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Abstract

The internal structure of biofilms is crucial for their growth and development. In
particular, the network of internal channels recently discovered in Escherichia coli
functions as a nutrient uptake and diffusion system. While mesoscopic imaging
of these channels has proven to be a powerful visualisation tool, the lack of a
specialised image analysis pipeline has so far prevented an accurate quantitative
characterisation of channel morphology. The genetic determinants of channel

formation also remain unknown.

This thesis describes the imaging and quantification of the network of nutrient-
transporting channels in E. coli biofilms through open-source image analysis
methods, and presents an experimental framework to perform gene deletions lead-

ing to a change in cell shape for the F. coli strain JM105 mini-Tn7-gfp.

The morphology of bacterial biofilms is strongly affected by environmental growth
conditions, with mechanical and biochemical composition of the growth substrate
contributing to the formation of complex three-dimensional patterns. Thanks to
the combination of mesoscopic fluorescence imaging and open-source image anal-
ysis, the width of individual nutrient-transporting channels was measured for
biofilms formed by the E. coli strain JM105 mini-Tn7-gfp, revealing a strong
dependence of channel width on both spatial location inside the biofilm and nu-
trient availability within the substrate. The mechanism of nutrient transport

within channels was proposed to follow fluid dynamic behaviour, which would
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lead to increased nutrient flow towards the centre of the biofilm, where channels

are smaller in diameter.

The use of fractal geometry tools for the quantification of biofilm morphology and
expansion patterns is well documented. The network of intra-colony channels in
E. coli was also originally predicted to exhibit a fractal morphology, and this was
verified in this work through fractal analysis of mature E. coli biofilm images. A
dependence of channel architecture on FE. coli cell shape was hypothesised due
to channel formation being an emergent property of biofilm formation, and this
was investigated with four cell shape mutants of E. coli obtained from the Keio
collection, which is a single-gene knockout library derived from the laboratory
strain BW25113. The complexity of internal channels was found to be comparable
to that of computer-generated fractals for all strains grown on both rich and
minimal medium substrates, though cell shape was not identified as a unique

channel morphology descriptor.

The characterisation of nutrient-transporting channels in E. coli has so far been
performed on the laboratory strain JM105 mini-Tn7-gfp thanks to its compatibil-
ity with Mesolens imaging, which provides subcellular resolution across whole,
multi-millimetre sized biofilms. While the results presented in Chapter 2 of
this thesis were obtained with the same strain, the fractal analysis of biofilms
formed by cell shape mutants described in Chapter 3 was performed on the strain
BW25113, the parental strain for the Keio collection. This was due to the rapid
biofilm disruption to planktonic state exhibited by BW25113 during immersion
with liquid mounting medium, which was necessary to match the refractive index
of the Mesolens used in water immersion mode. A genetic engineering protocol
based on Lambda Red recombination was hence designed in order to circumvent

this problem and carry out the inactivation of genes involved in the regulation



of cell shape in E. coli JM105 mini-Tn7-gfp. While testing this method, the re-
sistance of JM105 mini-Tn7-gfp to the antibiotic ampicillin was discovered and
characterised, leading to a proposed modification of the genetic engineering pro-

tocol using traditional cloning methods.
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Chapter 1

Introduction

This chapter will introduce the main principles of optical microscopy, and will
outline the main microscopy techniques used, or relevant to, this work. In par-
ticular, fluorescence microscopy techniques such as widefield and confocal laser
scanning microscopy will be discussed, and the Mesolens will be introduced as
a novel optical instrument to study bacterial biofilms. Bacterial biofilms, par-
ticularly those formed by Escherichia coli, will be introduced in terms of their
composition and life cycle. Biofilm morphology will be discussed, with empha-
sis on internal morphological patterns. Next, image analysis tools useful for the
characterisation of biological specimens will be presented, with a focus on the

techniques applicable to the quantification of biofilm morphology.



1.1 Principles of optical microscopy

The concept of microscopy is best explained by the origin of the word itself: the
Greek mikras, “small”; and skopein, “to observe”. In essence, the microscope is an
instrument used to look at small things. In order to do this, microscopes need
to provide magnification, which is the means to optically enlarge originally small
objects. This is achieved by a set of lenses, which bend the light rays originating
from the object in a process called refraction. Microscopy also requires contrast
(the ratio between intensities of different points on the object, or between the
object and the background [1]) to facilitate the distinction of features in an im-
age, particularly at borders or edges. In this section, I will describe the principles
of image formation along the light path, image resolution and contrast, as well
as some microscopy techniques particularly important for this study - widefield
epi-fluorescence microscopy, confocal laser scanning fluorescence microscopy, flu-

orescence mesoscopy and phase-contrast microscopy.

1.1.1 Ray optics and image formation

When light passes through a boundary between two media with different refrac-
tive indices (such as air and glass), the portion of the light that passes through
to the second medium changes direction in a phenomenon called refraction [2].
Figure 1.1 illustrates the geometry of refraction, where all the rays are assumed
to lie on the same plane. The angle of incidence 0; and the angle or refraction 6

are related by Snell’s law [3]

ny sinfy = ng sinbs (1.1)

where n; and ny are the refractive indices of each medium. The principle of



Figure 1.1: Geometry describing Snell’s law. The incident beam travels through a
medium with refractive index n1, and crosses the boundary with the second medium (of
refractive index ng) at an angle 6 from the normal to the boundary. The beam changes
direction and travels through the second medium at an angle 6 from the normal to the

boundary.

refraction is used in microscopy to focus a beam of light into a specific point,
located at a distance f away from the lens. This distance is specific to each lens,

and is called focal length [4].

In an optical microscope, images are formed by focusing light rays coming from
an object to specific locations thanks to a set of lenses. In the simplest microscope
setup, rays from a light source are first focused on the object by the condenser
lens, whose axial position and diaphragm aperture are adjusted in such a way to
provide uniform illumination to the sample [5]. The beam originating from the
object is then focused by a second lens, the objective, onto an intermediate plane.
In order to observe the image by eye, the beam is refracted once more inside the
eyepiece of the microscope, which allows an image to be formed in focus on the
observer’s retina [6]. In order to optimise sample illumination while rejecting the
image of the light source, the elements forming the microscope must be arranged

in what is called “Kohler illumination” [7], [8]. This arrangement creates two sets



of conjugate planes along the beam path (Figure 1.2) where objects are in focus

at the same time [9].
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Figure 1.2: Location of the two sets of conjugate planes formed in Kéhler illumination.
The field (or object) planes include the eyepiece and retina of the eye, whereas the

aperture planes host the eye’s pupil. Figure reproduced from [9].

1.1.2 Resolution

In a microscope, the image of an object is magnified by a system of lenses, and
focused onto a spot on the image plane. Because of the diffraction of light through
the optical elements of the microscope, the spot will not be sharp - instead, it
will be blurred, and will have an intensity distribution described by the point
spread function (PSF) [10]. The image observed at the image plane is given by

the convolution of the ideal magnified image and the PSF [11].
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The resolution of the imaging system is given by the Rayleigh limit, and corre-
sponds to the full-width at half-maximum (FWHM) of the PSF. More precisely,
the image formed on the focal plane will include a central bright spot followed by
concentric rings “of rapidly diminishing brightness” [12] called Airy rings, which
are separated by dark annuli. The Rayleigh criterion of resolution states that
two points can be resolved if centre of the main Airy disk emitted by one object
coincides with the first minimum of the Airy disk emitted by the other. This
principle is illustrated in Figure 1.3. The distance between these two features, d,
is given by [13]
A

=0.61—— 1.2

where ) is the excitation wavelength, and the numerical aperture (N.A.) is related
to the refractive index of the medium, n, and the half-angle of focus, 6, by the

equation

N.A. =n sinf (1.3)

From Equation 1.2, we see that the size of the smallest features that can be
resolved can be reduced by increasing the refractive index of the imaging medium.
Typical immersion liquids include water (n = 1.33), glycerol (n = 1.47) and oil
(approximately n = 1.51). The lens immersion liquid must be refractive index-
matched to the sample in order to minimise spherical aberration. Most biological
samples have a refractive index close to that of water [14], which is routinely used

in bioimaging.

The considerations above refer to lateral resolution, that is, in the plane of the

object. When imaging biological samples, we are also often interested in axial
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Figure 1.3: The ability to resolve two objects depends on their separation distance,
which affects the relative position of their intensity spectra over that distance. When
the peak of one of the two spectra coincides with the first minimum of the other spectrum
(Rayleigh criterion, centre) the two objects are resolved. Objects are also resolved if
the distance between these two features is greater than the Rayleigh criterion (left). If
the distance is shorter, on the other hand, the objects are not resolved (right). The
bottom panels in the figure show the Airy rings patterns produced by the two object
beams. Figure reproduced from [15] with permission from Elsevier (license number

5673801342160).

resolution, which is in the direction perpendicular to the object plane. From

Abbe’s theory of diffraction, the axial resolution of a system is given by [16]

2 A
d, = E (1.4)




1.1.3 Optical aberrations

A perfect objective lens would have a PSF corresponding to the Airy diffraction
pattern. In reality, this is difficult to achieve, and the PSF is distorted by a
number of aberrations which result from imperfect lens design or suboptimal
imaging conditions. Optical aberrations can affect image quality in the axial or
lateral direction, and can be either monochromatic - if they do not depend on

the wavelength of light used for illumination - or chromatic - if they do.

Chromatic aberrations occur because of dispersion, which is a phenomenon in
which different optical wavelengths propagate at different velocities, depending
on the refractive index of the material in which they are travelling. This sepa-
rates the paths of light rays formed by different wavelengths [17], [18]. Spherical
aberration results from the spherical nature of optical lenses. Rays hitting the
lens at different locations on its surface (along the direction perpendicular to the
optical axis) are focused at different positions along the optical axis: in positive
spherical aberration, rays hitting the edge of the lens are focused closer to the
lens, whereas in negative spherical aberration they are focused further away [19].
Spherical aberrations can also result from a refractive index mismatch between
the medium that embeds the specimen and the lens immersion medium. This
type of spherical aberration can be corrected with the use of correction collars
on some objective lenses, which can adjust the position of the lenses along the

optical axis [20].

Coma and astigmatism are off-axis aberrations, which arise from point sources
originating away from the optical axis. Coma extends the PSF of point sources
in an asymmetric fashion, in a shape resembling a comet [21]. Astigmatism is an

optical aberration by which an object off the optical axis is not focused into a



single spot. This can be due to misalignment of optical elements along the optical

axis [22].

1.2 Fluorescence microscopy

Fluorescence microscopy is one of the most widely used techniques for the in-
vestigation of biological samples, both in vitro and in vivo. While its achieved
resolution is not as high as other techniques (such as electron microscopy), fluo-
rescence imaging allows to target specific molecules inside the sample and image
regions at a depth through living cellular specimens in good detail. The emitted
fluorescent light signal gives information about the intensity and location of flu-
orophores in the sample, as well as on the molecular environment and dynamic
processes that occur within it. The following sections will describe the principles
of image acquisition and analysis in fluorescence microscopy, as well as the par-

ticular features needed to take advantage of fluorescence for biological imaging.

1.2.1 Fluorescence

Fluorescence is a radiative process which involves the absorption of a photon by
a molecule (fluorophore) followed by the emission, a few nanoseconds later, of a

photon with a longer wavelength [23].

The energy transition associated with this process occurs between the lowest
energy level of the excited state (S;) and the ground electronic level (S), as
shown in Figure 1.4. The extra energy of the absorbed photon is either lost
to vibrational relaxation or it is dissipated as heat in a non-radiative process
called internal conversion. The resulting difference in energy maxima between

the absorption and emission spectra is called the Stokes shift [24]. The number



S2 A v e Vibrational
1 A Internal relaxation
“~._ conversion
\‘A
S1 A v
S A - Intersystem
“ DTN crossing
g o
@] c .
0 o c Y
re! = @ .
= @
2 S
< =
TH Phosphorescence
A 4
So

Figure 1.4: Jablonski diagram showing the main transitions between the singlet ground
state (Sp), the excited states (S; and Sz), and the triplet excited state (T1). Note
that intersystem crossing is non-radiative, since it only involves the transition between
states of different spin multiplicity. It can be followed by the slow (ms) emission of a
photon via phosphorescence. Image created in draw.io (https://app.diagrams.net/,

JGraph).

of photons in the excited state, N, decays exponentially with time, ¢, and follows

the equation

N(t) = N(0) e~ (1.5)

where N(0) is the initial number of excited photons and A is the Einstein co-
efficient of spontaneous emission, which represents the rate of fluorescence (the
inverse of the fluorescence lifetime 7). Fluorescent intensity also decays exponen-

tially with time, with a rate intrinsic to each fluorophore [25].
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1.2.2 Fluorescent probes

Fluorescence microscopy is particularly powerful for biological imaging thanks to
its capability to specifically target molecules of interest. In order to achieve this,
fluorescent probes must be carefully selected depending on a number of factors.
Firstly, their excitation wavelength must match the wavelength of the illumina-
tion source of the microscope. The fluorescent molecules themselves have to be
bright and with a high quantum yield (number of photons emitted / number of
photons absorbed [26]). The fluorescence yield should ideally be independent of
external conditions such as temperature, pH or medium composition [27], and the
fluorophores should preferably be resistant to photobleaching (chemical degrada-

tion of the molecule following prolonged illumination) [28].

