspensions, such as Ludox® (420859, Sigma Aldrich, USA) or Percoll® (P7828, 
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Sigma Aldrich, USA), which are typically more expensive than sugar correcting 

solutions. To demonstrate the benefits of using sugar correcting solutions over 

commercial silica preparations a curve of refractive index against concentration was 

generated for Percoll® at different concentrations (1% - 100% in dH2O) in triplicate. 

Again, an Abbe refractometer which was calibrated using absolute methanol was 

used to measure refractive index (l = 589 nm). The stability of Ludox® was found to 

be unreliable and became opaque as colloidal silica particles dropped out of solution 

at room temperature. 

4.2.5 Development of an imaging workflow for the Mesolens  

4.2.5.1 Sample preparation for Streptomycete imaging 

For growth in transparent soil, M145-idh-gfp spores were pre-germinated by first 

growing in 10 ml of 2x YT broth for 4-6 hours while shaking at 225 rpm at 30°C. When 

germ tubes had begun to emerge, the culture was centrifuged at 1000x g for 5 minutes 

and washed twice with sterile TES buffer (25 mM Tris[hydroxymethyl]methyl-2-amino-

ethanesulphonic acid (pH 7.2) supplemented with 7.5 mM EDTA). The supernatant 

was removed and 5 ml of sterile SMML-arabinose medium supplemented with apramycin 

(50 µg/ml) and sucrose (6.5% w/v) to refractive index match the soil. L-arabinose was 

chosen as It is a plant-derived sugar which is commonly found in the soil.  

Chemically processed and SMML-arabinose-titrated soil was placed in a custom 

Mesolens imaging chamber slide, with a well depth of 2 mm112. The pre-germinated 

M145-idh-gfp culture was then diluted by 1:100 with fresh SMML-arabinose medium 

supplemented with apramycin (50 µg/ml) and sucrose (6.5% w/v) and 1000 µl was 

pipetted into the soil so that liquid completely covered the particles. To prevent 

evaporation of the medium over long incubation times, the lid of a sterile ibidi imaging 

chamber (cat. no. 80136; ibidi GmbH, Germany) was inverted and placed carefully 
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over the imaging chamber (Figure 4.3). The entire chamber slide was then placed in 

a large square Petri dish which contained a paper towel soaked in sterile water to 

maintain humidity during incubation. The dish was then covered and incubated in 

darkened conditions for 120 hours at 30°C.  

Following incubation, the chamber was removed from the incubator and the ibidi lid 

was removed before a large coverglass was placed over the well of the imaging 

chamber (70 mm x 70 mm, Type 1.5, 0107999098 (Marienfeld, Lauda-Koenigshofen, 

Germany)) and the culture was imaged using widefield mesoscopy.  

4.2.5.2 Sample preparation for Bacillus subtilis imaging 

Three different B. subtilis strains were originally screened for transparent soil culture 

(i.e. 169, CCBS189 and JWV042), however, as no phenotypic difference was 

observed and to simplify the experimental setup, only the gfp-expressing strain was 

selected for mesoscopic imaging as it gave the highest contrast images.  

Figure 4.3 Transparent soil culture method for mesoscopic imaging. A schematic 

showing the method used to culture bacteria in a transparent soil environment. A custom 

imaging chamber is shown which was filled with chemically treated, nutrient-saturated and 

refractive index match Nafion™ soil and inoculated with a liquid culture. A sterile plastic 

dish was used to prevent evaporation of liquid medium from the imaging chamber during 

incubation.  
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Overnight cultures were prepared by first growing JWV042 in LB broth supplemented 

with 5 µg/ml chloramphenicol and incubating at 37°C while shaking at 225 rpm. The 

culture was the centrifuged at 1000x g for 5 minutes and washed twice with sterile 1x 

SM buffer to remove any traces of rich medium from the cells. The chemically 

processed and SML-arabinose-titrated soil was placed in an imaging chamber as in 

Section 4.2.5.1. The washed culture was then diluted 1:100 with sterile SML-arabinose 

medium supplemented with chloramphenicol (5 µg/ml) and D-arabinose (3.8% w/v) 

to refractive index match the soil. As before, 1000 µl of the culture was pipetted into 

the soil so that liquid completely covered the particles and the specimen was 

incubated using the same method as in Section 4.2.5.1, but for 48 hours in darkened 

conditions at 37°C.  

Following incubation, the chamber was removed from the incubator and the ibidi lid 

was removed before being mounted with a 70 mm x 70 mm, Type 1.5, coverglass 

and the culture was imaged using widefield and confocal laser scanning mesoscopy.  

4.2.5.3 Ensuring specimen viability in transparent soil media 

A phenotypic screening method was used to determine if bacteria remained viable 

throughout incubation and growth in a transparent soil environment. Following growth 

and imaging of JWV042 in transparent soil, a 10 µl inoculum was taken from the soil 

culture and used to inoculate a 5 ml volume of sterile LB broth supplemented with 5 

µg/ml chloramphenicol. The culture was then grown overnight at 37°C shaking at 225 

rpm before being serial diluted in sterile LB broth to 1x10-8 and plated on solid LB 

medium supplemented with 5 µg/ml chloramphenicol and incubated for 18 hours at 

37°C in darkened conditions. A sample was also taken from the overnight liquid 

culture for visualisation under a conventional widefield epifluorescence microscope to 

establish if cells recovered from transparent soil remained fluorescent. These cells 
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were compared to cells which had been grown for 48 hours in liquid SML-arabinose 

medium. The cellular morphology was compared using the microscopy data, while 

colonial morphology was compared using the colonies on the serial dilution plates. 

4.2.6 Imaging conditions  

4.2.6.1 Widefield microscopy 

Conventional widefield epifluorescence and phase contrast microscopy was used to 

compare the cellular morphology and GFP expression before and after growth of 

bacteria in a transparent soil environment. Images were acquired using an Eclipse 

TE-2000-S microscope with a 100x/1.3 NA CFI PLAN FLUO DLL Oil objective lens 

(Nikon, Japan) coupled to a digital CCD camera (C4742, Hamamatsu, Japan). 

Illumination for GFP excitation was sourced from a mercury arc lamp which was 

coupled into the epi-port of the microscope. A 530 nm ± 35 nm emission filter was 

used for fluorescence imaging (1CH81700, Chroma Technology Corporation, USA). 

Illumination for phase contrast microscopy was provided by a tungsten bulb 

lightsource.  

4.2.6.2 Confocal laser scanning microscopy 

A confocal laser scanning microscope was first used to verify that no reflection signal 

was detected from soil particles following refractive index matching, and also to 

assess the autofluorescence profile of the transparent soils. Soil particles were 

imaged using a Leica TCS-SP5-II confocal laser scanning microscope with a 5x/0.15 

NA PL FLUOTAR objective lens (Leica, Germany). Incident light for reflection, 

autofluorescence excitation and transmission was provided by a 488 nm line from a 

Kr/Ar laser source (Coherent, USA). Reflection imaging was carried out by placing an 

80/20 beamsplitter in the detection path and restricting the PMT detection to 488 nm 

± 5 nm. The autofluorescence signal was acquired by extending the same PMT 
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detection from 520 nm – 620 nm. Transmission images were acquired by using the 

TCS-SPT-II in transmission mode and detecting transmitted light using a PMT 

detector.  

4.2.6.3 Widefield mesoscopy 

Brightfield transmission mesoscopy was achieved using a tungsten bulb lightsource 

and with the condenser position, condenser diaphragm and field iris set for Köhler 

illumination. Fluorescence excitation was achieved using a 435 nm or 490 nm LED 

from a pE-4000 LED illuminator (CoolLED, U.K.). A triple bandpass filter which 

transmitted light at 470 ± 10 nm, 540 ± 10 nm and 645 ± 50 nm was placed in the 

detection pathway. The emission signal was detected using a VNP-29MC CCD 

camera with chip-shifting modality (Vieworks, South Korea) to capture the full FOV of 

the Mesolens at high resolution. Widefield mesoscopic imaging was carried out using 

water immersion (n = 1.33) with the Mesolens’ correction collars set accordingly to 

minimise spherical aberration through refractive index mismatch. 

4.2.6.4 Confocal laser scanning mesoscopy 

Fluorescence excitation of GFP was obtained using the 488 nm line set at 8 mW from 

a multi-line LightHUB-4 laser combiner (Omicron Laserage, Germany).  The 

fluorescence emission signal was detected using a PMT (P30-01, Senstech, U.K.) 

with a 505 nm longpass dichroic mirror (DMLP505R, Thorlabs, USA) placed in the 

emission path and a 525/39 nm bandpass filter (MF525-39, Thorlabs, USA) placed 

before the detector.  

Confocal laser scanning mesoscopy was carried out using type DF oil immersion (n 

= 1.51) with the Mesolens’ correction collars set accordingly to minimise spherical 

aberration through refractive index mismatch. 
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4.2.7 Image processing and analysis 

The autofluorescence of Nafion™ particles following different surface treatments was 

analysed by first acquiring images of soil particles by widefield epifluorescence 

mesoscopy. As each test strain of bacteria encoded GFP, the autofluorescence 

intensity was measured in all samples by exciting with 490 nm LED at moderate power 

and exposure times (35% LED power, 500 ms exposure time). Autofluorescence 

intensity was quantified by first drawing multiple ROIs randomly over the surface of 

transparent soil particles. The mean intensity in each ROI was measured and 

normalised against the dynamic range of the camera sensor (0 – 4095 AU). The mean 

values for each surface treatment was then compiled in a violin plot using Plots of 

Data (developed by Joachim Goedhart, University of Amsterdam, Netherlands). 

Image analysis was performed using FIJI60. Figures presented in this chapter were 

linearly contrast adjusted for presentation purposes where required using FIJI60. 

4.3 Results 

4.3.1 Morphologies of test species under normal laboratory conditions 

To eventually compare the growth behaviours of soil bacteria in a transparent soil 

environment, the morphological phenotypes of S. coelicolor and B. subtilis were first 

shown following growth under conventional laboratory culture conditions. M145 

completes its growth cycle to fully erect aerial hyphae and begin sporulating when 

grown on solid medium over 72 hours. Tissue differentiation occurs between the 

vegetative mycelium and the aerial mycelium, where aerial hyphae are the only 

actively growing part of the mycelium (Figure 4.4).  
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Figure 4.4. Streptomycetes grow as a differentiated mycelium under conventional 

culture conditions. A deconvolved widefield image of an M145 mycelium prepared using 

the Schewdock staining method. Peptidoglycan (FITC-WGA-labelled) is presented in green 

and nucleoids (PI-labelled) are presented in magenta. An ROI of shows a magnified view 

of the mycelial architecture, where aerial hyphae are erected from the vegetative mycelium.  

Figure 4.5. Bacillus subtilis strains grown using conventional culture methods. (a) 

Macro-colonies of B. subtilis strains 168 (WT), JWV042 (cat amyE::Phbs-hbs-gfp) and 

CCBS189 (mbl::(mRuby2-mbl, cat)) grown on solid LB medium under conventional 

laboratory conditions. (b) JWV042 grown under conventional conditions in liquid LB broth 

imaged by widefield epifluorescence and phase contrast microscopy. Cells often appear in 

short linked chains, or as motile planktonic single cells.  
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Following routine culture methods for B. subtilis, growth on solid media resulted in 

formation of multi-millimetre sized macro-colonies, whereas growth in liquid broth 

resulted in either freely motile cells or short chains of cells which remained connected 

at their poles after mitosis (Figure 4.5). These growth behaviours and colonisation 

phenotypes have been well documented in literature, but are must be taken into 

account when comparing to growth of these strains in alternative culture 

environments.  