Thanks to their molecular and spectral specificity, multiple fluorescent probes can
be used simultaneously to investigate different biological components inside the
same sample using multichannel fluorescence microscopy [29]. The wide emission
spectra of each fluorophore traditionally limits this technique to a few probes
per sample, because spectral overlap prevents the precise localisation and signal
separation of fluorophores [25]. Nonetheless, image analysis techniques have been
developed to separate contributions from different fluorophores post-acquisition.
One such example is spectral unmixing, which calculates the contributions of each
fluorophore to each pixel intensity using least-square fitting [30]. Crucially, there
is now a wide range of fluorophores available to match specific excitation and
emission wavelengths. Fluorescent probes can be distinguished in two categories:

intrinsic and extrinsic fluorophores, which are described below.

10



1.2.2.1 Intrinsic fluorophores

Intrinsic fluorophores are biological molecules such as aromatic amino acids (e.g.
tryptophan, phenylalanine), organic compounds (e.g. flavins) and coenzymes
(NADH, FAD) that naturally emit fluorescent light [31]. Because the emission
spectra of intrinsic fluorophores are sensitive to biochemical changes in the local
environment [32|, these molecules are often used to study protein-protein inter-
actions and protein conformational changes [25]. Intrinsic fluorophores have also
been used in conjunction with spectroscopic methods to identify bacterial species

[33]-[36] and to study bacterial growth and metabolism [37].

1.2.2.2 Fluorescent proteins

The emission of light by living organisms, called bioluminescence, is a common
occurrence, and can be observed in animal and plant kingdoms alike (insects,
fungi, seawater organisms, etc.), but also in bacteria [38]. The emission of light is
the result of the reaction between a compound named luciferin and the enzyme
luciferase, occurring in the presence of oxygen [39]. It was with the intent of pu-
rifying luciferase from the bioluminescent hydromedusan Aequorea victoria that
Shimomura purified the fluorescent protein aequorin in 1962 [40]. While purified
aequorin emits blue light in the presence of calcium ions, Aequorea victoria also
emits green light. This green light is emitted after energy transfer from aequorin

to a second protein, later named “green fluorescent protein” (GFP) [41].

The amino acid composition and chemical structure of GFP were soon elucidated
[42], [43]. The crystal structure was solved by X-ray crystallography in 1996 [44],
[45], revealing a cylindrical shape made of 11 strands of S-sheet with a «a-helix
chromophore inside them (Figure 1.5). The DNA of the GFP gene was sequenced

and cloned in 1992 [46], and was successively expressed in both prokaryotic and

11



eukaryotic cells [47]. These achievements paved the way for GFP to be used as a

marker of gene expression and protein localisation [48].

Figure 1.5: Crystal structure of GFP resolved by X-ray crystallography, viewed from the
front (a) and from the top (b). The structure was published in [45] and is reproduced

here from the Protein Data Bank in Europe [49].

Over the years, fluorescent proteins have been engineered to either enhance their
emission intensity [50], or to cover different areas of the visible spectrum [51], [52].
Mutations of GFP were also designed to make it more resistant and less subject
to denaturation, resulting in increased fluorescence yield [53]. Thanks to these
properties, fluorescent proteins are now routinely used in live fluorescence imaging
to study an extensive number of biological phenomena [54], [55], including the
morphological study of cellular organelles [56], protein labelling for localisation

and tracking [57] and single-molecule localisation [58].

1.2.2.3 Synthetic dyes

Synthetic dyes are extrinsic fluorophores produced through chemical synthesis.

The chemical properties of these dyes can be tuned to favour binding to certain

12



molecules or localisation in specific areas of the sample to be investigated [59].
For example, the lipophilic dye Nile Red is specific to intracellular lipid droplets
and it is strongly fluorescent and soluble in hydrophobic environments [60]. The
fluorescein derivative fluorescein isothiocyanate (FITC), first synthesised in 1958
[61], is routinely used for antibody labelling [62] and as an intracellular pH probe
due to its change in fluorescent spectrum with pH [63]|. Finally, the fluorescent
stain 4,6-diamidino-2-phenylindole (DAPI) is used as a DNA probe thanks to its
strong electrostatic binding to DNA regions rich in adenosine and thymidine [64],

and it can be used on fixed samples [65].

Synthetic dyes also include a specific set of molecules, called photoactivatable
fluorophores, which can switch from an inactive, non-emitting state to an active,
emitting state after illumination by an activation wavelength. Excitation of the
molecule with a different, appropriate wavelength can successively cause them to

emit fluorescence.

1.2.3 Light sources: broadband, lasers and LEDs

Fluorescence can be excited using various types of light sources. For example,
broadband light from an arc lamp can be used in conjunction with emission filters
in order to select a particular output wavelength range [27]. More recently, this
option has been put aside in favour of laser beams and light-emitting diodes
(LEDs), which usually have a narrower bandwidth and hence a higher wallplug
efficiency due to the greatly reduced required spectral filtering [66]. In particular,

lasers have a bandwidth at least three times smaller than that of LEDs [67].

Lasers are a widely used source of excitation in conventional confocal fluores-
cence microscopy, and they have a wavelength range covering the ultraviolet

(UV), visible, and infrared (IR) parts of the electromagnetic spectrum. Their

13



output has high temporal coherence, which makes them monochromatic [68].
Unfortunately, laser sources in the visible wavelength regime (needed to excite
biologically-relevant fluorophores) are costly. Wavelength-doubling techniques
such as second-harmonic generation can be used to bypass this limitation, though

this significantly reduces the wallplug efficiency of the laser source [69].

LEDs are increasingly being used for widefield illumination thanks to specific
wavelength selection and wide availability of peak emission wavelengths, from UV
to IR. Other advantages of LED excitation systems are high stability, efficiency
and reduced noise levels [70]. LED systems are also less bulky than laser setups,
and are generally cheaper. Nonetheless, LED emission is not monochromatic nor
coherent, and requires collimating lenses and filters for tightly-focused outputs

71].

1.2.4 Widefield and confocal laser scanning microscopy

Fluorophore excitation can occur either with widefield illumination (with the light
beam covering the field of view of the microscope) or by illuminating a small

region at a time and scanning through the sample using confocal microscopy.

While widefield illumination produces a single image of the sample using the
eyepiece or camera as a detector, hence reducing the total acquisition time, it
also brings out-of-focus light into the image plane |72|. Widefield microscopy
requires low beam intensities, meaning that photodamage to the sample is low
[73]. Thanks to its simplicity and versatility, widefield fluorescence microscopy is

routinely used for studies of biological samples.

The second technique, on the other hand, exploits beam scanning to cover the

field of view of the microscope. A light source with a narrow beam (such as a

14



laser) is required for this purpose. Confocal laser scanning microscopy (CLSM)
rejects out-of-focus light by introducing a pinhole aperture before the detector,
ensuring that only light from a single focal plane reaches it at any given time [74].
Scanning is usually achieved by changing the focal plane with the aid of movable
mirrors |75]. An alternative design for confocal imaging which aims to improve
image acquisition rate is the spinning disk setup [76]. In this variant, a disk
with multiple pinholes is placed along the beam path, allowing for illumination of
the sample with multiple parallel beams at the same time. Confocal microscopy
has the advantage of producing slightly higher resolution images with respect to
widefield microscopy [77], at the expense of image acquisition time (mainly limited
by the movement speed of the scanning mirrors). Laser scanning microscopy
can also produce 3D images by stacking images obtained at different sample
depths. Another advantage of confocal microscopy is that excitation is provided
by lasers, which are monochromatic and thus can specifically match the excitation
wavelengths of the chosen fluorophores, and they can be used for simultaneous

or sequential excitation of multiple fluorophores for multichannel imaging.

Both widefield and confocal microscopy techniques can be used either in the
single-photon or multi-photon regime. In multi-photon microscopy, fluorescence
can be excited by the simultaneous absorption of multiple, longer wavelength
photons. This has the advantage of increased tissue penetration and reduced

photodamage [78|, but requires high power, pulsed lasers which are expensive

[79].

15



1.2.5 Detectors

The detection of fluorescence in microscopy is usually performed with high-
precision devices such as charged-coupled device (CCD) cameras and photomulti-
plier tubes (PMTs), and aims to maximise the signal-to-noise ratio (SNR). Wide-
field measurements are usually performed using CCD cameras, whereas PMTs are
the common choice for confocal laser scanning image acquisition. Both detectors
work by converting the incoming photon signal into electric charges [80]. Other
factors to consider for the choice of detectors are the response speed (or lag), the
detection efficiency variation across the selected wavelength range and the ability

to simultaneously detect different fluorescence signals [81].

1.2.5.1 Charge-coupled devices (CCDs)

CCDs are composed of a dense array of photodiodes fabricated from semicon-
ductor materials. When the photodiodes are irradiated with light with energy
greater than the band gap energy, they create electron-hole pairs [82|. The pairs
can be separated by an applied electric field, leading to the electrons being ac-
cumulated at the electrodes [83]. Electrons are sequentially shifted towards the
next electrode by changing the electric field. After reaching the last electrode,
the charges are amplified and converted to a voltage signal which is stored in the

memory of the computer [84].

CCDs have a broad linear dynamic range [32] and great sensitivity in a large
portion of the spectrum, from X-rays to near-infrared [82]. Nonetheless, because
the absorption depth of silicon decreases steeply for light of wavelength shorter
than 400 nm [85], short wavelengths cannot traditionally be used for signal gen-
eration in CCDs. This limitation can be overcome by applying an anti-reflection

coating to the back of the CCD [86]. The main disadvantages of CCDs are their
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high power consumption [87] and smearing and blooming artefacts [88]. CCDs
are also particularly sensitive to dark current, a form of noise which originates

from thermal excitation of electrons in the semiconductor wells [89].

1.2.5.2 Photomultiplier tubes (PMTs)

In PMTs, shown schematically in Figure 1.6, an incident beam of light enters
from a window and causes an electron to be ejected from the cathode through
photoelectric effect. The electron is then focused and directed into a vacuum
chamber to initiate a cascade of secondary electrons at the electrodes of the
PMT, (called dynodes) [90]. This eventually leads to an accumulation of charge
at the anode. The intensity of the detected signal is proportional to the incoming

photon flux [91].
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Figure 1.6: Schematic diagram showing a photomultiplier tube (PMT), reproduced
from [92]. Reproduced with permission from John Wiley and Sons (license number

5673791158360).

The main advantages of PMTs are high sensitivity, low-noise amplification [32]
and fast response time [93]. On the other hand, PMTs generally have a lower

quantum efficiency than CCDs [94]. The spectral response of PMTs is also limited,
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and multiple PMTs with different optical window materials are required to cover

the useful spectral range for fluorescence microscopy [32].

1.3 Phase-contrast microscopy

Phase contrast microscopy was developed by the Dutch physicist Frits Zernike
in 1932 as a technique to visualise transparent objects by exploiting small differ-
ences in their thickness or refractive index [95]. Light reflected from such objects
undergoes a phase change, but this change cannot be visualised by the human
eye or by a camera, so it must be converted into an amplitude change [96]. This
is achieved by adding a phase plate (also named “Zernike plate") near the back
focal plane of the objective lens, which shifts the phase of the light beams passing
through it by A/4 [97]. The phase plate is used in conjunction with an annulus
placed in the front focal plane of the condenser lens, with a shape matching that
of the phase plate ring [98|. A schematic diagram of a phase contrast microscope

is shown in Figure 1.7 below.

Light is shifted by a factor of A/4 when passing through thin transparent specimen
[99], and the total phase shift between the light that passes through the phase
ring and the light that does not is A/2. This leads to destructive interference,

which causes the specimen to appear darker than the background [100].

1.4 Optical mesoscopy with the Mesolens

Optical mesoscopy is a technique used to image samples between the microscale
and the macroscale (corresponding to sizes between the millimetre and the cen-
timetre), while maintaining high spatial resolution [101]. In this work we have

used the Mesolens [102], a bespoke objective lens with a unique combination of
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magnification (4x) and numerical aperture (0.47). This lens prescription allows
imaging of a field of view of 6 mm x 6 mm in confocal laser scanning mode and
of 4.4 mm x 3 mm in widefield epi-fluorescence mode, through a total imaging

depth of 3 mm, with a lateral resolution of 700 nm and an axial resolution of 7

pam.
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plane and phase plate
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e 20\
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Figure 1.7: Schematic diagram showing a typical phase contrast microscope. An an-

nular phase plate is placed near the back focal plane of the objective to introduce a
phase shift of \/4 to rays passing through it. A matching annulus is introduced in the
illumination path at the front focal plane of the condenser. Image reproduced from [99]

with permission from John Wiley and Sons (license number 5673791449329).
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The camera used for the detection of widefield epi-fluorescence signal uses a tech-
nique called sensor-shifting, which allows the acquisition of 9 images for each
pixel (each shifted by 1/3 of a pixel width from the other, forming a square grid).
This increases the sampling density, and effectively increases the resolution from
the original 29 megapixels to 259.5 megapixels [103]. The ability of the sensor-
shifting CCD camera to acquire the full field of view of the Mesolens removes the
need for stitching and tiling, an image processing technique which allows to com-
putationally combine individual, high-resolution tile scans of small regions of the
sample into a single, larger image in a mosaic fashion [104]. This method usually
requires overlap between tiles in order to accurately reconstruct the whole image
[105], which significantly increases data acquisition time. Furthermore, stitching
artefacts appearing as dark lines at the edges of each tile in the reconstructed

image are difficult to remove computationally [104].

The geometry and position of the custom-made lenses and mirrors, shown schemat-
ically in Figure 1.8, are designed such as to minimise astigmatism, spherical
aberrations and chromatic aberrations across the visible spectrum. Distortions
are minimised at the field periphery, and the field flatness is kept below 3 pm
in the visible range across the full field of view. The Mesolens can work in both
widefield epi-fluorescence and confocal laser scanning modes, and can be adapted
to image in water, glycerol, and oil thanks to multiple correction collars which
adjust the vertical position of lens groups in the objective barrel. Images can be

formed in air, although they are of poorer spatial resolution.

The Mesolens was designed to image whole biological specimens at the early
development stage, such as Drosophila larvae [106], mouse embryos [102] and
zebrafish [103], and it has since been used to image ultrathick tissues including

whole mounts of mouse brain [107|, pancreas, intestine [108] and lung [109].
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Figure 1.8: Schematic diagram showing the arrangement of optical elements around
the Mesolens for confocal laser scanning fluorescence mesoscopy (A) and widefield epi-

fluorescence mesoscopy (B). Image adapted from [110] and [111].

Biofilms are biological structures formed by microbes to survive in different envi-
ronments. Bacterial biofilms are aggregates of bacteria, their extracellular matrix
and various biological molecules, arranged in a compact but dynamic community
which can adapt to external conditions [112|. Biofilms offer protection to me-
chanical stresses and unfavourable chemical conditions such as nutrient or oxygen

deficiency, toxic substances and antibiotics [113|. These properties constitute a




danger for public health because the adaptive capabilities of biofilms can com-
promise medical equipment and industrial tools, for example by contamination
of syringes, catheters [114] and water treatment pipes [115]. In the medical field,
biofilm formation on implanted devices can lead to chronic infections which are
particularly difficult and costly to cure, and it can promote the emergence of
antimicrobial resistance [116]. For these reasons, a deeper understanding of the

factors that affect biofilm formation and growth is needed.

While many naturally-occurring biofilms are polymicrobial, research models of-
ten focus on monocultures. The traditional model organisms for morphological
studies of biofilms are Pseudomonas aeruginosa [117|, Bacillus subtilis [118], and
Vibrio cholerae [119]|. Additionally, the Gram-negative, rod-shaped bacterium
Escherichia coli is a widely studied and well-characterised organism with many
uses in microbiology research thanks to its ability to grow rapidly and strive in
a variety of inexpensive media, ease of genetic engineering and availability of a
wide range of non-pathogenic strains [120]. In particular, K-12 strains of E. coli
are the preferred lineage for molecular biology experiments [121]|. Because 65% to
80% of infections are estimated to be biofilm-related [122], [123], a quantitative
study of biofilm morphologies on a variety of environmental substrates would be

beneficial.

1.5.1 Biofilm composition

Biofilms are composed of microbial cells embedded in a self-secreted extracellular
matrix (ECM), as shown in Figure 1.9. The latter can be thought of as the
scaffolding holding bacteria together, and is responsible for the maturation of the
biofilm. It is mainly composed of water (contributing towards up to 97% of the

mass of the biofilm [124]), proteins, lipids, nucleic acids, extracellular polymeric
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substances such as exopolysaccharides (EPSs) and extracellular DNA (eDNA)
[125]. The role of each ECM component in biofilm growth varies depending
on the stage of biofilm formation, and its production rate is regulated by both

external and internal conditions, which trigger a feedback loop mechanism [126].

EPSs mainly offer structural support to the biofilm, thanks to their ability to re-
tain water, but also participate in signalling mechanisms and internal communi-
cation. For example, they contribute to quorum sensing, a collective processing of
external signals and information sharing carried out by freely diffusing molecules
[127]. They also protect the bacterial community from external stresses, such
as antibiotics [128]. Some EPS components, such as colanic acid, are responsi-
ble for the resistance of pathogenic F. coli strains in the gastro-intestinal acid

environment [129].

The main proteinaceous components of biofilms are protein amyloids, which are

responsible for cell-to-cell adhesion (self-assembly). The adhesion to external

Extracellular

matrix \

Bacterial
cell

Figure 1.9: Schematic diagram showing the structure and composition of a polymicro-
bial biofilm. In mature biofilms, bacterial cells are arranged in a closely-packed structure
held together by an extracellular matrix, which offers protection from external threats.

Image created in BioRender (license number SR25JKZ3PC).
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surfaces, on the other hand, is mediated by surface proteins called adhesins. A
study by Berk et al. on V. Cholerae biofilm formation investigated the role of
various matrix proteins using confocal laser scanning microscopy, and found that
each contributes to a different assembly process, as well as to the clustering of

cells within the biofilm [130].

Extracellular DNA can be released through lysis of dead microbial cells, or during
active growth of viable cells [131]. It acts as a nutrient source for bacterial cells
within the biofilm, and it strengthens the structure of the biofilm. A study by
Okchevsky et al. showed that eDNA removal by DNAse resulted in the dispersal
of immature biofilms, and enhanced antibiotic efficacy [132]. eDNA can also act
as a shield from antibiotics thanks to its negative charge, which binds to some
positively-charged antimicrobial compounds [133]. This property was confirmed
by a number of independent studies on both Gram-positive and Gram-negative
bacteria. Finally, a study by Gloag et al. [134] found that biofilm growth via
independent movement, which takes place as an expanding flow of cells, is fa-
cilitated by eDNA. This occurs via guaranteeing the correct alignment of cells
that form the expanding edge of the biofilm. In fact, removal of eDNA led to a

decrease in distance travelled by individual cells during expansion.

1.5.2 Biofilm growth and maturation

Biofilm formation and growth depends on the ability of the bacteria to clump to-
gether and interact with surfaces, overcoming repulsive forces (both electrostatic
and hydrodynamic) [112]. Bacteria reproduce by binary fission, which results in
two identical daughter cells. This means that during the active growth phase,

bacterial growth is exponential over time. Typical growth curves for bacterial
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populations (Figure 1.10) involve four phases [135]. The initial phase (lag) corre-
sponds to the initial adaptation of the bacterial colony to the environment, and
is characterised by a null growth rate. Following this, an exponential growth
phase occurs, where the cells are healthiest (and hence most suitable for studies
of their structure and composition). The growth rate depends on nutrient avail-
ability, environmental conditions (such as pH) and disposal of toxic by-products.
Bacterial growth does not continue indefinitely - it reaches a stationary phase in
which the accumulation of waste products and the limitation of nutrients stop
cell duplication, although biosynthesis of products still occurs during this phase.
The final phase of the bacterial life cycle is the death phase, which also follows an

exponential trend but is considerably slower than the exponential growth phase.
Each growth phase is characterised by conformational changes and interactions
 Exponential |

growth
phase

Stationary Death
phase § phase

Lag
phase

|og (ODeoo)

| [ | [ | | |
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Figure 1.10: Diagram showing the different phases of growth of planktonic bacterial
cultures as optical density (OD) against time - note the semi-logarithmic nature of the

plot. Figure created in BioRender (license number SR25JKZ3PC).
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with the growth substrate. Surface structures such as flagella, fimbriae, and sur-
face proteins all play a role during the various stages of biofilm attachment and
growth [136]. For example, the presence and correct functioning of flagella (which
are responsible for cell motility) are crucial in the initial stages of E. coli biofilm
formation [136], and they are linked to increased biofilm formation [137]. The first
phase corresponds to a reversible primary adhesion onto a surface, which leads
to the formation of a bacterial monolayer [138]. This phase is influenced both by
surface properties (roughness, hydrophobicity) and aqueous ambient conditions
(pH, ionic strength), and is mainly governed by electrostatic and chemical inter-
actions with the surface [139] which are regulated by sensor membrane proteins
[140]. The adhesive organelles fimbriae are required for the initial attachment of
bacterial cells to a variety of surfaces and growth media [136]. For this reason,

fimbriae are considered an important virulence factor in E. coli infections [141].

During biofilm maturation, bacterial cells aggregate and the intracellular space
fills with an extracellular matrix. A study by Yan et al. [142] on V. cholerae high-
lighted that this growth initially involves a steady increase in biofilm volume, as
cells aggregate and spread onto the surface in a branched pattern. Bacterial
cells successively re-orient themselves in the vertical direction due to continuous
compression of the surface, and proliferate forming a dome structure which is
successively covered by a layer of EPSs. At this stage, the adhesion of bacte-
rial cells onto the surface is irreversible, but the surface of the biofilm undergoes
continuous morphological changes in order to adapt to different environmental
situations. For example, the bacterial population can rearrange itself to form dis-
tinct microcolonies, growing outwards from the biofilm centre [143] - this process
is induced by the surface protein Antigen 43 (Ag43) in E. coli [144]. Constituent

cells exhibit different growth rates and physiology depending on their location
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inside the biofilm, as the resources required for biofilm growth are recruited from
the surrounding environment over time. This results in the formation of distinct
physiological niches, which follow chemical gradients of nutrients and oxygen
[145]. In E. coli biofilms, cells generally grow faster if they are close to the
nutrient-rich agar substrate, and start to die from starvation as they move away

from the substrate and the nutrients become limited [146].

Dispersal is the last stage of the life of the biofilm, and it is characterised by
bacterial cells leaving the extracellular matrix, which is broken down by enzymes
such as dispersins [147|, and detaching from the surface. Much is still unknown
on the factors triggering this phase, but it is clear that environmental conditions
play a role in this process. For example, dramatic changes in carbon or oxygen
availability can induce the dispersal of P. aeruginosa biofilms [148]|. Studies on
Staphylococcus aureus suggest that ECM production could be responsible for the

signalling and regulation of biofilm dispersal [149].

In laboratory experiments, bacterial growth of planktonic cultures is often mea-
sured by turbidimetric methods, using a spectrophotometer which measures the
amount of light transmitted through the sample at a specific wavelength com-
pared to the amount of incident light. This quantity is named optical density
(OD) [150], which is an indirect measure of cell density inside the sample. For
most bacterial cells the OD is measured at an incident wavelength 600 nm [151],
which does not cause mutations or cellular damage. Biofilm presence, on the
other hand, can be quantified using many techniques. For example, bacterial
DNA, proteins and EPS present in biofilms can be stained with the crystal violet
dye [152] in microtiter plate biofilm formation assays [153]. Biofilms resuspended

in liquid cultures can also be quantified using the Coulter method [154], which
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indirectly estimates the number of bacterial particles diluted in a sample by cal-
culating the change in impedance that they cause when flowing through a small

aperture in a tube [155].