4.3.2 Optimisation of transparent soil for bacterial culture  

To observe the geometry of transparent soil particles after refinement and processing 

they were stained using sulphorhodamine-B, which electrostatically bound to the 

surface of the Nafion™ particles. Observations by widefield epifluorescence 

mesoscopy showed that refined and processed particles were irregularly shaped and 

ranged from approximately 400 µm – 1200 µm in size (Figure 4.6), which mimics the 

Figure 4.6. Sulphorhodamine-B labelled transparent soil particles. Refined, 

chemically processed and fluorescently labelled Nafion™ soil particles imaged by widefield 

mesoscopy. 
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inhomogeneity in soil particle sizes in the environment430,431. Some particles also 

possessed crevasses and cracks along their surface which was likely due to the 

freeze-fracturing process during cryogenic milling. 

4.3.2.1 Refractive index matching soils for Streptomycete culture 

using sucrose 

Sucrose was tested as a refractive index matching solution as M145 was a known 

sucrose auxotroph. A curve of refractive index against sucrose concentration was 

generated and compared to the refractive index for Nafion™. The equation of the 

linear trendline was used to determine the final concentration of sucrose that should 

be present in the culture medium prior to imaging (Figure 4.7). A final concentration 

of 6.6% (w/v) sucrose in SMML-arabinose was required to refractive index match Nafion™ 

soils for Streptomycete imaging.  

Figure 4.7. Sucrose refractive index curve for Nafion™ refractive index matching. 

The refractive index of SMM medium with a range of sucrose concentrations shows a linear 

relationship between refractive index and concentration. The refractive index of Nafion™ 

(1.34) is also shown, with a concentration of 6.6% required for refractive index matching. n 

= 3, error bars show the standard error of the mean. 
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4.3.2.2 Refractive index matching soils for B. subtilis culture 

using sucrose 

The appropriate refractive index matching sugar for B. subtilis culture was identified 

by initially selecting from a range tested by Logan and Berkeley429. A plate-based 

assay was designed to test the ability of B. subtilis 168, CCBS189 and JWV042 to 

break down different carbon sources which could be used for refractive index 

matching. The aim of this was to identify which carbon source(s) could be 

supplemented into growth medium and have the concentration (and so refractive 

index) remain stable throughout incubation and imaging. Measuring growth over three 

days revealed that B. subtilis strains were able to grow in LB, SMD-glucose and SMD-

sorbitol, but not in SMD-arabinose or SMD-xylose (Figure 4.8), which agreed with the 

observations of Logan and Berkley. Growth was most rapid and resulted in higher cell 

densities in rich LB medium, whereas SM medium resulted in lower levels of growth. 

The shape of the growth curve reveals the growth behaviour of each strain over time, 

and wells where cells were able to grow produced a canonical growth curve, with a 

lag, log, stationery and death phase. However, the SMD-arabinose or SMD-xylose curves 

resulted in a steady increase in OD600 over time but did not follow the canonical shape 

of a bacterial growth curve. The increase in OD600 was due to the build-up of 

condensation and resulting scattering of light as it passed through the plate. The 

specific growth rate (µ) was calculated for each strain under each condition to quantify 

growth each carbon source. The specific growth rate for each strain verified the trends 

shown in the growth curve data, and again the small µ-value for SMD-arabinose and SMD-

xylose correlated with the presence of condensation around the top of the plate over 

time (Figure 4.8d). Therefore, it was concluded that either D-arabinose or D-xylose 

were potential candidates for refractive index matching in B. subtilis soils moving 

forward. 
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Refractive index curves for D-xylose and D-arabinose were created and compared to 

the refractive index for Nafion™. Again, the equation of the trendline was used to 

determine the final concentration of D-arabinose or D-xylose that would be required 

in the culture medium prior to imaging to refractive index the Nafion™ soil (Figure 

4.9). A final concentration of 5.1% (w/v) D-xylose or 3.8% (w/v) D-arabinose 

supplemented in SML-arabinose was required to refractive index match Nafion™ soils for 

Figure 4.8. Determining the carbon auxotrophies of Bacillus strains for downstream 

refractive index matching. The growth of (a) B. subtilis 168 (WT), (b) CCBS189 and (c) 

JWV042 over time under a range of growth conditions. (d) The specific growth rate (µ) for 

each test strain grown under different nutrient conditions. All strains demonstrated 

auxotrophy for D-arabinose and D-xylose. n = 3 for each strain in nutrient condition, error 

bars show the standard error of the mean. 
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B. subtilis imaging. The lower concentration and cost resulted in D-arabinose being 

selected as the most appropriate refractive index matching medium for observing 

colonisation of Bacillus spp. in an optically transparent mimetic soil environment.  

4.3.2.3 Comparing commercial colloid silica and sugar refractive 

index matching preparations 

The refractive index of Percoll® was measured at different concentrations to 

demonstrate the benefits of using sugar-based correcting solutions over commercial 

silica preparations for refractive index matching. A refractive index curve of Percoll® 

at different concentrations was created and compared to the refractive index for 

Nafion™. Again, the equation of the trendline was used to determine the final 

concentration of Percoll® that was required to match the refractive index of Nafion™ 

(Figure 4.10). A final concentration of 35% (v/v) Percoll® was required to refractive 

index match Nafion™ soils. The lower refractive index of neat Percoll® resulted in 

higher concentrations required, meaning that large quantities would be required 

compared to less costly sugar solutions.  

 4.3.3 Assessing the autofluorescence of transparent soils  

The autofluorescence of Nafion™ soils was assessed using a conventional upright 

laser scanning confocal microscope and the Mesolens in widefield epifluorescence 

mode using the same acquisition settings used for bacterial imaging. As the test 

strains expressed GFP, the autofluorescence of Nafion™ was measured at an 

excitation wavelength of 488 nm. Several Nafion™ treatments were screened, where 

the soils had been titrated with YEME or SM medium, or sulphorhodamine-B-labelled 

soils which were reprocessed to recycle the particles and remove the stain from the 

surface of the soil particle.  
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Figure 4.10. Refractive index 

curve of Percoll® for Nafion™ 

refractive index matching. The 

refractive index of various 

concentrations of Percoll®. The 

refractive index of Nafion™ (1.34) 

is also shown, with a 

concentration of 35% Percoll® 

(v/v) required for refractive index 

matching. n = 3, error bars show 

the standard error of the mean. 

 

Figure 4.9. Refractive index curves 

of D-xylose and D-arabinose for 

Nafion™ refractive index matching. 

(a) The refractive index of a range of D-

xylose concentrations in SM medium 

compared to the refractive index of 

Nafion™. A concentration of 5.1% was 

required for refractive index matching. 

(b) The refractive index of a range of D-

arabinose concentrations in SM 

medium compared to the refractive 

index of Nafion™. A concentration of 

3.8% was required for refractive index 

matching. 

n = 3, error bars show the standard 

error of the mean. 
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The autofluorescence emission of Nafion™ soils were first measured on a 

conventional confocal laser scanning microscope. Reflection imaging was also 

carried out to determine the success of refractive index matching, where all soils were 

matched using 6.6% sucrose (w/v) (Figure 4.11). Fluorescence and reflection imaging 

of all soil treatments revealed no observable autofluorescence signature or reflection 

boundaries, indicating that the soil particles had been well refractive index matched 

Figure 4.11. Autofluorescence emission and reflection imaging of Nafion™ soils by 

confocal laser scanning microscopy. Reflection (magenta), autofluorescence at lex. = 

488 nm (cyan) and brightfield transmission imaging of Nafion™ soil particles following 

various treatments. Soils are immersed in a 6.6% sucrose solution. (a) naïve milled and 

chemically processed soil. (b) Reprocessed particles which were previously stained with 

sulphorhodamine-B. (c) YEME-titrated soil particles. (d) SML-arabinose-titrated soil particles. 
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and that autofluorescence emission was low when using a conventional confocal 

microscope at 488 nm excitation. Brightfield transmission images revealed similar 

features in the soil particles as observed by fluorescent imaging of sulphorhodamine-

B stained particles in Figure 4.6.  

Autofluorescence emission was also observed using the Mesolens in widefield 

epifluorescence mode. Autofluorescence emission was observed in all soil treatments 

when imaged using the Mesolens; however, recycled sulphorhodamine-B-stained 

and YEME-titrated particles appeared to have the highest autofluorescnece intensity 

of those tested (Figure 4.12). The autofluorescence observed in recycled particles 

was likely due to left over dye that had bound to the surface of the Nafion™ particles 

(Figure 4.12b). Autofluorescence of YEME-titrated particles was likely due to the 

presence of yeast extract in the nutrient medium which fluoresced under 488 nm 

excitation (Figure 4.12c).  To quantify the autofluorescence emission of Nafion™ soils 

imaged using the Mesolens, the mean intensity was first recorded over multiple ROIs 

for each sample (Figure 4.13a), before the autofluorescence intensities were 

normalised to the maximum dynamic range of the camera sensor (0 – 4095 AU) 

(Figure 4.13b). Quantification of Nafion™ autofluorescence under the Mesolens 

confirmed that recycling fluorescently labelled particles was not sufficient to remove 

all fluorescent dye from the particle surface, and that yeast extract-based growth 

media were not suitable for optical imaging of transparent soils using the Mesolens. 

Autofluorescence was also detected in naïve and SM-titrated soils, although it was 

lower than the YEME-titrated soils. The fluorescence from these treatments was not 

detected using a conventional microscope, and only observed using the Mesolens. 

This is due to the relationship between numerical aperture and magnification which 

means that the optical throughput is approximately 25 times higher with the Mesolens 

compared to a conventional microscope at comparable magnification111.  
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Figure 4.12. Autofluorescence emission of Nafion™ soils by widefield mesoscopy. 