1.5.3 Biofilm morphology

The formation of spatial patterns is ubiquitous in biological systems [156], where
simple biological entities, such as cells, come together and form complex struc-
tures in a process called “morphogenesis” [157]. In 1952, Alan Turing hypothe-
sised that morphogenesis could be explained by “a system of chemical substances,
called morphogens, reacting together and diffusing through a tissue” [158]. So-
called Turing patterns would hence arise from a homogeneous population due
to the amplification of small, random perturbations to the system. This phe-

nomenon of spontaneous symmetry breaking is also known as reaction-diffusion

(RD) model [159].

Bacterial populations are not an exception to this phenomenon: Turing patterns
have been observed in vitro for E. coli biofilms grown inside microfluidic chambers
[160], [161], and engineered in isogenic E. coli populations tagged with different
fluorescent markers [162|. In fact, bacterial biofilms can exhibit a variety of inter-
nal patterns, from surface and 3D features to complex fractal shapes [163]| (Figure
1.11). As explained in more detail below, these patterns arise from mechanical
forces between the expanding biofilm and the substrate (such as friction and cell-
surface interactions), which are affected by both the physio-chemical composition

of the growth substrate and the properties of component cells [164].
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1.5.3.1 Colony growth and expansion patterns

Biofilm growth and expansion on semi-solid surfaces (such as agar) are a result
of mechanical forces between the growing cells and the substrate [165], [166].
As such, biofilm shape and three-dimensional (3D) architecture are profoundly
affected by the composition of their growth substrate [167]. Colony size is mostly
affected by substrate stiffness and nutrient availability, which both affect bacterial
growth dynamics [168]|. In E. coli, soft substrates with a high water content lead
to two-dimensional, fast spreading of biofilms across the growth surface, whereas
stiff substrates with a lower water concentration are characterised by a slower
and smaller expansion, which promotes the formation of wrinkles, crenulations,
delamination, and buckling in the axial dimension [169]. The increase in biofilm
area with decreasing agar stiffness has also been reported for V. cholerae [170],
[171], where it is attributed to interfacial energy, which leads to nonuniform
expansion across the surface. Similarly, biofilms formed by B. subtilis on soft

substrates are thicker and expand to larger areas with wrinkled edges [172].

Substrate composition can also affect colony edge morphology. A loss of spa-
tial symmetry in B. subtilis colony shape has been observed when growing on
nutrient-depleted substrates, leading to irregular edges (Figure 1.11a) [173]. The
directional growth of bacterial cells along nutrient concentration gradients can
also lead to the formation of highly symmetric spot patterns (Figure 1.11d) [174].
The development of bulges protruding from the edge of the colony can also oc-
cur when advantageous mutations arise within the population, as mutants with
a fitness advantage over their wild-type counterpart expand more rapidly [175].
Finally, regularly interspaced structures at the edge of E. coli colonies can form
as a result of filamentous, slow growth of adhesive, signalling cells (Figure 1.11c)

[176].
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Figure 1.11: (a) Morphological changes on the surface of B. subtilis biofilms grown
on substrates with different nutrient availability (from left to right, 75%, 50% and
25% nutrient levels). Scale bars: 5 mm. Adapted from [173|. (b) Flower-like pat-
terns in E. coli and Acinetobacter baylyi multi-species biofilms. Adapted from [177].
(¢) Regularly-interspaced edge structures in filamentous, adhesive, signalling E. coli
biofilms. Branching patterns are shown by arrows. Scale bar 2 mm. Adapted from
[176]. (d) Geometric spots formed by E. coli biofilms during growth on nutrient-limited
substrates. Adapted from [174] and reproduced with permission from Springer Nature

(license number 5673800135015).

1.5.3.2 Internal patterns

The 3D organisation adopted by bacterial cells inside a colony biofilm is deter-
mined by many factors, including cell shape, motility, distribution of matrix com-
ponents and interfacial forces [178]. The production and distribution of biofilm
structural components, and specifically of the extracellular matrix, determine

biofilm structure by affecting intercellular interactions [179] and are crucial for
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pattern formation [180]. For example, EPSs such as colanic acid (a structural
component of the biofilm matrix) are responsible for the 3D organisation of con-

stituent cells inside the biofilm, resulting in complex three-dimensional patterns

[144].

Among the many morphologies that can be observed in mature biofilms, some
of the most common are wrinkles, rings and labyrinth patterns. These can arise
during biofilm maturation because of the heterogeneous distribution of matrix
components [181]. The deletion of genes responsible for the production of these
matrix components leads to dramatic changes in biofilm morphology: for exam-
ple, amyloid curli and cellulose contribute to the formation of concentric rings and
wrinkles respectively [182]. Wrinkles are usually formed as a result of buckling
instability, which arises when the bacterial cells experience friction with the sub-
strate during their expansion [183|. Buckling instability arises in biofilms where
cells are nematically ordered (aligned with their axes parallel to each other) [184]
- this type of self-orientation is typical of rod-shaped cells like E. coli [164].
Wrinkles can also arise as a result of localised cell death, which increases lateral
compressive forces on the surface of the biofilm [185]-[187]. Wrinkle patterns
are affected by cell motility, as they are greatly reduced in E. coli mutants with
reduced or absent flagellar function [146]. It is also possible to observe more
than one of these structures within the same biofilm, where they are segregated
in different radial regions [170], [188]. In this case, each structure arises during
a different stage of biofilm expansion, and the overall morphology is affected by

environmental changes.

3D biofilm architecture can also be affected by the shape of individual cells.
In the case of a heterogeneous FE. coli population, exhibiting both rod-shaped

and coccal cell phenotypes, the cells adopt a layered structure with coccal cells
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on top of rod-shaped cells. When only one phenotype is present, this layering
does not occur, and instead coccal cells segregate in vertical bundles and rod-
shaped cells mix in a fractal 3D pattern [189]. Cell shape is also important
for biofilm axial growth: while longer cells exhibit greater surface expansion,
shorter cells experience verticalisation and lead to a thicker biofilm [190]. More
recently, a multicellular life cycle has been proposed for E. coli [191], where
nematically ordered cells assemble in groups of four (forming a “rosette”), and
extend along the long axis direction forming chains. Biofilms are formed when
these rosette chains attach to one another, and the stability of the final structure
is regulated by adhesion and motility proteins. The dependence of chaining on
adhesive properties is also observed in FE. coli microcolonies with diameter of

approximately 100 pm [192].

Complex internal patterns can be observed in genetically heterogeneous biofilms,
such as multi-species biofilms or biofilms formed by isogenic strains labelled with
different fluorescent tags. For example, intricate flower-like patterns (Figure
1.11b) can form inside dual-species biofilms due to the difference in motility
between the two strains [177], and similar patterns can form in yeast biofilms
during nutrient-limited growth [193]. When isogenic bacterial strains expand
on the same substrate, they can have varying degrees of spatial mixing: coop-
eration tends to increase intermixing, whereas competition leads to segregated
domains within the colony [194]. The shape of the boundary between the strains
is affected by a number of factors: for example, populations with similar growth
properties expand simultaneously, forming radially-segregated sectors, whereas
different growth properties lead to successive expansion of one population after
the other, creating ring-shaped boundaries [195]. The boundary shape is also af-

fected by the motility of each strain as it expands on the substrate. For example,

32



the chiral rotation of E. coli flagella leads to a clockwise movement of individual
cells on the substrate, which in turn results in a chiral-shaped boundary [196].
Differential expression of surface features such as pili and Ag43 leads to a varia-
tion in the level of chirality of the boundary, with their removal coinciding with
higher boundary chirality [197]. A change in chirality is also associated with in-
creased strain fitness, which results from a greater degree of strain intermixing

[198].

Another source of pattern formation is given by spontaneous genetic mutations,
which are rare, heritable changes to the genome occurring without selective pres-
sure [199]. The effect of mutations on biofilm morphology can be visualised if
they confer a fitness advantage over the wild-type population, as this leads to
the formation of morphologically distinct sectors within the colony which can be
observed by traditional microscopy techniques [200], [201]. They can be identi-
fied by an unusually large width [195] or a significantly reduced fluorescent signal

202].

1.5.3.3 Biofilm nutrient transport channels

The existence of void spaces and channels inside biofilms has been previously
demonstrated in biofilms grown in anaerobic fixed film [203| and continuous flow
[204] reactors, where they facilitate small-particle transport. Channels can also
be found in P. aeruginosa biofilms grown in microfluidic devices, where they arise
due to compressive stress during biofilm growth [183|. Void channels between in-
dividual E. coli colonies have also been observed in groundwater reactors: these
channels reach deep within the biofilm structure to increase the surface-to-volume

ratio of bacterial cells, and persist inside the biofilm even weeks after full growth
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conditions are reached [205]. There is evidence from fluorescent particle track-
ing that these channels participate in nutrient distribution and waste removal
between the outer regions of the biofilm and its centre [178]. Laboratory-grown
E. coli biofilms also exhibit pm-scale channels penetrating the matrix, which
support the motion of fluorescent beads [206]. The nutrient-transporting func-
tion of these channels has also been observed beneath the wrinkles of B. subtilis
biofilms, within a network of liquid-filled channels [207]. Filamentous channels
are also present throughout B. subtilis biofilms, at the interface with the agar
growth substrate. In low nutrient conditions, channels become more elongated
and directional, and they have an increased ability to transport microspheres to

their interior [208].

A recent study by Rooney et al. [209] reported a previously-unseen network of
channels inside mature colonies of E. coli biofilms, extending throughout their
volume (Figure 1.12a). Channels appear dark and form complex patterns. These
channels are fundamentally different from those described above, as they are
not empty nor filled with liquid. Despite their geometrical arrangement being
very similar to the fractal patterns described in the previous section, these intra-
colony channels do not constitute a boundary between two isogenic domains, but
instead form inside biofilms originating from a single population. Specific fluores-
cent labelling was used to systematically test for the biochemical component of
the channels, which was identified as extracellular protein matrix (Figure 1.12b).
The functional role of intra-colony channels was hypothesised to be a nutrient
uptake mechanism. This was suggested by their ability to transport fluorescent
microspheres to the inside of the biofilm (Figure 1.12¢), and by the higher con-
centration of nutrients observed inside the channels compared to the rest of the

biofilm. Furthermore, the channel structures reformed spontaneously after forced
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JM105-mini-Tn7-gfp

Figure 1.12: Nutrient-transporting channels in mature E. coli biofilms. (a) Maximum-
intensity projection of a z-stack acquired over 36 pum, colour-coded by depth, showing
the 3D organisation of channels. (b) Extracellular protein stain SYPRO Ruby, shown
in magenta, is localised inside the channels. (c) Fluorescent microspheres, shown in

magenta, can penetrate inside channels. Figures adapted from [209].

biofilm dispersal by mixing. Channel formation is an emergent property of these
E. coli biofilms; however, the effect of growth medium composition and cell shape

on their architecture is unknown.

1.6 Imaging and morphological analysis of bacte-

rial biofilms

1.6.1 Fluorescence microscopy

Interest in biofilms was sparked in the 1970s with the observation of bacterial
cells surrounded by polysaccharides in aqueous ambient conditions [210]. Since
then, optical microscopy has been used in conjunction with staining techniques
to image biofilms in vitro [211], and with fluorescent probes for direct counting

of bacteria after biofilm disruption [212], to measure biofilm thickness [213] and
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to image biofilms in industrial settings [214], [215]. The first 3D high-resolution
optical images of biofilms were obtained by Lawrence et al. with confocal laser
scanning microscopy [216]. The study involved axial and lateral optical section-
ing of Pseudomonas and Vibrio biofilms, as well as a 3D reconstruction of the
biofilm structure. Since then, advances in light source and optical design, image
analysis tools, and specialised fluorescent staining techniques have improved the
quality of data and allowed a more precise quantification of biofilm growth and

morphological parameters [217], [218].

Fluorescence microscopy has been used extensively in microbiology, thanks to its
ability to resolve biological phenomena from the subcellular scale up to entire
bacterial communities [219], [220] and to its diagnostic capabilities [221], [222].
The fluorescent signal can be provided by immunofluorescence (using fluorescent
antibodies to stain proteins in fixed bacterial samples [223]), by fluorescent pro-
tein tagging or with fluorescent dyes specific to the desired targets. Fluorescent
proteins can be introduced into bacterial genetic material by exploiting horizontal
gene transfer, a mechanism by which small, self-replicating genetic elements called
plasmids are acquired from the environment (transformation), from other bacte-
ria (conjugation) or from viruses (transduction) [224]. Fluorescence expression
from plasmids must be maintained in the host by selective pressure, for example
through antibiotic selection [225]. Fluorescent plasmids can contain genes encod-
ing virulence factors [226] and resistance from antimicrobial compounds [227],
both of which can be used as a competitive advantage [228]. The expression of
these genes can be tracked inside mixed biofilm populations, allowing the visual-

isation of competitive behaviours in mixed populations over time [229].

Fluorescent proteins can also be inserted directly into the host chromosome, for

example through transposition, by which a specific segment of the donor’s DNA
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is cut and inserted into a specific sequence of the host’s DNA [230]. While there
are many transposon delivery systems which could be exploited for genetic trans-
fer of fluorescent proteins, the Tn7 transposon mentioned in this work presents
significant advantages for microscopy applications. For example, Tn7 transpo-
son insertions occur as a single copy at a specific site of the chromosome [231],
without disrupting downstream genes [232]. The mini-Tn7 transposon delivery
plasmids are stable in time, they do not affect bacterial growth [233], [234] and

do not require antibiotic selection [235].

The improved signal-to-noise ratio of confocal fluorescence microscopy over wide-
field microscopy enables precise protein localisation as well as protein dynamics
studies [236]-[240]. This facilitates the in vivo visualisation of fundamental bi-
ological processes such as bacterial cell septum formation and division. Among
the most significant milestones in this area, we mention the visualisation of the
proteins FtsZ [241]-[243] and MinD [244], involved in cell division, and the pro-
tein RecA, involved in DNA replication and repair [245]. Fluorescent probes can
also be used to visualise RNA [246] and DNA [247] inside bacterial cells, hence

providing important insights into gene expression.

At the macroscale, fluorescence microscopy can be used to assess the presence
of bacteria on human tissue samples [248], medical devices [26], and industrial
equipment [249]. In pathology, it is possible to identify bacterial species partic-
ipating in human infections [250], [251], visualise infection dynamics [252], [253]

and study host-pathogen interactions [254].

The concurrent use of different fluorescent stains enables the quantification of the
abundance of biochemical compounds (proteins, carbohydrates, nucleic acids) in

biofilm samples [255], and allows for the observation of biofilm matrix structure
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and components [256]. Viability stains can also be used to localise and com-
pare the amounts of viable and non-viable bacteria inside biofilms [257], usually
by differentiating between cells with intact and damaged membranes. By using
fluorescent probes which are specific to predetermined genetic sequences [258],
specific bacterial species can also be identified and localised inside fixed biolog-
ical samples using a technique called fluorescence in situ hybridisation (FISH)

[259].

The physiological state of bacterial cells in a biofilm can be investigated thanks
to enzyme-specific dyes, which can give an indication on the metabolic response
to nutrient fluctuations in the growth medium [260], [261]. Fluorescent tagging of
antibiotics can be used to assess the penetration of antimicrobial agents in mature
biofilms over time [262|, and pH-sensitive dyes enclosed in nanosensors allow to

quantify pH variations resulting from changes in the chemical environment of the

biofilm [263], [264].

Phenotypic changes in biofilm structure are an important marker of environmen-
tal changes such as nutrient starvation, temperature or pH changes, antibiotic
treatment and competition with other bacterial species. The fluorescent signal
from plasmids allows imaging of colony morphogenesis from a single cell to a mi-
crocolony [191], [265], [266], as well as the study of three-dimensional development
of colonies [267]-[269].

1.6.2 Mesoscopic imaging of bacterial populations with the

Mesolens

Thanks to its unique properties, the Mesolens has recently seen applications in the

microbiological field, where it has allowed the visualisation of biofilm structures
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and processes at a previously unattainable combination of scale and resolution
[270]. For example, the presence and 3D organisation of Gram-positive biofilms
on fresh excised paediatric tonsils has been quantified using the signal from a
fluorescent antibiotic conjugate [110]. Furthermore, the spatio-temporal develop-
ment of Candida albicans and S. aureus dual-species biofilms was characterised
using time-lapse mesoscopy with the Mesolens [271], revealing the emergence of

morphologically distinct sub-populations of each species.

Finally, the Mesolens enabled the discovery and biochemical characterisation of
a novel network of nutrient-transporting channels in E. coli biofilms [209], which
is the focus of this work. Despite the ability to resolve individual channels within
the whole biofilm volume, the large size of Mesolens image datasets (up to 20,000
pixels x 20,000 pixels per section, resulting in a total image size of over 600 GB for
an acquired volume of 6 mm x 6 mm X 3 mm) and the complex morphology of the
channels themselves have so far prevented an accurate quantitative analysis. An
appropriate image analysis pipeline is therefore needed to identify morphological
changes undergone by channels at different locations or under different growth

conditions.

1.6.3 Quantification of microbial populations

Image analysis software can provide quantitative information on bacterial cells
and biofilms. Various open-source software such as F1JI [272], ICY [273] and Cell-
Profiler [274] are routinely used to identify and isolate specific biological objects
from sample images, and to quantify variables such as cell number, size and po-
sition. Among the many tools designed for single-cell morphological analysis (see
[275] for a comprehensive review), the F1JI plugin MicrobeJ by Ducret et al. [276]

accurately performs bacterial cell segmentation through user-defined parameters,
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as well as quantitative morphological analysis. For more specific applications,
BacStalk [277] is designed to deal with cells including appendages (e.g. flagella
and stalks), and SuperSegger [278] can be used to detect cell division events and
track cell lineages in time. While most of these software can be used with little
or no programming knowledge, they also allow the user to incorporate plugins
and algorithms into the main program’s library [279]. This makes image analysis

more customisable for researchers and adaptable to a wider range of disciplines.

Image analysis of microbiological specimens can also be performed through pro-
gramming languages alone. For example, Xavier et al. [280] designed a web inter-
face based on MATLAB coding to extract morphological data such as biovolume,
contact surface and average colony height from confocal image sets of bacterial
communities. The COMSTAT software [281], initially developed for MATLAB,
was also designed to calculate basic 3D properties of biofilms from confocal mi-
crographs, and was since updated to work on open-source software [282]. A more
recent example of MATLAB-based software is Biofilm() [283|, which exploits im-
age pre-processing and segmentation techniques to calculate biofilm parameters

such as thickness, surface area, and roughness.

1.6.4 Image enhancement and restoration techniques

Image enhancement and restoration are useful tools for improving image quality,
which in turn can facilitate image analysis and data presentation. Image enhance-
ment improves the visibility of image features, without increasing the amount of
information present [284]. Examples of image enhancement methods are contrast
stretching and histogram equalisation. In contrast stretching, pixel grey values
are transformed to make bright areas brighter and dark areas darker, thus util-

ising the whole intensity range available [285]. While this method is useful for
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improving the overall visibility of the image, it does not perform well in images
with large local intensity fluctuations [286]. For this reason, other methods such
as adaptive histogram equalisation are used to locally change the grey value of

pixels depending on the the brightness of neighbouring pixels in the image [287].

Image restoration, on the other hand, aims to retrieve information from images
that are degraded either by noise or blur [288]. Two common image restoration
algorithms are filtering and deconvolution. Image filtering can occur in the spa-
tial domain, for example through median filtering, by which every pixel intensity
value is changed to the median intensity value across a predetermined number of
its neighbours [289]. This type of filter is useful for reducing (or removing) noise
that occurs as small spots through the image [290]. Filtering can also occur in
the frequency domain, after applying a Fourier transform to the image to visu-
alise its frequency features. In the frequency domain, the details of the image
are described by high frequencies, whereas large, smooth structures correspond
to low frequencies [284]. Frequency-domain filters can be applied to specific fre-
quency ranges to obtain different image modifications: for example, high-pass
filters improve the sharpness of the image, whereas low-pass filters increase the

signal-to-noise ratio [291].

Deconvolution, on the other hand, is an iterative mathematical operation that
aims to eliminate the blur inherent to the optical system, through knowledge (or
estimation or calculation) of the point spread function [292|. Since the observed
image is given by the convolution of the ideal image with the object PSF, the ideal
image can be reconstructed through the inverse process - deconvolution. During
successive algorithm iterations, the ideal image is guessed, and a convolution
with the PSF is performed [80]. The result of this convolution is compared with

the blurred image, and a likelihood value for the estimation is calculated. The
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iterations continue with updated guesses until the likelihood value is maximised
[11], [293]. In deconvolution algorithms, the PSF can be either provided as a
separate image file or it can be estimated in a process called blind deconvolution
[11]. Crucially, transform analysis can introduce artefacts - features that do not
belong to the original image, which are usually more evident at the image borders
and can take the form of false texturing [288]. This is to be avoided since it leads

to misrepresentation of data and incorrect analysis of image parameters.

1.7 Research aims and objectives

The work presented in this thesis focuses on obtaining a deeper understanding
of E. coli biofilm morphology, more specifically of the network of intra-colony

channels, using quantitative imaging methods.

Firstly, since these channels are known to participate in nutrient transport, I
aimed to understand whether their size varied depending on the location within
the biofilm (i.e. between zones of varying nutrient accessibility). I aimed also to
learn whether the channel morphology changed with respect to the nutritional
profile of the growth substrate. To answer these questions, an image analy-
sis pipeline was designed to measure channel width at different radial positions
around the centre of the biofilm from microscopy images. This was possible
thanks to the subcellular resolution of Mesolens datasets being maintained across

whole biofilm micrographs, allowing to identify channels as small as 10 pm.

Secondly, as channel formation is an emergent property of E. coli biofilm growth,
their morphology is likely to be a result of mechanical forces during expansion
across the growth substrate. If this is the case, I aimed to understand whether

channel architecture changed depending on the shape of constituent cells. This
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was investigated using fractal analysis of images of biofilms formed by cell-shape
mutants of E. coli. The internal biofilm morphology formed by a normal rod-
shaped E. coli strain was compared to that formed by four mutant strains with
either long or wide cell phenotype by calculating box-counting fractal dimension

and lacunarity.

Thirdly, I aimed to investigate whether genetic engineering could be used to
elucidate the mechanism of channel formation in E. coli. While a single-gene
knockout mutant library of E. coli exists as the Keio collection, its parent strain
BW25113 is not suited for high-throughput mesoscopic imaging with the Mesolens
because immersion of biofilms formed by this strain with mounting medium,
required for refractive index matching, leads to biofilm dispersal to the planktonic
state. For this reason, an experimental framework for single-gene knockouts in
the E. coli strain JM105 mini-Tn7-gfp would be desirable. I conclude my thesis

by describing my work that aimed to produce such knockouts.
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Chapter 2

Quantification of nutrient-transporting channels
in Fscherichia coli biofilms using an open-source

image analysis pipeline

In this Chapter the width of nutrient-transporting channels in mature E. coli
biofilms was quantified for the first time using a custom image analysis pipeline.
The aim of this Chapter was to quantify the impact of environmental growth
conditions on the morphology of mature biofilms and on the structure and distri-
bution of intra-colony channels. This was carried out by growing E. coli biofilms
on rich and minimal medium nutrient substrates with changing agar concen-
tration (stiffness), and on minimal medium with various glucose and ammonium
chloride concentrations. A custom-made, open-source image analysis pipeline was
designed to measure channel width at different locations inside the biofilms, re-
vealing a non-linear relationship between channel width and radial distance from
the centre of the biofilms. Biofilms grown on glucose-limited substrates formed
wider biofilms than those grown on ammonium-limited substrates, suggesting

that channels might be important for the transport of carbon-based nutrients.

Sections of this Chapter have been adopted from Bottura et al. [294].
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2.1 Introduction

2.1.1 Biofilms burden on healthcare

Biofilms are biological structures formed by microorganisms in a variety of en-
vironments, and they consist of cells embedded in a self-secreted extracellular
matrix [112]. This matrix is mainly composed of EPSs, proteins and eDNA, and
offers physical support to the biofilm while protecting its constituent cells from
external biological and physio-chemical stresses. For example, biofilms are resis-
tant to mechanical clearance [295], [296] by external applied forces. These factors
result in the emergence of populations that exhibit increased resistance to a wide
range of deleterious agents when compared to planktonic cells [113]. In fact, a
decrease in efficiency of antibiotics for the killing of bacteria in the biofilm form
has been observed in various bacterial species such as S. aureus, P. aeruginosa

and E. coli [297].