Autofluorescence at lex. = 488 nm (magenta) and brightfield transmission imaging of 

Nafion™ soil particles following various treatments. Soils are immersed in a 6.6% sucrose 

solution. Fluorescence images are presented with an inverted LUT due to the low levels of 

autofluorescence and a corresponding calibration bar is presented in (a). (a) naïve milled 

and chemically processed soil. (b) Reprocessed particles which were previously stained 

with sulphorhodamine-B. (c) YEME-titrated soil particles. (d) SML-arabinose-titrated soil 

particles. 
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4.3.4 Colonisation phenotypes of soil bacteria in a mimetic 3D 

environment 

4.3.4.1 Growth behaviour of Streptomycetes in transparent soil 

Streptomyces coelicolor was grown in a mimetic transparent soil environment after 

optimising the nutrient titration and refractive index matching methods for 

Figure 4.13. Quantitative 

analysis of Nafion™ soil 

autofluorescence using the 

Mesolens. (a) Representative 

ROIs drawn over the surface of 

soil particles. The mean 

fluorescence intensity was 

measured in each ROI and 

normalised to the dynamic range 

of the camera. (b) The normalised 

autofluorescence intensity of 

Nafion™ soils with various 

treatments. The mean intensity of 

each ROI is presented and shows 

that the YEME-treated soils had 

the highest autofluorescence 

intensity at lex. = 488 nm. nNaïve = 

497, nReprocessed = 122, nYEME = 

220, nSM = 420. All ROIs were 

taken over three technical 

replicates.  
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Streptomycete imaging. Following growth in refractive index matched SMML-arabinose-

titrated soil, M145-idh-gfp was visualised using the Mesolens in widefield mode. The 

growth behaviour in transparent soil was found to be different compared to 

conventional growth methods as presented in Figure 4.4. Instead of forming 

differentiated mycelia, M145 formed microcolonies, measuring approximately 100 µm 

in diameter, between soil particles or in crevices along the surface of particles (Figure 

4.14). Each of these pellets likely formed from a single progenitor spore. The 

Figure 4.14. Streptomycetes grow as hyphal pellets in a transparent soil 

environment. M145-idh-gfp does not form a differentiated mycelium when grown in a 

mimetic soil environment. Instead, colonies of S. coelicolor (cyan) grow between or along 

the edge of soil particles. A magnified ROI is presented showing individual hyphae 

emerging from dense pellets which have grown at the edge of a soil particle (magenta).  
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autofluorescence of the soil particles excited at 435 nm was used to show the position 

of the soil particles in reference to the M145 cells. 

4.3.4.2 Growth behaviour of Bacillus subtilis in transparent soil  

Growth of B. subtilis JWV042 in a transparent soil environment after 48 hours was 

initially visualised by widefield epifluorescence mesoscopy. Widefield mesoscopy 

revealed that B. subtilis exhibited two main colonisation phenotypes (Figure 4.15). 

Bacillus subtilis was observed to either form a mono-dispersed layer of cells which 

enveloped the entire surface of the soil particle (Figure 4.15a) or would form distinct 

Figure 4.15. Bacillus subtilis colonises mimetic soil environments using two 

different behaviours.  A maximum intensity z projection of an SML-arabinose-titrated Nafion™ 

soil particle where GFP emission from JWV042 is merged with brightfield transmission of 

the soil particle. Cells will colonise the soil particle by one of two methods; (a) by forming a 

layer of individually spaced cells across the surface of the particle, or (b) by forming biofilms 

at the edge or in a crack on the surface of a transparent soil particle.  
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biofilms around the crevasses and cracks along the surface of soil particles (Figure 

4.15b). Few planktonic cells were observed in the interstitial space between soil 

particles. In either case, individual cells could be resolved using the Mesolens in 

transmission mode, however detection of GFP was more difficult by widefield 

epifluorescence. This was especially true of well-spaced single cells, where the GFP 

signal was so low compared to the background of the rest of the image. Therefore, 

brightfield transmission images were used to observe the colonisation of individual 

cells more reliably.  

Confocal laser scanning mesoscopy was then used to verify these colonisation 

phenotypes by acquiring high resolution 3D images of entire soil particles colonised 

by bacteria. Confocal imaging revealed the same colonisation behaviours by B. 

subtilis in a mimetic transparent soil environment that had been observed by widefield 

epifluorescence (Figure 4.16). These data confirm that, when grown in a 3D soil-like 

environment, B. subtilis does not form multi-millimetre scale colonial biofilms or exist 

as free-living planktonic cultures, but instead it colonises the surface of nutrient-

imbibed soil particles as a monolayer of cells or in biofilms in cracks along the surface 

of soil particles. 

An inoculum was taken from the transparent soil following 48 hours and used to show 

that cells were viable while cultured in a transparent soil environment. A phenotypic 

comparison between JWV042 before and after culture in transparent soil was 

achieved by assessing morphology, gfp expression and the ability of the strain to grow 

on selective antibiotics (Figure 4.17a). Following growth in transparent soil, B. subtilis 

JWV042 was found to have retained chloramphenicol resistance, gfp expression, 

swimming motility, and possessed the same cellular and colonial morphology (Figure 

4.17b). Thereby the bacteria must remain viable in the mimetic soil environment. 

While the cells remain viable in the transparent soil environment, it remains unclear if 
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they are actively growing (albeit slowly) or exist in a dormant state. Dormancy in 

Bacillus spp. usually results in spore formation and is triggered by high levels of 

oxygen. No spore formation was observed in the image data and it is unlikely that 

sporulation would be triggered since the cultures were immersed and static for long 

incubation periods. Therefore, this form of dormancy can be excluded. A growth curve 

could be performed using a fluorescent plate reader in order to determine if the cells 

were actively growing in the transparent soil.  

Figure 4.16. Confocal mesoscopy confirms the two colonisation methods used by 

Bacillus subtilis in a mimetic soil environment. A maximum intensity projection of a 

series of transparent soil particles colonised by JWV042. Selected ROIs show that biofilms 

form at the vertices of soil particles, and individual cells form a monolayer which enveloped 

whole particles. Low level autofluorescence from the soil particles was also detected which 

showed the location of the particles, however the individual bacteria are clearly visible on 

the surface of the particles. The colour coded LUT shows was applied to each optical 

section depending on its axial position within the dataset. 
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These data confirm that transparent soil is an effective alternative 3D culture method 

for studying the behaviour of soil bacteria in situ. The colonisation phenotypes of both 

Actinomycetes and Firmicutes in transparent soils show that bacteria do grow 

differently compared to conventional laboratory techniques. This work concludes that 

Nafion™ transparent soils can be taken forward to better understand processes such 

as competition, antibiotic production and sporulation in a microscope-compatible 

mimetic environment.  

Figure 4.17. Bacteria remain 

viable when cultured in a 

transparent soil environment. 

(a) A schematic detailing the 

methods used to recover 

bacteria from a transparent soil 

environment, phenotypic 

screening and assessment of 

their viability. (b) B. subtilis 

retained its gfp expression and 

swimming motility in liquid culture 

following growth in transparent 

soil. JWV042 was also able to 

grow on medium supplemented 

with chloramphenicol and 

possessed the same colonial 

and cellular morphology as 

conventionally cultured B. 

subtilis. 



 189 

4.4 Discussion 

Streptomycetes and Bacillus spp. are widely studied Gram-positive microorganisms, 

and their ability to produce specialised metabolites by environmental and chemical 

elicitation has been well documented413,432–438. The most common way of triggering 

secondary metabolism and production of specialised metabolites is through chemical 

elicitation395. Previous studies have used a wide range of elicitors from N-

acetylglucosamine439,440, to solvents and heavy metals441–444, to rainwater445. The aim 

of this chapter was to develop and optimise a 3D mimetic culture system for soil 

bacteria which would be compatible with existing optical microscopy setups. Previous 

studies have suggested that the triggering of secondary metabolism and production 

of specialised metabolites can be caused by the culture environment itself. For 

example, it has been previously shown that Actinobacteria undergo a metabolic 

switch when cultivated in a liquid environment and produce novel specialised 

metabolites which are not observed when grown on solid substrates446. Furthermore, 

clumping in liquid media can result in either a positive or negative change in the 

expression level of antimicrobials, depending on the specific molecule396–400, 

suggesting that the growth behaviour is important for specialised metabolite 

production. Culture-dependent elicitation of specialised metabolites has also been 

documented in B. subtilis where, for example, cell density and quorum sensing play 

a part in elicitation of the lanibiotic peptide, subtilin352,433.  

The mammalian cell biology field have used 3D culture methods for the past 15 years 

with the aim of creating a more mimetic environment to elicit new behaviours which 

were previous unreported by conventional culture methods. Biocompatible collagen 

scaffolds which mimic the basement membrane have been used extensively for tissue 

engineering329–331, and have been developed commercially as Cultrex® (Sigma 

Aldrich, USA), Matrigel® (Corning Inc., USA)) and Geltrex® (ThermoFisher, USA). 



 190 

Alternative cellulose-based matrices have also been used as 3D culture environments 

to study the proliferation of mammalian cells in an extracellular matrix-like 

environment332. Various hydrogel substrates have also been used to mimic the 

structure of mammalian tissue and are typically composed of alginate or polyethylene 

glycol polymers333–336. Microfluidic platforms have also appeared, such as the Lab-on-

a-chip337, which provide a flow environment for cells to grow in which perfusion of 

different nutrients and drugs. All of these 3D culture methods have shown novel 

behaviours of mammalian cells compared to when grown by conventional methods. 

However, despite the novel behaviours the uptake of 3D culture methods in the field 

of microbiology has been slow. 

To address this knowledge gap, a 3D culture method using transparent soil was 

created specifically for bacterial culture. Following particle refinement and chemical 

processing, a Nafion™-based soil was developed which could be visualised by optical 

microscopy. The chemical processing methods were based on that of Van Nguyen et 

al. (2007) and Downie et al. (2012), which have worked well for creating biocompatible 

Nafion soils for plant growth206,422. Therefore, these methods were a logical step for 

optimising a biocompatible medium specifically for bacterial growth. The importance 

of processing steps lay in ensuring that nutrients were available on the surface of soil 

particles and the pH of the soils was stable. The latter is especially important for S. 

coelicolor culture as these bacteria are sensitive to changes in pH and struggle to 

grow out with pH 6.5 – 8.0375. To account for this, the pH of the soil eluent was 

measured every 30 minutes and between washes during nutrient titration. This 

allowed monitoring of the pH over time, and also indicated when nutrients were 

completely adsorbed onto the surface of the Nafion™ particles and the SO3H+-groups 

were saturated. In turn, this meant that the pH should remain stable during bacterial 

growth.  
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So as to visualise the bacteria on the surface of the particles, they were rendered 

transparent by refractive index matching with sugar solutions. The concentration of 

sugars required would not have triggered osmotic stress as many routine growth 

media recipes up to 5-fold higher concentrations375. Aside from the lower cost of using 

sugars compared to commercial silica preparations, the sugar solutions had a 

constant refractive index throughout the entire volume, whereas silica preparations 

will partition overtime resulting in layers of different refractive index according to the 

particle size distribution of the silica solution447,448. 

A previous study by Ernebjerg & Kishony discussed that many methods could improve 

the culturability and widen the variety of behaviours observed by growing bacteria in 

mimetic, low nutrient, natural environments449. Despite this call, very few routine 

mimetic culture methods are used in microbiology. Sterilised soil has been used to 

grow viable but non-culturable cells450–452, but due to the high autofluorescence and 

opacity of environmental soil samples they are not applicable for fluorescence 

microscopy. One recent study used a correlative confocal/MALDI-MSI (Matrix-

Assisted Laser Desorption/Ionization-Mass Spectrometry Imaging) approach to 

investigate the spatial distribution of chitin degrading soil fungi by incubating glass 

slides in a soil environment; however, the spatial resolution was poor and only en 

masse observations were reported417.  Other lesser used 3D culture methods in 

microbiology include the use of fibreglass scaffolding to promote biofilm 

formation453,454 and polyethylene glycol-based hydrogels for mimetic chronic wound 

modelling156, however these have not been used routinely. This work provides a 

platform for understanding the colonisation of bacteria in their natural environment, 

where new spatiotemporal colonisation behaviours can be studied using available 

microscopical methods. The work presented here could therefore be easily adopted 
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by other users to understand if 3D culture environments can elicit novel metabolite 

production or behaviours, as has been shown in mammalian cells. 

The findings documented in this chapter describe the colonisation phenotypes of two 

different soil-dwelling bacteria and has provided a method which can be taken forward 

for further study to look for novel behaviours and metabolic elicitation from growth in 

a 3D environment. Although both S. coelicolor and B. subtilis are designated as 

obligate aerobes, both strains have been commonly isolated from anaerobic 

environments such as marine sediments and stagnated water sources. Therefore, 

although culturing these strains in a static environment which may be oxygen limited 

over time, they are clearly able to maintain their viability during incubation (as shown 

in Figure 4.17). One limitation of this study lies in that aerobic behaviours may be 

overlooked when grown in a static culture environment. A potential workaround could 

be the introduction of microfluidics to refresh spent growth medium with oxygen-rich 

growth medium, mimicking conditions in a riverbed for example. However, it is 

important to note that, as discussed earlier, elicitation of secondary metabolite 

production and other interesting processes often happen under stress conditions, and 

so perhaps partial oxygen limitation would be of benefit for studying these behaviours 

using the current transparent soil platform. 

Previous studies using transparent soil have mainly focused on plant growth and root 

tip dynamics using conventional confocal laser scanning and lightsheet 

microscopy206,455. Alternatively, when studies have used transparent soil with bacterial 

specimens, they have used plant roots as colonisation surfaces, while the soil is 

designed purely to maintain plant viability206,207. To this end, the colonisation 

behaviour of rhizospheric bacteria has been studied extensively in relation to plant 

root systems, and often with clinical isolates rather than environmental isolates409,456–
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461. Therefore, this work is the first to describe a culture technique consisting of an 

optically transparent mimetic soil environment specifically designed for bacteria.  

While this system has been fabricated and fully optimised for two bacterial phyla, a 

number of possible future experiments could be carried out to continue this work. The 

spatial distribution of soil bacteria in situ remains unknown, and quantitative image 

analysis of transparent soil microcosms would provide a more robust overview of how 

bacteria colonise their ecological niche. This could be achieved using cell 

segmentation and fluorescence intensity analysis methods to quantify the distribution 

of cells throughout a 3D transparent soil specimen. Moving forward, it would be 

interesting to test the viability of other soil dwelling bacteria in this environment. With 

culture methods for Streptomyces spp. and Bacillus spp. already optimised, 

transparent soil environments for other species could be developed. For a new 

system, the sugar auxotrophies would need to be first determined, and a yeast 

extract-free minimal medium identified for the test strain. The soil could then be 

refractive index matched using the auxotrophic sugar and the same growth and 

imaging methods could be adopted for any optical microscope to study the 

colonisation behaviours of other bacteria. Phenomena such as biofilm formation, 

bacterial motility, and inter-kingdom interactions between bacteria and fungi, protists, 

helminths, or amoebae could all be studied in a mimetic environment. Moreover, it 

has yet to be established if 3D culture results in any metabolic triggers which elicit the 

production of specialised metabolites. This could be investigated by assessing the 

bioactivity of bacteria grown in a transparent soil environment compared to 

conventional culture methods, or by comparing the transcriptome by RNA-sequencing 

of bacteria grown under each condition. Additionally, strain-to-strain interactions could 

be studied in a transparent soil environment to better understand the spatial 
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distribution of competing bacteria and the role that competition plays in specialised 

metabolite production.  

4.5 Conclusions 

This chapter has documented the production and optimisation of a mimetic 3D 

transparent soil culture environment for soil bacteria. This was the first transparent 

culture platform optimised specifically for bacteria, and the methods presented here 

could easily be adapted for use with other genera. This chapter has focused on the 

application of transparent soil for the study of microbial ecology, however, there 

remains a number of open avenues for which 3D bacterial culture could be used. This 

culture system was developed by freeze-fracturing and chemically processing 

Nafion™ precursor particles for culture of Actinobacteria and Firmicutes in a mimetic 

soil environment. This method showed distinct colonisation phenotypes which were 

not observed by routine laboratory culture methods while maintaining bacterial 

viability and was easily adaptable to conventional and custom optical imaging setups. 

Bacillus subtilis was found to envelope soil particles in a mono-dispersed layer of cells 

and formed discrete biofilms along the vertices of soil particles, while S. coelicolor 

was observed to form small dense pellets in-between soil particles. The system is 

easily coupled into any optical microscopy setup, and a method is provided to 

generate transparent soil in large volumes specifically for bacterial culture. This 

transparent soil platform stands a viable resource which could be taken forward to 

understand how bacteria behave in the environment, and could be extended to study 

bacterial interactions, spatiotemporal dynamics and production of specialised 

metabolites and microbial natural products.    
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Chapter 5 
Concluding remarks and 
recommendations for future work 
 
 

 

 

 

 

 

 

This Chapter provides a summary of the work described in Chapters 2, 3 and 4, and 

provides context to the findings. Several recommendations for future work are also 

made for the results presented in each Chapter. 
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5.1 Summary 

The work presented in this thesis converged on the application of novel microscopical 

methods to the field of microbiology. This was achieved by the development of a new 

multi-wavelength confocal variant of IRM which was applied for the first time to live 

and unlabelled bacterial cells, the application of the Mesolens to understand bacterial 

community structure, and the development of a transparent soil system to better study 

the behaviours of bacteria in the natural environment. 

In Chapter 2, the long-standing theory that bacterial gliding motility was a purely 

lateral phenomenon was challenged by means of interference reflection microscopy. 

A new approach to this underused microscopy method was developed, where multiple 

wavelengths of incident light were used to fill the information gap between the 

interference maxima present in IRM images. This had the additional benefit of 

providing axial directionality due to the spectral separation of the two reflected 

wavelengths along the optical axis of the microscope. To reliably comment on the 

gliding behaviours of M. xanthus, a model lens specimen was first characterised using 

multi-wavelength confocal IRM. Analysis of the lens specimen showed that this new 

IRM method was capable of yielding 3D information about the specimen geometry 

below the diffraction limit in the z-dimension. Following characterisation of the model 

specimen, an image correction workflow to correct inhomogeneous background 

signal was developed in collaboration with Lisa Kölln (University of Strathclyde). This 

allowed for more reliable analysis of IRM image data. Bacterial imaging revealed that 

M. xanthus displayed multiple asynchronous oscillatory gliding behaviours, which 

would have otherwise been undetectable using other methods. The mechanisms 

behind these behaviours was investigated using deleterious motility mutants. The 

findings showed that PMF-driven mechanics (via AglQ) were not responsible for the 

behaviours. The role of Type IV pili was also investigated, however these mutants 



 197 

were unable to adhere to the solid glass substrate, and so were unobservable by IRM. 

A correlative TIRF-IRM method was proposed to study pilus-mediated dynamics in 

gliding motility.  

Chapter 3 described the identification and characterisation of a previously 

undocumented intra-colony channel network in E. coli biofilms. These channel 

networks were investigated using the Mesolens, which was capable of imaging large 

specimens at sub-cellular resolution without additional processing. Following a 

structural screening, the biofilm channels were found to be filled with proteins and 

devoid of any other tested structural component. After disruption of the channels, they 

were found to reform following subsequent recovery of the colony, which was 

indicative of intra-colony channels being an emergent property of biofilm formation in 

E. coli. These channels were also found not to cross between founder populations, 

despite the use of isogenic strains. The functional role of the channels was first 

explored by attempting to direct the flow of soluble fluorescein into the channels. 

However, fluorescein was found to be an unreliable method to assess this. 

Fluorescent microspheres were observed in the channels of mature colonies, 

indicating that they may be responsible for directing the flow of substances into and 

out of the colony. Their hypothesised role in nutrient uptake was tested using a 

fluorescent arabinose biosensor, which showed that a higher concentration of 

arabinose was found within the channel system compared to elsewhere in the biofilm. 

The uptake mechanism was further tested to determine if antimicrobial agents could 

penetrate macro-colonies via intra-colony channels. After identifying a suitable 

candidate compound (colistin), the channels were found to have a higher proportion 

of non-viable cells surrounding them compared to a vehicle control. The culmination 

of these findings presented intra-colony channels as a conduit for the uptake of 
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substances from the external environment, which has been completely 

undocumented until now.  

Finally, in Chapter 4, the technological gap of 3D cell culture methods in microbiology 

was addressed by the production and optimisation of a transparent soil environment 

specifically designed for bacterial culture. Two representative soil genera were 

selected for this study, and transparent soils were tailored for each. The soil was 

manufactured from freeze fractured Nafion™ polymer resins and chemically 

processed to infer a negative change onto the surface of the particles. This allowed 

binding of cations from bacterial growth media onto the surface of the milled Nafion™ 

particles. The soils were then rendered transparent by refractive index matching with 

a determined concentration of an un-metabolisable sugar prior to inoculation, 

incubation and subsequent imaging. Again, the Mesolens was selected to image 

bacteria in this synthetic soil system to take advantage of the large field of view and 

high spatial resolution. The findings presented in Chapter 4 showed that S. coelicolor 

and B. subtilis both colonised soil particles by different manners compared to when 

grown by conventional laboratory culture methods. Cell viability was found to be 

maintained even after long incubation periods in the synthetic soil environment. As it 

stands, this proposed new method of culturing bacteria exists as a platform which has 

been shown to facilitate growth of two distinct bacterial species and could be taken 

forward to study various aspects of soil ecology.  

5.2 Recommendations for future work 

The findings presented in Chapters 2, 3 and 4 describe three bacterial phenomena 

revealed by novel imaging approaches. By their nature, the novelty of these findings 

presents a number of yet-unanswered questions and possibilities for future research.  
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The mechanism(s) which govern the previously unobserved 3D motility behaviours in 

M. xanthus are yet to be elucidated. Chapter 2 attempted to study potential 

mechanisms; however, the gliding behaviours were not found to be linked to one of 

the major drivers of Myxococcus motility, AglQ-mediated PMF. Type IV pili mutants 

were unable to adhere to the coverglass, and so were unobservable by IRM. 

Therefore, one cannot rule out T4P extension, attachment and retraction as the cause 

of the observed behaviours. A novel TIRF-IRM setup was proposed to circumvent this 

limitation. Wild-type M. xanthus could be imaged using this setup, where the T4P 

machinery is fluorescently labelled. Should any synchronicity be observed between a 

changing adhesion profile (detected by IRM) and T4P firing (detected by TIRF 

microscopy), then it would show that the 3D oscillations documented in Chapter 2 are 

a result of T4P activity. It would also be interesting to image various other bacterial 

species which are thought to display 3D behaviours using multi-wavelength confocal 

IRM. For example, the erection of aerial hyphae by Streptomyces spp., or the effects 

on prey membrane integrity following predation by Bdellovibrio bacteriovorus.  

The discovery of an intra-colony channel system in E. coli opens many possibilities 

for further study. In addition to those points made in Chapter 3 (Section 3.4), it would 

be interesting to study a wider range of genera to determine if these structures are 

conserved between different species. This would also permit investigation into the 

effect of cell shape on channel formation (for example by imaging coccoid cells). 