This increased antibiotic tolerance can be attributed to a number of reasons:
for example, one of the factors that influences antibiotic uptake is the growth
rate, which is considerably slower for biofilms than for planktonic cells. This
makes growth-based antibiotics less effective on biofilms. Furthermore, numerous
studies have found that antibiotic resistance increases during the exponential
growth phase, and is higher for slow growth rates [298|. For example, highest
resistance to antibiotics was recorded at the stationary phase for Burkholderia
cepacia [299]. The abundance of extracellular matrix inside the biofilm also acts
as a physical barrier to the diffusion of antimicrobial agents. While the outer cells
can be reached by the antibiotic, those lying deeper into the biofilm structure can
be spared [300]. Specific niches within the biofilm, such as low oxygen regions

or sub-populations that differentiate into antibiotic resisters, also play a role in
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antibiotic resistance [301].

All these factors have in time contributed to the rise in antimicrobial resistance,
which poses a threat for many standard medical procedures making use of antibi-
otics. The number of patients infected by strains previously killed by common
antibiotics has dramatically increased in the last two decades. For example, a
2014 study by the World Health Organisation (WHO) [302] found that Strepto-
coccus pneumoniae’s resistance to penicillin occurred in 25% or more health cases
in 67 countries all over the world. Furthermore, 2.8 million antibiotic-resistant in-
fections with resulting 35,000 deaths are recorded every year in the United States
alone [303].

2.1.2 Effect of environmental conditions on biofilm growth

and architecture

It has long been known that bacterial growth rate and biomass formation depend
on the type and concentration of nutrients available, and that altering the nature
of growth substrates can influence the growth of planktonic bacteria [304]-306].
Nutrient availability also has profound effects on the morphology of developing
biofilms. For example, growth of B. subtilis biofilms occurs following the direction
of nutrient gradients [307] and is characterised by a fractal, branched morphology
on nutrient-limited substrates [308], [309]. Furthermore, P. aeruginosa biofilm
dispersal can be induced by a sudden increase in substrate carbon concentration
[310], but it can also be a result of carbon-based nutrient depletion [311]. Finally,
recent studies on single-species biofilms have identified cross-feeding mechanisms
for acetate, alanine, and other nutrients influencing biofilm viability and mor-

phology [312]-[314].
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The mechanical properties of the substrate are known to affect the initial stages
of biofilm formation, as they determine the extent of frictional forces between
the expanding bacterial population and the substrate, and between neighbouring
bacterial cells [170]. For example, a reduction in substrate stiffness can lead
to increased cell attachment onto hydrogels [315] and silicone polymers [316] by
the biofilm-forming model species E. coli, S. aureus and P. aeruginosa. Soft
substrates are also colonised more rapidly by E. coli cells [317], although this is

not due to increased cell motility [318].

The structure of biofilms is integral to their role in infection, with mechanical
deformation of soft substrates and epithelial cell monolayers being a major con-
tributor to pathogenicity [319]. The effect of environmental and surface properties
on biofilm growth parameters leads to biofilms being a major burden to public
health and industry [116]. For these reasons, a more precise understanding of

biofilm internal morphology is required.

2.1.3 Experimental aims

The aim of this Chapter was to determine the effect of growth substrate compo-
sition (specifically, nutrient availability and substrate stiffness) on mature biofilm
morphology and intra-colony channel structure. This question was addressed by
growing E. coli biofilms on agar substrates with different nutritional profiles, in
both nutrient-limited and nutrient-abundant conditions, and on substrates with
varying concentrations of agar. Biofilms were then imaged with the Mesolens
to capture intra-colony channel networks with sub-cellular resolution across the
whole biofilm. The width of individual channels was calculated at different radial
positions around the centre of the biofilm using an open-source image analysis

pipeline I developed for this purpose.

47



2.2 Materials and Methods

2.2.1 Bacterial strains and media

The non-pathogenic E. coli strain JM105 containing mini-Tn7-gfp [234], enabling
GFP fluorescence, was used throughout the study. Cultures were grown in either
Lysogeny Broth (LB) or M9 minimal medium, with composition as described in
Appendix A. Solid substrates were prepared by adding agar in concentrations of
20 g/L (LB agar) and 15 g/L (M9 agar) for nutrient concentration experiments.
For agar stiffness experiments, LB and M9 media substrates were prepared with

agar concentrations of 5 g/L, 10 g/L and 20 g/L.

2.2.2 E. coli liquid culture growth characterisation under

different nutrient conditions
2.2.2.1 Liquid culture specimen preparation

Mid-exponential growth phase liquid cultures of E. coli JM105 mini-Tn7-gfp were
prepared in LB medium as described in Appendix A, then washed and resus-
pended in 1x M9 salts. The cultures were diluted to an ODggg of 0.04, split in
individual tubes and supplemented with appropriate amounts of the nutrient of
interest. For carbon variation growth curves, the concentration of nitrogen was
kept constant at 18.7 mM, and for nitrogen variation growth curves the concen-
tration of carbon was kept constant at 66.7 mM. The nutrient concentrations were
chosen to be between 0 mM and 80 mM - for comparison, the nominal carbon
and nitrogen concentrations in M9 salts are 66.6 mM and 18.7 mM, respectively.
200 pL aliquots of liquid culture of each investigated carbon and nitrogen con-

centration were analysed in triplicate. Absorbance (ODgop) measurements were
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performed every 15 minutes for 24 hours using a Synergy HT plate reader (BioTek,

USA), with the plate being held at 37°C and shaken continuously.

2.2.2.2 Growth curves

Growth curves were produced for each nutrient concentration thanks to the Gen5
microplate software (BioTek, USA), and exported to MATLAB (MathWorks,
USA) for analysis. The average of the first absorbance value for each concentra-
tion was used as a baseline and subtracted from each growth curve. The y axis
was displayed on a logarithmic scale in order to identify the exponential growth
phase (the linear portion of the plot). A linear fit to this region was applied using
MATLAB’s Curve Fitting Toolbox by selecting an exponential function of the
form y = a exp(bx), with the specific growth rate corresponding to the coefficient
b. Errors on the specific growth rate plots were calculated as the standard devia-
tions across biological repeats for the same nutrient concentration. The duration
of the exponential growth phase varied depending on the nutrient concentration,
and lasted between 6 and 18 hours, hence the data points corresponding to ex-
ponential growth were selected manually as ranging from tgu.+ t0 tenq, as shown
in Table 2.1. The goodness of the exponential fit was checked for each dataset
through the resulting adjusted R-squared value, calculated in MATLAB, which
is also shown in Table 2.1. Growth curves and specific growth rates were plotted

in Python using matplotlib.

2.2.3 Mesolens imaging

All the data in this work was acquired using the Mesolens in either widefield

epi-fluorescence mode (for the rapid acquisition of biofilm images for channel
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structure quantification) or confocal laser scanning mode (to visualise the three-

dimensional architecture of biofilms).

Mesoscopic imaging of biofilms was performed with the lens in water immer-
sion, to match the refractive index of the mounting media (LB and M9), except
the 0.5% M9 agar datasets which were acquired in air, with no immersion or
mounting liquid. This was needed to preserve biofilm structure, because biofilms
grown 0.5% M9 agar were less adherent to the substrate and fully detached af-
ter addition of liquid mounting medium. The intra-colony channels formed by
these biofilms remained evident even though the lower refractive index resulted
in poorer spatial resolution (Figure 2.9d). The Mesolens collars were adjusted to

minimise spherical aberrations.

For widefield epi-fluorescence Mesolens imaging, fluorescence from GPF was ex-
cited by a 490 nm pE-4000 LED (CoolLED, UK), and emitted fluorescence was
directed through a 540 £ 10 nm bandpass filter before being detected by a VNP-
29MC sensor-shifting CCD camera (Vieworks, South Korea). In confocal laser
scanning mode, fluorescence from GFP was excited using a 488 nm laser (Mul-
tiline Laserbank, Cairn) delivering 5mW of optical power from the laser oscil-
lator. Fluorescence emission was filtered through a 525/39 nm bandpass filter
(MF525-39, Thorlabs, USA) before being detected using a PMT (PMMO02, Thor-
labs, USA). The emission path also included a 505 nm longpass dichroic mirror
(DMLP505R, Thorlabs, USA) to further reject backscattered laser light and di-

rect the fluorescence to the PMT.
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2.2.4 Image analysis
2.2.4.1 Image processing

Confocal z-stacks were displayed as a maximum intensity projection, colour coded
by depth in the z-direction using the “Fire” lookup table from FIJI (ImageJ ver-
sion 1.53¢). Where described, median-filtered widefield epi-fluorescence Mesolens
images (filter radius: 2 pixels) were deconvolved using the proprietary Huygens
Professional version 19.04 software (Scientific Volume Imaging, Netherlands). De-
convolution was performed after an in-built manual background subtraction and
a theoretical PSF estimation on Huygens, using the Classic Maximum Likelihood
Estimation method with 50 iterations, a signal-to-noise ratio of 40 and a quality

threshold of 0.01.

Mesolens images were brightness-adjusted and contrast-adjusted using FIJI for

presentation purposes [272].

2.2.4.2 Biofilm base area calculation

To calculate the base area of the biofilm, widefield epi-fluorescence Mesolens im-
ages were opened in FIJI, and thresholded using the “Adjust Threshold” tool,
using the mean of grey levels as the threshold value. The “Wand (tracing) tool”
was then used to select the biofilm mask, and the area was calculated using the
“Measure” function. The base area measurements were systematically underesti-
mated due to the thresholding method used by FIJI to create the binary mask.
Nonetheless, by using the same thresholding method on all images I ensured that
this limitation had comparable effects on all datasets. Biofilm thickness was cal-
culated by plotting z-axis profiles of confocal z-stacks in FIJI and calculating the

distance between the two minima on each profile.
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2.2.5 Intra-colony channel width calculation
2.2.5.1 Polar transformation

Intra-colony channel width was calculated using the image analysis workflow out-
lined in Figure 2.1. The pipeline made use of the FIJI plugin “Polar transformer”
[320], which performed an image transformation from polar to cartesian geom-
etry, as well as of two custom Python scripts. Initially, the coordinates of the
centre of the biofilm were calculated using the “Measure” function in FIJI applied
on an oval selection of the whole biofilm. The Polar Transformer plugin was then
launched, and the origin of transformation was manually entered as the coordi-
nates of the centre of the biofilm. The number of pixels for each degree in the
original image was set to 7200 within the plugin menu (corresponding to 20 pixels

for each degree over one full angular rotation).

2.2.5.2 Absence of distortions from the Polar Transformer plugin

To check that the Polar Transfomer plugin did not distort the original biofilm
structure, the plugin was used on a sample image of a bicycle wheel. As shown
in Figure 2.2, the bicycle spokes which go out radially from the centre (a) are
transformed into straight lines (b). Line profiles were obtained from the inverted,
polar-transformed image at radial distances of 100, 150 and 200 pixels from the
centre of the wheel (¢, d, e), and used within the Python code from Appendix
B. The pipeline correctly identified 16 “channels” (indicated by orange crosses)
at all three radial positions. Average channel widths were calculated as 6.218 +
0.091 pm, 6.229 4+ 0.157 pm and 6.304 £ 0.098 pm for radial distances of 100,

150 and 200 pixels respectively (f). The uncertainties in this example result from

53



‘A1jouioas rejod
Sursn wrr/ 09 syrun [pXId WOIJ POLISATOD ‘IPIM [PUURYD AUO[OI-RIJUI 0} papuodsertod Ajjuenb 1oyye] oy T, “eod yows Jo (Soul] [RIUOZLIOY
W0013) WNWIXRW-J[RY 18 [IPIM-[[N] oY) 9)R[NO[eD PUR (S9ss010 98urI0) syead oY) 9)ed0[ 0} I19PI1o Ul LIS WOISND ® M PISATRUR Sem
[euS1s o) aIoYM ‘UOIAJ 0} Pajiodxo olom SUOI}ID[AS UI[ [BIIIOA JO so[goid [euldlg "[f[4 Sulsn pojloAul sem o[qe} dn-yoo[ oy} pue
porsoadsep ‘poouryue-1SeIFU0D AJ[RO0] Sem 9FRWI SUIINSI O, "AIJOUW008 URIS9LIRD 0} Ie[od WOIJ UOI)eULIOSURI} ® pouLiofred yorym
‘urdn(d 1 IouLIojsuel], Iejod 9yl ojul Jndul oY) SIom S9IRUIPIOOD 9Y ], "W[YOI] oY) JO SIJU8D oY) JO S9)RUIPIOOD S} UTRI(O O} pasn

Sem TOIJD9[0S [RAO TR 2I9UM ‘[ Ul pouado sem 9FeuIl SUS[OSOJN 90UdsaIONf-1do PRYOPIM | "MOPIOM SISATeur oFew] :1'g 9INSI]

abew! papsaaul
: . $9]BUIPJO0D BIUSD Ulelqo

‘Papjoadsap 0} pesn UoIj08|8s |eA
‘paoueyus obew 1P 109188 |BAO
-}seqjuon pawojsuel)-iejod