Time-lapse imaging would allow visualisation of channel formation over time but was 

not achieved by this study. Attempts to image over time resulted in shedding of the 

colony due to it being submerged in a liquid environment. For time-lapse imaging to 

be successful the biofilms would likely have to be imaged in air, however at the times 

of investigation this was not feasible using the Mesolens.  
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The development of novel culture methods is applicable to almost any microbiological 

question. Having this technology also compatible with any optical microscope allows 

for in situ visualisation of bacterial behaviours in a 3D environment. Various 

suggestions of future applications for transparent soil were discussed in Chapter 4 

(refer to Section 4.4). These included applying image analysis methods to Mesolens 

datasets to quantify the colonisation of soil environments by bacteria. Additionally, 

tailoring the soil environment for culture of different bacterial species was suggested. 

This would allow for study of a wide range of bacterial behaviours beyond 

colonisation. Phenomena such as biofilm formation, motility, predation and signalling 

could all be studied in a mimetic 3D culture medium. Moreover, the use of co-culture 

assays could be used to study bacterial interactions. These include interactions such 

competition and mutualism in the natural environment. Interkingdom interactions 

could also be observed; for example, predation of Streptomycete spores by the 

amoeboid, Dictyostelium discoideum, or recently identified fungal-specific Type VI-

mediated killing by Serratia marcescens.  

The behaviours documented in this thesis span a range of areas in microbiology. 

However, one commonality which links them is the application of novel imaging 

methods. The methods used to investigate these phenomena have wide-reaching 

implications for the microbiology community and also promote the development and 

use of novel or underused methods to study bacterial behaviour.   
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“Right! That’s quite enough of that.” 
 

Miss Isabelle Gourley  
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Strain ID Genotype Source 
Myxococcus xanthus DK1622 WT 462 

M. xanthus SA5293 DK1622 ΔaglQ 243 

M. xanthus DK10410 DK1622 ΔpilA 463 

M. xanthus SA7705 DK1622 ΔaglQ, ΔpilA Lotte Søgaard-
Andersen 
(MPI-Institute 
for Terrestrial 
Microbiology, 
Germany) 

Escherichia coli JM105 WT, no fluorescent marker 
K12 derivative 
thi rpsL endA sbcB15 hspR4 
Δ(lac-proAB) (F' traD36 proAB 
lacIq lacZΔM15) 

464 
DSMZ, 
Germany 

JM105-miniTn7-gfp miniTn7 (GmR) Prrnb P1 gfp-a 283 

JM105-miniTn7-HcRed1 miniTn7 (GmR) PA1/04/03 HcRed-a 283 

Streptomyces coelicolor 
M145 

WT 
Prototrophic derivative of A3(2) 
lacking SCP1 and SCP2 

375 

M145-idh-gfp LN108 
M145 SCO7000::EGFP (idh-
egfp), ApramycinR 

423,465 

Bacillus subtilis 168 WT, no fluorescent marker Rut Carballido-
Lopez, Institut 
National de la 
recherche 
Agronomique 
(INRA), Paris, 
France 

B. subtilis CCBS189 mbl::(mRuby2-mbl, cat) Rut Carballido-
Lopez, INRA, 
Paris, France 

B. subtilis JWV042 cat, amyE::Phbs-hbs-gfp Rut Carballido-
Lopez, INRA, 
Paris, France 
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Bacterial growth media and buffers 
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Clone Fruiting (CF) Agar  

Casitone/Casein Hydrolysate   150 mg 

Sodium Pyruvate     1.0 g 

Sodium Citrate    2.0 g 

(NH4)2SO3     200 mg 

TrisHCl (1M) (pH 7.6)   10.0 ml 

MgSO4•7H2O (1M)    8.0 ml 

KH2PO4 (1M)     1.0 ml 

Agar      15.0 g 

dH2O      1000 ml 

 

Dissolve reagents in dH2O before adding to flask containing agar, then autoclave. 

 

Double-Casitone Yeast Extract (DCYE) Medium 

Casitone/Casein Hydrolysate   20.0 g 

Yeast Extract     2.0 g 

MgSO4•7H2O (1M)    8.0 ml 

TrisHCl (1M)     10.0 ml 

Agar*      20.0 g 

dH2O      1000 ml 

 

* concentration of agar can be adjusted to promote either A or S motility in 

Myxococcus xanthus 

 

  



 235 

Luria-Bertani (Miller)/Lysogeny Broth (LB) Medium 

Tryptone     10.0 g 

Yeast Extract     5.0 g 

NaCl      10.0 g 

Agar      20.0 g 

dH2O      1000 ml 

 

M9 Minimal Medium  

5x M9 Salts (1 L) 

Na2HPO4     30.0 g 

KH2PO4     15.0 g 

NH4Cl      5.0 g 

NaCl      2.5 g 

CaCl2      15.0 mg 

dH2O      1000 ml 

 

Autoclave 5x salts solution. 

 

1.5% agar solution 

Agar      15.0 g 

dH2O      1000 ml 

 

Autoclave 1.5% agar solution. 
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Cool 5x M9 salts and 1.5% agar solutions to 50°C and dilute 5x M9 salts to 1x with 

agar solution by mixing 200 ml 5x M9 salts with 800 ml 1.5% agar. Then add the 

following filter sterilised solutions aseptically per litre of agar.  

 

MgSO4•7H2O (1 M)    1.0 ml 

Carbon source solution (20% w/v)  10.0 ml 

 

For liquid M9 medium, dilute 5x M9 salts in sterile dH2O and supplement with 

MgSO4•7H2O and the desired carbon source.  

 

S750 defined minimal medium 

MOPS (pH adjusted to 7.0 with KOH) 50 mM 

(NH4)2SO4     10 mM 

KH2PO4 (pH 7.0)    5 mM 

MgCl2      2 mM 

CaCl2      0.7 mM 

MnCl2      50 µM 

ZnCl2      1 µM 

Thiamine-HCl     1 µg/ml 

HCl      20 µM 

FeCl3      5 µM 

dH2O      974 ml 

 

Autoclave and add the following filter-sterilised solutions; 
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Carbon source solution (50% w/v)  20.0 ml 

Glutamate (50% w/v)    2.0 ml  

Casamino acids (1% w/v)   4.0 ml 

 

Soya Flour Mannitol Agar (SFM/MS) 

Prepare the following solution; 

 

Agar      20.0g 

Mannitol     20.0 g 

Soya Flour     20.0 g 

Tap Water*     1000 ml 

 

* dH2O will not provide necessary trace elements. 

 

Dissolve mannitol in water before adding to flasks with agar and soya flour. 

 

Spizizen minimal (SM) medium 

(NH4)2SO4     2.0 g 

K2HPO4     14.0 g 

KH2PO4     6.0 g 

Na-Citrate•2H2O    1.0 g 

MgSO4•7H2O     200 mg 

dH2O      995 ml 
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Autoclave Spizizen salt solution before supplementing with filter sterilised carbon 

source solution; 

 

Carbon source solution (50% w/v)  5.0 ml 

 

Supplemented Minimal Medium, Solid (SMMS) 

Prepare the following solution and adjust pH to 7.2 with 5 N NaOH; 

 

Casaminoacids    2.0 g 

TES Buffer     5.73 g (25 mM Final) 

dH2O      1000 ml 

 

Pour 200ml into flasks containing 3.0g agar and autoclave. At time of use, melt and 

add each of the following filter sterilised solutions to the flasks;  

 

NaH2PO4 + K2HPO4 (50mM of each)  2.0 ml (1 mM Final) 

MgSO4 (1M)     1.0 ml (5 mM Final) 

Glucose (50% w/v)    3.6 ml (50 mM Final) 

Trace Elements Solution (as in SMM) 0.2 ml 

Required growth factors for auxotrophs* 1.5 ml 

 

* not required for M145 
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Yeast Extract Malt Extract (YEME) Medium (Modified) 

Agar      15.0 g 

Yeast Extract     3.0 g 

Peptone     5.0 g 

Malt Extract     3.0 g 

Glucose     10.0 g 

Sucrose*     170.0 g 

dH2O      1000 ml 

* Sucrose is not metabolised by M145 and therefore is not required. 

 

Schwedock staining buffers 

Phosphate buffered saline (PBS) 

NaCl      8.0 g 

KCl      0.2 g 

Na2HPO4     1.44 g 

KH2PO4     240 mg 

dH2O      800 ml 

 

Adjust pH to 7.4 with HCl. Make up to 1000ml with dH2O 

 

GTE buffer 

Glucose (50% w/v)    180 µl 

Tris-HCL (1 M, pH8.0)   200 µl 

EDTA (1M, pH8.0)    2.0 ml 

dH2O      7.62 ml 
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Three-Dimensional Observations of an Aperiodic Oscillatory
Gliding Behavior in Myxococcus xanthus Using Confocal
Interference Reflection Microscopy

Liam M. Rooney,a Lisa S. Kölln,b Ross Scrimgeour,b William B. Amos,b Paul A. Hoskisson,a Gail McConnellb

aStrathclyde Institute of Pharmacy and Biomedical Sciences, University of Strathclyde, Glasgow, United Kingdom
bDepartment of Physics, SUPA, University of Strathclyde, Glasgow, United Kingdom

ABSTRACT The deltaproteobacterium Myxococcus xanthus is a model for bacterial
motility and has provided unprecedented insights into bacterial swarming behaviors.
Fluorescence microscopy techniques have been invaluable in defining the mecha-
nisms that are involved in gliding motility, but these have almost entirely been lim-
ited to two-dimensional (2D) studies, and there is currently no understanding of
gliding motility in a three-dimensional (3D) context. We present here the first use of
confocal interference reflection microscopy (IRM) to study gliding bacteria, revealing
aperiodic oscillatory behavior with changes in the position of the basal membrane
relative to the substrate on the order of 90 nm in vitro. First, we use a model plano-
convex lens specimen to show how topological information can be obtained from
the wavelength-dependent interference pattern in IRM. We then use IRM to observe
gliding M. xanthus bacteria and show that cells undergo previously unobserved
changes in their adhesion profile as they glide. We compare the wild type with mu-
tants that have reduced motility, which also exhibit the same changes in the adhe-
sion profile during gliding. We find that the general gliding behavior is independent
of the proton motive force-generating complex AglRQS and suggest that the novel
behavior that we present here may be a result of recoil and force transmission along
the length of the cell body following firing of the type IV pili.

IMPORTANCE 3D imaging of live bacteria with optical microscopy techniques is a
challenge due to the small size of bacterial cells, meaning that previous studies have
been limited to observing motility behavior in 2D. We introduce the application of
confocal multiwavelength interference reflection microscopy to bacteria, which en-
ables visualization of 3D motility behaviors in a single 2D image. Using the model
organism Myxococcus xanthus, we identified novel motility behaviors that are not ex-
plained by current motility models, where gliding bacteria exhibit aperiodic changes
in their adhesion to an underlying solid surface. We concluded that the 3D behavior
was not linked to canonical motility mechanisms and that IRM could be applied to
study a range of microbiological specimens with minimal adaptation to a commer-
cial microscope.