Jeued snoiasid ul
aull ueAo woly ajyoid [eubig

(sj@xid) @suejsiq
000Z 0003 000S 000F OOOE 000Z Q00T 0

r 00S

| ,_R oo
__ U _,A,._f_

! |
L i _ ,_ F 0002
4l

[ELEIRN=ID]

- 0052

abew [euibuQ

54



"(J) 19730 YOS WIOIJ UOTJRLIRA O/ | B UIYIIM SI9M SUIPIM [9UURYD PAINSRIUL 81}
pue ‘soeull 9s91[) JO [OeD Ul ($9ss0I0 o8uelo) syead 9T poyljuapt 4dLIds UOYIAJ o, "oFewr o) Jo a1juad o1y wo (o) spxid (og pue
(p) spexad g7 ‘(o) spextd QT JO seoue)sIp [RIPRI Je [[]] UO paurejqo olom so[gold oul] ‘o8ewul pauriojsuel)-tejod o) SUIIIDAUL 109y
‘(q) uoryeurtojsuery rejod Aq SouI[ [eIIIIDA JYSIRIIS OJUI POULIOJSURI) dIe () oFewll [RUISLIO o) woy soxjods Surpuedxo A[peIiper oy,

‘PojRIgULS oIR $)0RJOLIR OU SUIMOYS [0 M J[DADI] ® JO WRISRIP DIJRWAYDS ) U0 Pasn Ursn[d IouLIojsurl], Ie[oJ Jo ojdurexy :g'z oInsrj

(s]ax1d) aaueisip |eipey (sjaxid) 20ue3siq
002 0ST 00T 000L 0003 0005 000F OOCE 00D 000L O
_ : : 6 o
Lo9 Q
“ 2 05
3
19
L ° 00T ©
= £
‘3 r2'9 & z
-
[] - 0ST ®
o €95
x 00z
o
H Lo @
(3) oz (3)
LG9
(sjaxid) 2ueisiqg (sjaxid) aauelsig
000/ 0009 0005 000y O0OCE 00CZ 000 O 000/ 0003 0005 00OF O0OCE 00O 000 O
T
0s 05
00t @ 00T ©

- [}

-~ -

T 7
0ST & 0ST &
00z 00z
w (P) PEELLTLTLETT D e ) ()

55



the splitting of channels at the edge of each line profile, but the overall variation

in calculated channel width is below 1.4%.

2.2.5.3 Image preprocessing

The polar-transformed image was contrast-adjusted using the “CLAHE” (Con-
trast Limited Adaptive Histogram Equalization, [321]) feature in FIJI with block
size 60, maximum slope 3 and 256 histogram bins to facilitate channel identifica-
tion. The image was then despeckled using the “Despeckle” function in FIJI in
order to remove noise. The image was also inverted, making intra-colony channels

appear light and cells dark, which facilitated the rest of the analysis.

2.2.5.4 Line profile signal analysis

Vertical line selections were taken at different x positions on the polar-transformed
image, corresponding to circumferences around the biofilm taken at different ra-
dial distances from its centre. Signal profiles were obtained for each line selection
using the “Plot profile” feature in FIJI. The signal was exported as a list of in-
tensity values paired with their position along with the circumference, and was
not fitted with a normal distribution. An enlarged image of the signal profile is

provided in Figure 2.3 to show this.

2.2.5.5 Python code to calculate channel width

Signal profiles of vertical line selections were exported to Python, where signal
peaks were located thanks to a custom script using the find_peaks() function
(Appendix B). For each For each radial position signal dataset, peak thresholding
was performed in order to exclude noise: peak prominence was chosen as 20% of

the difference between maximum and minimum signal, and a minimum distance
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find_peaks()
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Figure 2.3: Signal line profile showing the identified peaks as orange crosses and full-
width at half-maximum as green horizontal lines (left). The section corresponding to
the first 1000 pixels along the circumference is enlarged on the right panel, showing the

signal is not fitted with a normal distribution.

between adjacent peaks was selected as 9 pixels, which corresponds to the average
length of an E. coli cell (2 um) in a Mesolens widefield epifluorescence image.
Intra-colony channel widths were then calculated in pixel units as the full-width
at half-maximum of each peak, using the peak_widths() function. The actual
width of the channels in pm was converted according to the radial distance from

the centre, using polar coordinate geometry.

2.2.6 Variation of intra-colony channel width along the ra-

dial dimension

Intra-colony channel width was measured along whole circumferences at radius
intervals of 50 um, starting from an initial radius of 200 ym. This initial radius
value was chosen because at lower values, polar transformed images were distorted
and signal analysis was not reliable. Because of the ellipticity of the biofilms,

polar-transformed images appeared as rectangles with a non-straight right side
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(Figure 2.1), corresponding to the perimeter of the biofilm. Regions beyond which
a full circumference could not be obtained for the biofilm were excluded from the

analysis.

Channel widths were measured for biofilms grown on the four nutrient conditions
and are described in the Results section. Three biological replicates were used
for each condition, giving a total sample size of 12 biofilms. An exponential fit
was applied to each plot of channel width against radius, and R-squared values
for the fit were computed for each dataset. The number of channels identified by
the script varied between radial positions, and was highest for the intermediate
radii. This is likely due to the fractal nature of intra-colony channels, which have

sharp changes in direction and fold on themselves inside the biofilm.

To compare channel widths across different nutrient concentrations of the sub-
strate, intra-colony channel width was calculated at three normalised radial posi-
tions (full radius, 50% radius and 20% radius) to investigate the effect of nutrient
concentration. Datasets were acquired for each of the following nutrient concen-
trations: 15 mM carbon (8 biofilms, giving 1062 channels), 200 mM carbon (7
biofilms, giving 1424 channels), 2.5 mM nitrogen (9 biofilms, giving 1524 chan-

nels) and 10 mM nitrogen (4 biofilms, giving 507 channels).

2.2.7 Statistical analysis

The comparison of biofilm base areas and channel widths under different nutrient
availability and agar concentration was performed by means of a Mann-Whitney
U rank test, chosen because datasets were not normally distributed and had
unequal sample sizes. The tests were performed using the scipy.stats.mann
whitneyu() function in Python. P-values smaller than 0.05 were considered

statistically significant.

58


scipy.stats.mannwhitneyu()
scipy.stats.mannwhitneyu()

Biofilm base area and intra-colony channel measurements were displayed using
Python’s seaborn.boxplot() and seaborn.stripplot() plotting tools, where
the first and third quartile of the data (Q1 and Q3) are enclosed by a box which
contains 50% of the data (the interquartile range, or IQR). The median is shown
as a horizontal line inside each box, whereas the capped bars are the “minimum”
and maximum” values, which are found a distance of 1.5*IQR above and below
the Q3 and Q1 respectively. Average values for each measurement are shown as
white diamonds. Outliers were removed by excluding data points which had a
modified z-score greater than 3. The modified z-score was calculated using the

median absolute deviation as described in [322] for non-normally distributed data.

2.3 Results

2.3.1 Nutrient availability affects biofilm morphology at

the mesoscale

To test how biofilm morphology was affected by nutrient availability, specific
carbon and nitrogen limiting conditions were determined for F. coli JM105 mini-
Tn7-gfp (Figure 2.4). Carbon and nitrogen were limited by controlling the nu-
trient concentrations of the growth media (glucose and ammonium chloride, re-
spectively). The limiting carbon concentration was 15 + 5 mM (C:N ratio of
1:1.25) and the limiting nitrogen concentration was 2.5 + 1.5 mM (C:N ratio
27:1). These are broadly comparable with previous E. coli growth experiments

in minimal medium [323].

The impact of nutrient concentration on biofilm morphology was investigated by
measuring the global biofilm property of base area as a proxy for colony size

and spreading (Figure 2.5). Biofilms grown on glucose-limited substrates and
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those grown on ammonium-limited substrates were similar in size (p = 0.796),
whereas glucose excess led to larger biofilms than ammonium excess (p = 8.15 X
1075). As expected, biofilms grown on glucose-rich media were larger than those

grown under glucose limitation (p = 1.97 x 107°). These data show that glucose
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Figure 2.4: Growth curves (top panels) and specific growth rates (bottom panels) of
E. coli JM105 mini-Tn7-gfp liquid cultures grown in M9 minimal medium with various
carbon (a, ¢) and nitrogen (b, d) concentrations, obtained by varying the amounts
of glucose or ammonium chloride in the medium. FError bars on growth curve plots
represent the standard deviation across three biological repeats. The growth curve for
the lowest carbon concentration in a (0 mM) is not shown as it consisted of a baseline
of non-growing cells. The data point at 80 mM carbon (c) is likely due to saturation,

especially if we consider that the nominal carbon concentration in M9 medium is 67

mM.
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Figure 2.5: Base area of E. coli JM105 mini-Tn7-gfp biofilms calculated for four nutrient

conditions. Average biofilm areas are 1.374 & 0.118 mm? (glucose-limited biofilms, n =
16), 3.738 & 0.510 mm? (glucose-rich biofilms, n = 11), 1.668 4 0.166 mm? (ammonium-
limited biofilms, n = 18) and 1.370 4 0.129 mm? (ammonium-rich biofilms, n = 11).
Uncertainties correspond to standard errors of the mean across biological repeats (n >
11 for each condition). Mann-Whitney U rank tests were performed on the data, with
relevant p-values shown. Average values are shown as white diamonds, whereas boxes
represent the interquartile range (with median values shown as horizontal lines inside

each box).

availability is the limiting factor governing biofilm base area during growth on

minimal medium.

Biofilm maximum intensity projection images (Figure 2.6) which were colour-
coded by depth also indicated that not all biofilms had the uniform dome-shaped
structure typical of E. coli biofilms [324], [325]. Instead, from Figure 2.6¢c we
observed that the thickest region of the biofilm was located at an intermediate
radius, between the centre and the edge of the biofilm. A phenomenon similar to

colony sectoring was observed on glucose-limited substrates (Figure 2.6a), where

61



Figure 2.6: E. coli JM105 mini-Tn7-gfp biofilms grown on M9 minimal medium sub-

strates with 15 mM carbon (a), 200 mM carbon (b), 2.5 mM nitrogen (c¢) and 10 mM
nitrogen (d) concentrations. Intra-colony channel patterns appear radially expanding
from the centre on nutrient-limited substrates (a,c), whereas they have a fractal struc-
ture with sharp turns on nutrient-sufficient substrates (b,d). Confocal z-stacks made of
images separated by 3 pum in the z-direction are displayed as hyperstacks and colour-
coded in the axial direction, with purple corresponding to the base of the biofilm and

white corresponding to the top. Scale bars: 500 pm.
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radial sections of the biofilm had a considerably lower fluorescence signal than the
rest of the biofilm. The pattern of intra-colony channels was also distributed het-
erogeneously inside the biofilm depending on the nutrient availability. Channels
grown on nutrient-limited substrates appeared to expand radially outwards from
the centre in approximately straight lines, whereas on nutrient-rich substrates
the channels often changed direction sharply and did not follow a straight line.
These observations confirm that the morphology of E. coli biofilms is strongly

determined by nutrient availability.

2.3.2 Intra-colony channel width increases non-linearly with

radial distance from the centre of the biofilm

Channel width was measured along whole circumferences in F. coli JM105 mini-
Tn7-gfp biofilms grown on M9 minimal medium substrates with limitation and
excess of both glucose and ammonium chloride. The average channel width was
plotted against radial distance from the centre of the biofilm, revealing a non-
linear increase in width with radius. Representative plots of n = 3 repeats for each
nutrient condition are shown in Figure 2.7. The minimum observed channel width
was between 10 ym and 15 pm, and corresponded to the innermost region of the
biofilm (at 200 pm radius). This value was not limited by the spatial resolution
of the image datasets, but rather by the smallest radial distance at which channel

width could be accurately measured by the image analysis pipeline.