KEYWORDS 3D imaging, bacterial motility, gliding motility, label free, live-cell
imaging, optical microscopy

Bacteria use a number of mechanisms to move through their local environment in
response to chemotactic signals, to form communities or to invade their host. The

most-studied mode of bacterial motility is flagellar-mediated movement. Other modes,
such as the twitching motility displayed by Pseudomonas aeruginosa, use type IV pili
(T4P) to direct movement based on the extension, adhesion, and retraction of polar
filaments from the leading pole of the cell (1, 2). However, not all bacteria rely solely on
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extracellular appendages for motility. The phenomenon of gliding motility has been
identified in a diverse range of bacterial species spanning various phyla (3–8). The
deltaproteobacterium Myxococcus xanthus displays two different modes of gliding
motility, adventurous motility and social motility, to seek out nutrients or prey as part
of its complex life cycle (4, 9–15).

There are contrasting models proposed to explain the mechanisms underpinning
gliding motility (9, 16–19). The focal adhesion complex (FAC) model proposes that FACs
form on the basal surface of the cell and attach to the underlying substrate while
coupling to the helical MreB cytoskeleton on the cell’s inner membrane (16, 17, 20, 21).
It has been shown that FACs translocate linearly from the leading pole as the cell moves
forward, which is driven by the force generated by the AglRQS gliding complex, which
is associated with the FAC (16, 22). The FAC model requires the basal layer of the cell
to be firmly attached to the underlying substrate; however, it remains unclear how the
complex is able to traverse the peptidoglycan cell wall without compromising the
structural integrity of the cell (8, 19). A second model has been suggested where proton
motive force (PMF) generated by AglRQS results in a helical rotation of the MreB
cytoskeleton in gliding cells that are firmly adhered to a solid substrate (9, 22–25). In the
helical rotation model, stationary foci of fluorescently tagged motor complex subunits
have been explained as being a buildup of multiple complexes arrayed in “traffic jams,”
which result from areas of differing resistance in the underlying substrate (9, 24). Both
models converge where the gliding cell is adhered firmly to the surface of the
underlying substrate to facilitate gliding. However, our observations show that cells are
not in fact firmly adhered during gliding motility but instead exhibit aperiodic fluctu-
ations in surface adhesion as they glide.

Bacterial gliding motility has mainly been studied using phase-contrast and fluo-
rescence microscopy techniques, which do not provide three-dimensional (3D) infor-
mation about cell movement (9, 17, 22, 26). We hypothesized that axial changes in cell
shape during gliding motility may occur due to the complex nature of underlying
mechanisms such as FAC translocation and bulk movement of the cytoskeleton. We
reasoned that novel motility behaviors could be visualized using the label-free micros-
copy technique interference reflection microscopy (IRM) to detect cell shape changes
in 3D. This relatively low-cost and easily implemented technique for existing micro-
scope systems has previously been used to study focal adhesion sites of eukaryotic cells
on glass substrates (27–34) and microtubule dynamics (35–37). Previous studies have
used wide-field IRM to observe gliding motility in Cytophaga spp., where rotation and
adhesion to glass surfaces were characterized (4). Wide-field IRM has also been used to
investigate twitching motility in Pseudomonas fluorescens, where the attachment profile
of twitching cells was found to be dependent on the presence of different electrolytes
(38). However, wide-field IRM images have a low contrast between the orders of
interference due to the short coherence length of the light source. The contrast of
higher-order interference fringes can be improved by using IRM in confocal mode
where coherent laser light is used and the out-of-focus signal is significantly reduced by
incorporating a pinhole before the photodetector (39).

In IRM, the specimen is illuminated via the lens objective, and the same objective
serves to capture the signal originating from the interference of reflected light at
refractive index boundaries within a live-cell specimen that is plated on a glass
coverslip. Methods for adjusting the epicondenser were described previously by Izzard
and Lochner and by Verschueren, who recommended that contributions to the image
from the dorsal side of the cell (i.e., the side most distant from the cover glass) could
be reduced in wide-field mode by opening the illumination aperture fully and that glare
could be lessened by reducing a field aperture to illuminate only the cell under
observation (40, 41). Confocal scanning optical microscopes introduced in the 1980s
were mainly used for epifluorescence microscopy but also proved to work well for IRM
when a beam splitter was substituted for the chromatic reflector in the beam path.
Indeed, it became possible to study individual microtubules gliding over glass sub-
strates in a motility assay, which had not been reported with wide-field IRM, indicating
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that the use of confocal optics increases the sensitivity of IRM, perhaps by orders of
magnitude (35, 39, 42).

In either wide-field or confocal mode, the IRM image is formed by the same
principle. Reflected light originating from the coverslip-medium and the medium-cell
interfaces results in constructive and deconstructive interference, dependent on the
optical path length difference between both. The resulting fringe pattern can be used
to estimate the axial position of the cell surface (see “Background theory,” below) (41,
43). Using IRM, a 5-fold axial resolution enhancement is achieved over conventional
wide-field or point-scanning microscopy techniques, where 3D information can be
extracted from a two-dimensional (2D) image, thus overcoming the limitations in
optical sectioning of thin specimens (i.e., bacteria) (27, 41, 43). An additional benefit of
IRM in comparison to other similar methods is that it requires almost no adaptation to
a standard confocal or wide-field microscope and is compatible with existing lens
objectives. Additionally, no fluorescence labeling of the specimen is required.

The application of IRM to biological specimens has been documented since the
1960s, but the interpretation of IRM data can be difficult (27). Theoretically, the axial
resolution of IRM can be as high as 15 nm (27), but in practice, factors such as dense
protein aggregates, the transport of dry mass to the basal membrane, changes in local
membrane density, and the proximity of intracellular structures to the membrane affect
the brightness of the detected IRM image (41, 44). However, in thin specimens such as
bacterial cells, where internal shifting of dry mass is unlikely due to the lack of
intracellular vesicular transport, IRM remains a viable height-measuring technique (45).
Godwin et al. found that separation between the cell and the coverslip on the order of
100 nm can be easily distinguished without an influence from ambiguities introduced
by the above-listed factors (4). Others have disputed the ability of IRM to accurately
measure close-contact sites in live cells, for example, by imaging the displacement of
a thin layer of fluorescent dye between adherent cells and the cover glass with total
internal reflection fluorescence (TIRF) microscopy (46). In the present work, it is as-
sumed that the IRM contrast of bacterial specimens is an indication of the height of the
cell surface above the substrate (see “Background theory,” below).

This study is the first application of confocal IRM to bacterial specimens. However,
previous studies have used similar techniques as a means of contrast enhancement.
One such study used reflection interference contrast microscopy (RICM), where polar-
izing filters and an antiflex objective are used to filter out reflected light outside the
specimen plane and increase the image contrast (39, 47, 48), to image only M. xanthus
surface detachment from the cover glass (17). TIRF microscopy has also shown that
FACs that attach to and rotate the MreB cytoskeleton are found in distinct foci on the
basal side of the cell (9, 16). These membrane-associated complexes have been
suggested to change the surface topology of the gliding cell depending on the cargo
load of the molecular motor (9). More recently, interferometric scattering microscopy
(iSCAT), which detects both reflected and scattered light, has been used to observe
T4P-mediated twitching motility in P. aeruginosa. In that work, the authors generated
3D illustrations that revealed the role of T4P machinery subunits in extension, attach-
ment, and retraction based on the interference pattern in iSCAT images (49).

Background theory. For the image formation theory in IRM, a simplified three-layer
model system is assumed, which consists of only the cover glass (g), the cell medium
(m), and the cell (c). In this model, the cell medium can be viewed as a thin film with
varying height, dependent on how closely the cell is attached to the coverslip. The
intensity of the reflected light, Ig-m, at an interface, for example, the cover glass-medium
interface (g-m), follows the Fresnel equations:

Ig-m ! I0!ng " nm

ng # nm
"2

where I0 is the intensity of the incident light beam and ng and nm are the respective
refractive indices of the adjacent materials.
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The reflected light beams at the cover glass-medium (g-m) and the medium-cell
(m-c) interfaces coincide, leading to (de)constructive interference dependent on the
optical path length difference, z, between the two beams (see Fig. S1 in the supple-
mental material). The intensity follows I(z):

I!z" ! Ig-m " Im-c " 2#Ig-mIm-ccos$4#nm

$
z " %%

where nm is the refractive index of the cell medium, $ is the wavelength of the light,
and % is the phase difference (50). Since the refractive index of the cell medium is
smaller than the refractive index of the cell, a phase shift occurs upon reflection so that
% equals # (41). Accordingly, deconstructive interference occurs at optical path length
differences of z ! N($/2nm), and constructive interference occurs at z ! (N " 1/2)($/
2nm), with N ! 0, 1, 2, . . . as the interference order. This wavelength dependence can
be used to extract the cell topology from IRM images since the overlap of the
interference fringes of different wavelengths decreases with increasing distance be-
tween the cell and the cover glass. The decreasing fringe overlap increasing the
separation between the cell and cover glass, as observable in color-merged IRM images
obtained for different wavelengths, results in a clear color ordering along the cell body
when the cell is lifted up from the cover glass.

Common assumptions of this IRM model are that no other refractive index boundary
exists in the cell specimen (i.e., that the refractive index of the cell is constant) and that
incident and reflected light are perpendicular to the cover glass (28). Also, the impact
of the numerical aperture (NA) is neglected, which affects the depth of the field that is
imaged. In IRM, high-NA objectives are used to limit the detection of reflection signals
to those originating from interfaces close to the cover glass, which establishes an
experimental condition that is close to the three-layer system consisting of the cover
glass, the cell medium, and the cell body (39).

RESULTS
Characterization of the model specimen. We characterized the axial height intensity

profile of a specimen of known structure to compare with IRM theory by acquiring IRM
images at different wavelengths of a planoconvex lens (focal length ! 72 mm) that was
placed on a cover glass. A composite of IRM images of the lens specimen acquired at
488 nm, 514 nm, and 543 nm is shown in Fig. 1a. In Fig. 1b, a cross-sectional schematic
of a planoconvex lens specimen is shown, outlining the axial position of the intensity
maxima that are caused by constructive interference for different orders and wave-
lengths. We analyzed the intensity of the interference fringes by comparing the radial
intensity profile with the theory of IRM regarding fringe separation (27). We calculated
that the theoretical spacings ($/2n) between the intensity maxima caused by construc-
tive interference for the different wavelengths are 244 nm, 258 nm, and 272 nm (n ! 1).
With the experimental data, we obtained slightly different spacings for the intensity
maxima, 249 # 1 nm, 262 # 1 nm, and 277 # 1 nm (Fig. 2b). Thus, experimental and
expected values deviated by 2.07%, 1.63%, and 1.91% for the different wavelengths.
Additionally, the overlap of the intensity maxima of different acquisition wavelengths
decreased with lens-to-coverslip distance (Fig. 2). These observations provided a sense
of directionality regarding specimen topology, where the curvature of the planoconvex
lens specimen was clear from the acquired images and allowed 3D reconstruction of
the lens specimen (Fig. 2c). This means that the assumptions outlined above (see
“Background theory”) are appropriate to reconstruct the morphology of simple model
systems. Here, a multiwavelength IRM approach provides important additional mor-
phological information over single-wavelength IRM.

Axial changes along the cell body during gliding motility are independent of
AglQ. To demonstrate the benefit of using confocal IRM over wide-field IRM, we first
imaged wild-type M. xanthus on a commercial wide-field system. We demonstrated that
low-contrast images are generated in wide-field IRM where interference fringes along
the cell cannot be resolved clearly. The raw wide-field data are presented with a
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magnified region showing gliding cells (Fig. S2a) accompanied by the background-
corrected data (Fig. S2b). Interference fringes cannot be clearly resolved in either the
raw or corrected data, meaning that a wide-field approach is not suitable for studying
the changing adhesion profile of gliding bacterial cells.

Using confocal IRM, we observed previously undocumented changes in the axial
position of M. xanthus cells as they glide. Figure 3a shows a single frame from a
background-corrected (see the supplemental material) multiwavelength confocal IRM
time-lapse recording of wild-type cells with a magnified view of a representative cell at
different time points throughout the time series (the full data set is provided in Movie
S1). In Fig. 3a, clearly resolved interference fringes along the cell body indicate that the
cell is not completely attached to the cover glass but that the cell-to-cover glass
distance varies along the cell body. There is a clear aperiodic change in the fringe
pattern over time, which indicates changes in the adhesion profile of the cell body
during gliding. Interpreting the color ordering of these fringes, as with the lens
specimen, shows that part of the cell body is lifted up from the glass substrate. This
observed change in the adhesion profile opposes the current theory that gliding cells
firmly adhere along the cell body as they glide. Height changes also show no syn-
chronicity between nearby gliding cells.

Figure 3b shows a single frame from a background-corrected multiwavelength
confocal IRM time-lapse recording of a DK1622 ∆aglQ strain with a magnified view of
a representative gliding cell (the full data set is provided in Movie S2). The deletion of
aglQ results in a loss of PMF from the AglRQS complex, which in turn prevents the
rotation of the MreB cytoskeleton and transit of the FAC along the cell body (23).
Figure 3b shows that the fluctuations in cell topology present in the wild type are also
present in DK1622 ∆aglQ. This conserved motility behavior suggests that axial changes
in the cell body during gliding are independent of PMF-driven translocation of FACs
along the cell body and are not linked to the proposed membrane protrusions reported
in other studies. We then investigated if T4P were responsible for the changes in the

FIG 1 IRM image and schematic diagram of a planoconvex lens specimen. (a) Composite IRM image
acquired using wavelengths at 488 nm, 514 nm, and 543 nm, which are false colored as indicated. As the
concentric fringes propagate away from the cover glass, we observed spectral separation of the fringes.
Bar ! 200 !m. (b) Cross-sectional schematic of the lens specimen showing the color ordering of each
acquisition wavelength as the fringes propagate axially from the cover glass.
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adhesion profile that we report. The deletion of the T4P subunit PilA resulted in cells
being unable to adhere to the cover glass and initiate gliding (Movies S3 and S4).

Using multiwavelength IRM for extracting 3D directionality. Figure 4 illustrates
how multiwavelength IRM data can be assessed qualitatively to understand the geom-
etry of a single gliding M. xanthus cell (additional gliding morphologies are presented
in Fig. S3). A representative wild-type gliding cell is presented, where multicolor fringes
can be observed along the cell body (Fig. 4a). In the IRM image, lifting of the cell body
is clearly indicated by an alternating fringe pattern along the body. By interpreting the
intensity plot profile along the cell body (Fig. 4b), we can extract qualitative topological
information about cell morphology. Figure 4b shows a cyan fringe (! ! 488 nm)
followed by a magenta fringe (! ! 635 nm), and based on this, we can conclude that
the cell body was attached to the cover glass at the leading pole before the basal
surface raised to a height of approximately 180 nm. A cartoon diagram approximating
the shape of the cell body is shown in Fig. 4c. The IRM data indicate a variety of cell
orientations and shapes that occur during gliding motility. Examples of additional
morphologies are presented in Fig. S3. These include an undulating topology where the
cell is attached to the cover glass at the leading pole, while the cell body raises to a
height of approximately 180 nm before falling to 90 nm and again raising to 180 nm at
the lagging pole (Fig. S3a). Another cell motility behavior is depicted at the point of
surface attachment prior to the start of gliding, where the leading pole of the cell is
attached to the cover glass and the cell body projects upward into the liquid medium
at a sharp incline of approximately 60° relative to the cover glass (Fig. S3b).

Using IRM to measure the velocity of gliding cells. We used IRM to determine the
mean velocity of motile cells and showed that the deletion of aglQ decreased the

FIG 2 3D reconstruction of a planoconvex lens specimen. (a) Radial intensity profile of the interference fringe pattern shown in Fig. 1a. We observed the fringe
periodicity decrease as observed in the RGB IRM image. (b) Using a priori knowledge of the lens specimen, the axial height was calculated and used to plot
the intensity of each pixel as a function of height. arb.u., arbitrary units. (c) 3D reconstruction of the lens specimen using the known x, y, and z values and
intensity extracted from the 2D IRM image.
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length of time that cells remain adhered to the glass substrate compared to the wild
type (Fig. 5a). This implies that AglQ is responsible for maintaining adherence to the
cover glass during gliding. The mean velocity of gliding cells was determined by
measuring the displacement of the cells over time as they glide, selecting cells with an
approximately linear trajectory. We found a 41.2% decrease in the mean velocity of
DK1622 ∆aglQ (mean velocity ! 9.26 " 0.72 !m/min) compared with the wild type
(mean velocity ! 15.76 " 0.89 !m/min), which concurs with their altered motility phe-
notype (Fig. 5b).

DISCUSSION
We report aperiodic changes in the adhesion profile of gliding myxobacteria using

the label-free technique IRM. Given that previous studies had failed to identify any axial
behaviors in gliding cells due to the drawbacks of conventional imaging techniques, we
hypothesized that changes in cell height from the substrate may arise due to the
complex mechanisms that govern gliding motility. The data presented here show new
behavior in gliding myxobacteria that do not support the current gliding motility
models. The behaviors that we report suggest that there are additional factors that
mediate gliding motility and show the benefit of using IRM to extract 3D information
from bacterial specimens by using an easily implemented microscopy technique.

The current consensus is that gliding cells must be firmly attached to a solid surface
to facilitate gliding; however, these data show that this is not the case. Our results show
that throughout gliding, cells undergo changes in the axial position of their basal
surface on the order of 90 to 180 nm. This new information indicates that the helical
rotation and FAC motility models do not fully explain the mechanisms of bacterial

FIG 3 IRM reveals axial movements along the cell body during gliding motility. (a) A single frame from
a wild-type DK1622 gliding specimen with 4 magnified regions of interest (ROI) of a single representative
cell over the course of the time-lapse (from t ! 1 min 27 s to t ! 5 min 24 s). Images were acquired using
a multiwavelength approach, with the reflected 488-nm signal false colored in cyan and the reflected
635-nm signal shown in magenta. As the cell glides across the solid substrate, the interference fringe
pattern changes as the relative position of the cell to the cover glass fluctuates. (b) A single frame of
DK1622 ∆aglQ with magnified ROI from a single representative gliding cell over the course of the
time-lapse (from t ! 3 min 1 s to t ! 5 min 18 s). Images were acquired using incident light at 488 nm
(cyan) and 635 nm (magenta). DK1622 ∆aglQ exhibits the same axial movements as the wild type,
demonstrated by the presence of interference fringes which fluctuate as the cell glides. Full time series
data for DK1622 and DK1622 ∆aglQ are presented in Movies S1 and S2 in the supplemental material,
respectively. Bars ! 20 !m (single frame) and 5 !m (ROI).
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gliding. One previous study used RICM to investigate the adhesion profile of myxo-
bacteria during detachment (17). However, those authors did not report any fringes
along the cell body or any aperiodic changes in adhesion in gliding cells. This is likely
due to the poor contrast of wide-field IRM and RICM compared to confocal IRM, which
prohibits the detection of higher interference fringe orders. It is important to also note
that some researchers have claimed that the ability of IRM to detect regions of close
contact is questionable due to the inhomogeneous refractive index of the cytosol
proximal to the plasma membrane and from self-interference from higher fringe orders
within the cell (44, 46). However, these claims are based solely on observations of
mammalian cells using wide-field IRM. Owing to the lack of vesicular trafficking and the

FIG 4 The interference fringe patterns of a gliding cell reveal the axial profile of the cell. (a) A representative
DK1622 cell from a time series data set with the location where the intensity profile in panel b was measured.
Interference fringes along the cell body can be observed, with the reflected 488-nm signal shown in cyan and the
635-nm signal in magenta. Bar ! 5 !m. (b) Intensity plot profile from the line through the cell presented in panel
a. The plot shows the maxima and minima of the interference fringes acquired using both 488-nm (cyan) and
635-nm (magenta) light. The spectral separation of the two interference patterns can also be observed. Axial
directionality of the cell can be determined by interpreting the color ordering of the fringes, where fringes arising
from the longer wavelength appear after those from the shorter wavelength when the cell is inclined, and the
opposite is observed for declining slopes. The plot was acquired by averaging the signal over a line width of 3
pixels (0.3 !m). (c) Schematic of the x, z profile of the cell shown in panel a according to the color ordering and
intensity profile in panel b. The axial positions of the colored fringes from each acquisition wavelength are also
shown. The cell has not adhered to the solid surface during gliding and does not maintain a linear cylindrical profile
along the length of the cell body. According to theory, regions that intersect the axial position of the first-order
488-nm maxima are located 91.7 nm above the substratum, and those for the first-order 635-nm maxima are
located 119.3 nm above the substratum. The schematic is not drawn to scale.

FIG 5 IRM as a method for measuring the velocity of adherent cells. (a) Path lengths of DK1622 and
DK1622 ∆aglQ over the course of a time series. Overall, DK1622 has an increased mean path length
compared to DK1622 ∆aglQ, which shows that DK1622 ∆aglQ has a lower adhesion profile than the wild
type. (b) Deletion of aglQ results in a decrease in the mean velocity of 41.2%, from 15.76 " 0.89 !m/min
to 9.26 " 0.72 !m/min, compared with the wild type (nDK1622 ! 21; nDK1622 ∆aglQ ! 22 [****, P # 0.0001]).
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much smaller relative size of bacteria than mammalian cells, we maintain that confocal
IRM remains a valid technique for studying surface adhesion in prokaryotes.

Previous studies that have used conventional optical microscopy methods to image
gliding myxobacteria have also failed to observe changes in surface adhesion due to
the elongation of the axial point spread function being on the same order as the
thickness of a bacterial cell (51, 52). By adopting a confocal approach to IRM for
bacterial imaging, we overcome the limits of optical sectioning of thin specimens in
standard optical microscopy while simultaneously visualizing the adhesion profile of
cells. The drawback of using confocal IRM is a decreased temporal resolution compared
with that of wide-field IRM. However, we were still able to track gliding cells sufficiently.
While the contrast improvement provided by using a confocal approach over wide-field
microscopy should make image analysis easier (52, 53), the complexity of IRM image
data makes image processing and analysis challenging. There are currently no readily
available image-processing tools that can extract 3D information from a 2D image, such
as in IRM. However, with these improved data, it may be possible to develop software
tools to reconstruct the 3D topography of bacteria using IRM data. The temporal
resolution could be improved by using a spinning-disk confocal microscope for IRM;
however, most commercial spinning-disk microscopes may not be suitable to incorpo-
rate IRM due to hardware limitations (43). The use of confocal IRM also allows us to
confirm that the studied cells are in close proximity to the surface of the cover glass and
that the gliding behaviors that we report are not caused by other factors such as inertia
or Brownian motion.

Changes in the relative position of the basal cell membrane above the cover glass
could perhaps be explained by proposed distortions in the cell wall due to the
translocation of FACs along the basal surface of the cell (19) or because of cell surface
unevenness (54). However, when we compare the axial movements displayed by the
wild type with those of the ∆aglQ mutant, we see that this novel gilding behavior
remains. The role of AglQ in gliding motility is central to both the helical rotation and
FAC models (22, 24, 25, 55), and having both wild-type and DK1622 ∆aglQ cells display
the same behavior highlights that more understanding of the mechanisms of gliding
motility is required. We then investigated the role of T4P in the changes that we
observe. Time-lapse images of DK1622 ∆pilA and DK1622 ∆aglQ ∆pilA mutants were
acquired to establish if T4P-mediated events altered the adhesion behaviors that we
observed, but these cells were not able to adhere to the cover glass and did not display
an adherence pattern when imaged using IRM. We were therefore unable to confirm if
T4P extension, attachment, and retraction were responsible for the behaviors that we
document (see Movies S3 and S4 in the supplemental material).

It could be possible that slime secreted from the gliding cell could be responsible
for the behaviors that we observe, where slime with a refractive index so close to that
of the culture medium was not detected by IRM. This could perhaps be demonstrated
by the use of fine graphite particles, scanning electron microscopy, or atomic force
microscopy, which are all effective in revealing the otherwise invisible slime secretions.
A recent study by Tchoufag et al. proposed an elastohydrodynamic mechanism for
bacterial gliding where a sinusoidal basal shape is adopted when myxobacteria glide
upon a soft substrate (56). This was observed using membrane-stained gliding cells on
semisolid agar pads with TIRF microscopy and revealed distinct foci where the cell
membrane was lifted approximately 100 nm above the substrate surface (outside the
TIRF evanescent field). The motility behaviors described here are reminiscent of this
undulating basal shape; however, our observations are documented for solid glass
substrates and describe a wider variety of 3D behaviors in addition to the sinusoidal
oscillatory behavior reported by Tchoufag et al. Moreover, our findings indicate that
sinusoidal oscillatory gliding behaviors of M. xanthus may be surface independent.

Finally, we measured the mean velocity of wild-type and DK1622 ∆aglQ cells. Using
the ∆aglQ mutant as a control, where we know from previous work that gliding should
be impaired (22), we have shown that height-changing behaviors are independent of
the gliding velocity or path length where cells remain associated with the cover glass.
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To determine the gliding velocity, we measured the average time that cells glided
along approximately linear trajectories. Routine automated tracking algorithms gener-
ally have difficulties in tracking bacterial specimens due to their reliance on blob
detection of spherical objects (57–59). Attempts to isolate and track rod-shaped
objects, such as M. xanthus, have proven difficult, and the addition of interference
fringes to rod-shaped objects only adds to the complications of automated cell tracking
and analysis. We therefore used a manual tracking method to measure the mean
velocity of gliding cells. We concluded that the DK1622 ∆aglQ mutant moved on
average 30% slower than the wild type. Also, the wild type remains adhered to the
surface for longer periods of time, yet the dynamic fluctuations in gliding adhesion that
we report remain.

This work has provided new insights into the 3D motility of bacteria and identified
novel motility behaviors in M. xanthus, which suggests that there are additional
mechanisms that do not agree with the current FAC and helical rotation models. We
suggest that the fluctuations in height that we observe are mediated by T4P and occur
due to recoil following firing of pili from the leading pole. In this work, we attempted
to image T4P mutants to confirm this hypothesis (Movies S3 and S4); however, these
mutants were unable to attach to the glass substrate and therefore were unable to
glide. Given that IRM was unable to reveal T4P-mediated behaviors due to nonattach-
ment of cells to the cover glass, we suggest that this hypothesis could be investigated
further by means of a correlative IRM method. Moving forward, it would be interesting
to investigate the spatiotemporal dynamics of T4P firing in association with the
changing adhesion profile of gliding cells using a correlative TIRF-IRM approach. This
would allow the simultaneous imaging of the adhesion profiles of gliding cells and
fluorescently tagged T4P proximal to the cover glass. Additionally, the development of
an image-processing workflow to extract 3D information from confocal IRM images of
myxobacteria would provide users with a method to quantify aperiodic oscillatory
behavior. Alternatively, an astigmatic approach to single-molecule localization micros-
copy could be used to image the basal membrane of cells at nanometer resolution.
However, this would require laborious specimen preparation, fixation of cells during
gliding, and long acquisition times, which would make observations of such dynamic
behaviors impractical compared to the gentler label-free nature of IRM. Furthermore,
structured illumination microscopy (SIM), which can provide up to two times the
resolution of point-scanning microscopy, could be used to obtain high-resolution 3D
images. However, SIM would also require cells to be fluorescently labeled, which could
alter the behavior of the specimen, whereas this is of no concern in label-free tech-
niques such as IRM.

MATERIALS AND METHODS
Bacterial cell culture. Myxococcus xanthus cultures (Table 1) were maintained on double Casitone

yeast extract (DCYE) medium (20 g/liter casein hydrolysate, 2 g/liter yeast extract, 8 mM MgSO4, 10 mM
Tris-HCl [with 20 g/liter agar for solid medium]). For imaging, cells were inoculated at high cell densities
in liquid DCYE medium and grown for 48 h at 30°C with shaking at 250 rpm. Prior to imaging, an 800-!l
sample of the exponentially growing culture was removed from liquid culture and placed in a 35-mm
optical-bottom petri dish with a coverslip thickness of 180 !m (catalog no. 80136; ibidi GmbH, Germany)
and incubated at 30°C for 20 min to allow cells to adhere.

The refractive index of liquid DCYE medium was measured to be 1.33 using an Abbe refractometer
(Billingham & Stanley Ltd., UK).

TABLE 1 Bacterial strains used in this study

Strain Characteristic(s) Reference or source
DK1622 Wild type 59
DK10410 ∆pilA 60
SA5293 ∆aglQ 53
SA7705 ∆pilA ∆aglQ Lotte Søgaard-Andersen,

MPI-Institute for Terrestrial
Microbiology, Germany
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Interference reflection microscopy. For the characterization of a model lens specimen, the spec-
imen was placed convex side down on a 170-!m-thick cover glass measuring 50 by 24 mm, which
bridged the microscope stage insert. An Olympus IX81 inverted microscope coupled to a FluoView
FV1000 confocal scanning unit (Olympus, Japan) was used to image the lens specimen. The microscope
was configured for IRM by replacing the emission dichroic with an 80/20 beam splitter. Images were
acquired using a 10!/0.3-NA UPlanFl lens objective (Olympus, Japan), and reflection signals were
detected using a photomultiplier tube (PMT) for each wavelength, with spectral detection limited to a
10-nm bandwidth over the wavelength of the incident light. A 488-nm line from an argon laser source
(model no. GLG3135; Showa Optronics, Japan) was used for single-wavelength acquisition. For multi-
wavelength acquisition, 488-nm and 514-nm lines were provided by an argon laser and a 543-nm line
was provided by a helium-neon-green laser source (model no. GLG3135; Showa Optronics, Japan).

For M. xanthus imaging, optical-bottom dishes were placed on the stage of an inverted Olympus IX81
microscope coupled to a FluoView FV1000 confocal laser scanning unit (Olympus, Japan). Images were
acquired using a 60!/1.35-NA UPlanSApo oil lens objective (Olympus, Japan). The microscope was
configured for IRM as described above, with incident light of 488 nm from an argon laser and 635 nm
obtained from a 635-nm laser diode (model no. GLG3135; Showa Optronics, Japan) for multiwavelength
acquisitions. These wavelengths were selected based on their large spectral separation, meaning that
color ordering in the observed IRM images was more distinct. For multiwavelength images, both
channels were acquired simultaneously with two separate photomultiplier tube detectors.

For wide-field IRM, specimens were prepared as described above and imaged using a Nikon
Eclipse-Ti2 inverted microscope (Nikon Instruments, USA) coupled to a Prime 95B sCMOS camera
(Teledyne Photometrics, USA). Images were acquired using a 60!/1.4-NA PlanApo oil objective lens
(Nikon Instruments, USA). The microscope was configured for IRM by placing an 80/20 beam splitter into
the detection path, and incident light was sourced from 450-nm and 550-nm light-emitting diodes (LEDs)
(CoolLED, UK). Multiwavelength images were acquired sequentially.

Image processing and analysis. (i) Image correction. A common problem for the analysis of IRM
images is the inhomogeneity of brightness across the image, which limits the utility of image segmen-
tation tools like thresholding. To correct for changes in image brightness across the field, the moving
average of the k ! k neighborhood was divided from each pixel using MATLAB 2018b. To rescale the
histogram for downstream analysis in Fiji (60), the image intensity was rescaled by dividing by a factor
of 2.

The length of the neighborhood, k, was selected depending on the specimen that was imaged. For
the lens specimen, a large k value (k " 1,000) was chosen to prevent lowering the contrast of the lens
signal. For IRM images of M. xanthus, where the frequency of the observed interference fringes relative
to the pixel density is high, a relatively small k value (k " 30) proved suitable. Line intensity profiles from
raw and corrected IRM images were checked to verify that the position and intensity succession of the
interference fringes were not altered due to the correction method (see Fig. S4 to S6 in the supplemental
material).

(ii) Lens analysis and reconstruction. In this work, we verified that multiwavelength IRM can be
used to study the change in cell topology during gliding by imaging a lens specimen of known geometry
and comparing the results with the theoretical model (see “Background theory,” above). The one-
dimensional height profile of a lens, zlens, is z!x" " R # #R2#x2, where R is the radius of the lens and x
is the distance to the center point of the lens that touches the surface/coverslip (x " 0; z " 0).

Images acquired at multiple wavelengths of the lens specimen were linearly contrast adjusted and
cropped to create a square image using Fiji (60). A composite red/green/blue (RGB) image was created
by merging the channels. The data were imported into MATLAB 2018b, and using the same radial
analysis method as the one presented by Tinning et al., we calculated the axial height of interference
fringes from the composite RGB image of the lens specimen (61). We used a findpeaks function to
determine the spacing between the experimental intensity maxima of the interference fringes. Each
subsequent constructive interference fringe was subtracted from its neighboring fringe to calculate the
experimental spacing.

Lens reconstruction was performed using MATLAB. First, the radial distance for each pixel was
extracted from the center of the RGB IRM image of the lens specimen. By applying a priori knowledge
of the lens specimen geometry to the radial distance of each pixel (see “Background theory,” above), we
were able to assign each pixel to an axial height value based on the experimental fringe separation
calculated previously. The x, y, and z coordinates along with the image intensities were plotted to create
a 3D reconstruction of the RGB IRM image.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, TIF file, 1.1 MB.
FIG S2, TIF file, 2.6 MB.
FIG S3, TIF file, 2.8 MB.
FIG S4, TIF file, 2.2 MB.
FIG S5, TIF file, 1.8 MB.
FIG S6, TIF file, 2.9 MB.
MOVIE S1, AVI file, 8.8 MB.
MOVIE S2, AVI file, 8.4 MB.
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MOVIE S3, AVI file, 5 MB.
MOVIE S4, AVI file, 9.4 MB.
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