The modality of increase in intra-colony channel width was explored by applying
linear and exponential fits to each dataset, and R-squared values were calculated
for each fit. Average R-squared values for linear fits were 0.816 for 15 mM car-
bon, 0.855 for 200 mM carbon, 0.825 for 2.5 mM nitrogen and 0.813 for 10 mM

nitrogen. Average R-squared values for exponential fits were 0.845 for 15 mM
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Figure 2.7: Non-linear channel width variation across the radial direction for E. coli
JM105 mini-Tn7-gfp biofilms grown on M9 minimal medium substrates with 15 mM
carbon (a), 200 mM carbon (b), 2.5 mM nitrogen (c¢) and 10 mM nitrogen (d). Each
plot is representative of n = 3 biological repeats. Average values are shown as white
diamonds, whereas boxes represent the interquartile range (with median values shown

as horizontal lines inside each box).

carbon, 0.880 for 200 mM carbon, 0.882 for 2.5 mM nitrogen and 0.892 for 10
mM nitrogen. By verifying that the increase in channel width along the biofilm
radius was non-linear, it was concluded that this change was not just a result of

polar geometry.
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2.3.3 Glucose-limited biofilms possess wider channels than

ammonium-limited biofilms

To investigate the effect of nutrient availability on intra-colony channel width,
colonial biofilms were grown on substrates with a range of nutrient concentra-
tions: 15 mM carbon (n = 8 biofilms), 200 mM carbon (n = 7 biofilms), 2.5
mM nitrogen (n = 9 biofilms) and 10 mM nitrogen (n = 4 biofilms). Intra-
colony channel width was compared across nutrient conditions at three normalised
radial positions (Figure 2.8), revealing that channels were approximately 25%

wider on glucose-limited substrates than on ammonium-limited substrates inside
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Figure 2.8: Intra-colony channel width calculated at three normalised radial positions
(20% radius, 50% radius and full radius, labelled as 0.2 R, 0.5 R and R respec-
tively). Channels were approximately 25% wider on glucose-limited substrates than
on ammonium-limited substrates at the mid-radius region of each biofilm, where chan-
nel widths measured on average 13.78 pym under glucose limitation and 11.27 ym under
ammonium limitation (uncertainties correspond to standard error on the mean across

each dataset).
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the biofilm. This increase was most significant at the mid-radius region of each
biofilm, where channel widths measured on average 21.25 4+ 1.26 pym under glu-

cose limitation and 14.38 + 0.71 pum under ammonium limitation.

These data suggest that carbon- and nitrogen-based nutrients mechanistically
affect channel morphology in different manners. The density of channels detected
inside the biofilm also varied differently depending on the nutrient source, and

was largest at mid-radius.

2.3.4 Substrate stiffness affects channel density and biofilm

base area

The effect of substrate stiffness (determined by agar concentration) on internal
biofilm morphology was investigated by imaging biofilms grown on soft and hard
agar substrates, in both rich and minimal medium (Figure 2.9). An increase
in out-of-focus fluorescence for biofilms grown on rich medium substrates was
observed compared to biofilms grown on minimal medium substrates. On minimal
medium, channel borders were better resolved due to the higher contrast relative
to the rest of the biofilm. On rich medium, the density of intra-colony channels
increased with decreasing substrate stiffness. On 0.5% agar LB substrates (Figure
2.9a) channels were densely packed in the whole biofilm, while some widely-
separated channels progressively appeared on portions of biofilms grown on stiffer

substrates (1% and 2% agar concentration, Figure 2.9b and 2.9¢ respectively).

Varying agar concentration was also associated with a change in biofilm base area
for both rich and minimal medium substrates (Figure 2.10). On rich LB medium

substrates, decreasing agar concentration resulted in an increase in biofilm base
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Figure 2.9: Regions of interest (ROIs) showing intra-colony channel morphologies of
E. coli JM105 mini-Tn7-gfp biofilms grown on solid LB rich medium (top) and solid
M9 minimal medium (bottom). The agar concentrations of the substrates were 0.5%
(a,d), 1% (b,e) and 2% (c,f). All images were acquired using the Mesolens in widefield
epi-fluorescence mode. The images were acquired with LB or M9 mounting medium
and the Mesolens in water immersion, except for panel d, which was acquired in air
with no mounting liquid to prevent the colony from detaching from the substrate. All

images were deconvolved using Huygens proprietary software. Scale bars: 500 pm.

area, whereas the effect was opposite on M9 minimal medium substrates. Mann-
Whitney U rank tests were performed between the 0.5% and the 2% agar con-
centration data for both rich and minimal medium, and revealed that increasing
agar stiffness had similar effects on biofilm base area for minimal medium (p =
0.0221) and rich medium (p = 0.0180). However, increasing agar concentration
led to an increase in biofilm base area for minimal medium, and a reduction for

rich medium. The difference in base area between biofilms grown on rich and
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minimal medium substrates was most significant at 0.5% agar concentration (p

— 0.0092).
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Figure 2.10: E. coli JM105 mini-Tn7-gfp biofilm base area calculated for three different
agar concentrations of the substrate, in both rich (LB) and minimal (M9) medium.
Average areas of biofilms grown on rich medium are 3.854 + 0.772 mm? (0.5% agar, n
= 13 biofilms), 3.080 & 0.477 mm? (1% agar, n = 15 biofilms) and 1.733 4 0.245 mm?
(2% agar, n = 12 biofilms). Average areas of biofilms grown on minimal medium are
1.387 4+ 0.142 mm? (0.5% agar, n = 9 biofilms), 2.434 + 0.184 mm? (1% agar, n =
12 biofilms) and 2.253 + 0.224 (2% agar, n = 18 biofilms). Uncertainties correspond
to standard errors on the mean across biological repeats. Mann-Whitney U rank tests
were performed on the data, with relevant p-values shown. Average values are shown as
white diamonds, whereas boxes represent the interquartile range (with median values

shown as horizontal lines inside each box).
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2.4 Discussion

This study constitutes the first quantitative analysis of intra-colony channels in
mature E. coli biofilms. Using a simple custom image analysis pipeline developed
for the open-source software FIJI and the Python programming language, it was
possible to quantify intra-colony channel width subject to various environmental
conditions. It was found that channel morphology was affected by both the type
of substrate (rich or minimal medium) and by substrate properties (nutrient and

agar concentration).

Environmental conditions altered the distribution of intra-colony channels inside
biofilms. Channels formed on substrates with limiting carbon or nitrogen concen-
trations expanded radially outwards, in approximately straight lines. This could
be because bacteria growing on nutrient-depleted substrates adhere less strongly
on the surface of attachment, and expand more rapidly [208], or may be indica-
tive of nutrient foraging behaviour. Conversely, channels formed on nutrient-rich
substrates exhibited complex patterns resembling fractals. It is hypothesised that
this type of structure emerges due to rapid cell growth and larger cell dimensions,
thereby resulting in a tighter network of channels. This in turn enables a greater
proportion of cells to access the nutrients that are transported within the biofilm.
A recent study by Fei et al. [170] highlighted two distinct types of patterns
forming on the surface of V. cholerae biofilms, namely radial stripes and zigzag
herringbone patterns. Conversely, the biofilms in our study always involved the
same type of fractal patterns: intra-colony channel structures had homogeneous
morphology, with only width and spacing varying depending on environmental

conditions.
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Furthermore, we found that agar concentration in the substrate affected intra-
colony channel density on rich medium substrates: channels were tightly packed
and had a uniform, narrow width on semi-solid substrates, but as the agar con-
centration increased, wider channels appeared in portions of the biofilm. This
observation appears to be in contrast with previous work on V. cholerae biofilms,
where homogeneity in radial feature distribution and spacing at the edge of ma-

ture biofilms increased with agar stiffness [167].

An increase in out-of-focus fluorescence was also observed in widefield epi-
fluorescence images of biofilms grown on rich medium compared to those grown
on minimal medium. The fluorescence signal inside channels was likely due to
bacterial cells being present inside them, as a result of movement inside the
biofilm, collective reorientation [165] or shedding of cells from the inner walls of
the channels. Previous studies on V. cholerae [326] confirmed that expansion
in the depth direction is dependent on friction between the substrate and the
expanding cells, with softer substrates leading to flatter biofilms than stiff sub-
strates. This could explain the reduction in contrast between channel border and
constituent cells observed on stiff rich medium substrates. A variation in internal
biofilm architecture along the depth direction has also previously been reported
for E. coli growing on agar substrates [327] and was attributed to differences
in extracellular matrix components assembly and organisation inside the biofilm

volume.

The variation in channel width inside mature biofilms was discovered to increase
non-linearly along the radial direction from the centre of the biofilm under all nu-
trient conditions. Remarkably, channels were on average 25% wider at the centre
of glucose-limited media than inside ammonium-limited media, which suggests

that they are more important for the transport of carbon-based nutrients. The
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increase in channel width at the edge of the biofilm could be due to rapid cell
growth in nutrient-rich conditions [328|. This would result in non-uniform ra-
dial expansion, as previously observed for B. subtilis [208] and V. cholerae [170],
suggesting that variations in channel width are an emergent property of E. coli

biofilm growth.

The mesoscopic effects of nutrient limitation were studied by calculating biofilm
substrate area. Nutrient abundance in the substrate, achieved by increasing the
amounts of either glucose or ammonia, led to larger biofilms than nutrient lim-
itation. Biofilm base area was most significantly affected by the glucose con-
centration in the growth substrate and was 2.7 times larger for biofilms grown
on glucose excess than on glucose limitation. On the other hand, increasing the
ammonium concentration on a substrate with sufficient glucose availability did
not significantly affect biofilm base area. These findings agree with the reported
increase of biofilm formation with glucose concentration in Staphylococcus species
[329] and the increase in colony size with glucose concentration for E. coli [330]
and yeast [331]. While it is known that growth rate limitations and carrying
capacity limitations differ due to the change in growth condition (homogeneous
mixed environment or growth on a solid surface) [332], our data show a similar

response to both conditions.

The effect of agar concentration on biofilm base area varied based on the nutri-
tional profile of the substrate. An increase in agar concentration in rich medium
was associated with a reduction in biofilm base area, due to slower radial ex-
pansion of biofilms on the surface brought by stronger frictional forces [324]. An
increase in agar concentration could also affect biofilm base area by decreasing
the level of swarming motility [333]. The trend of increased base area with de-

creased agar stiffness has previously been observed in V. cholerae biofilms grown
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on LB medium with different agar concentrations [170]. However in this work
the opposite trend was observed on minimal medium: biofilms grown on stiff
substrates had a base area on average 1.6 times larger than those grown on semi-
solid substrates. This could be due to faster assimilation of nutrients occurring
on semi-solid minimal media with respect to stiff minimal media, causing a halt
to radial expansion. Finally, biofilm base area was on average almost 2.5 times
larger on semi-solid rich medium substrates than on semi-solid minimal medium
substrates. The slower growth of F. coli in minimal medium with respect to
rich medium (with average doubling times of 18 4+ 0.5 minutes in LB and 38 +
1.1 minutes in M9-glucose [334]) can explain this difference in biofilm base area
only in part, since no significant difference in base area between rich and minimal

medium substrates was observed at higher agar concentrations of 1% and 2%.

Studying biofilm internal patterns at the cellular level is a task mostly performed
using theoretical modelling and computer simulations [324], [335]-[338]. Experi-
mental approaches in imaging biofilms at single-cell resolution [179], [266], [269]
have been limited in the total biofilm size that can be imaged at once (under 100
pm?). The combination of mesoscale imaging and open-source image analysis
tools has proven to be an essential platform technology to identify and quantify
internal structure in larger biofilms than an ordinary microscope can accommo-
date. The image analysis pipeline presented in this work provides precise and
absolute measurements of intra-colony channel widths in response to specific en-
vironmental conditions and gives new insights into the role of nutrient availability
in biofilm growth and sustenance. It can also be used without adaptation to val-
idate existing numerical simulations of mature colony biofilm structure, or it can
be readily applied for the quantification of any internal patterns and structures

in a wide range of biofilms.
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2.5 Conclusions

In summary, this Chapter has provided a platform for the identification and quan-
tification of individual nutrient-transporting channels in E. coli biofilms from
mesoscopic images. Changes in channel architecture observed during growth on
various nutritional profiles were ascribed to differences in biofilm expansion rate
and cellular adhesion occurring on different growth media. A possible mecha-
nism of nutrient transport through the channel network was proposed to follow
fluid dynamics behaviour, leading to increased flow of nutrients at the centre of
the biofilm where channels are narrower. This work would benefit from an ex-
tension of the image analysis pipeline to accommodate whole confocal z-stacks
of biofilms, in order to measure the changes in channel width over the depth
direction. Nonetheless, I predict this improvement would result in a significant

increase in data size, and would therefore require more computational power.
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Chapter 3

Fractal analysis of biofilms formed by cell-shape

mutants of Escherichia col:

In this Chapter, fractal geometry image analysis tools were used to quantify the
morphology of nutrient-transporting channels in E. coli biofilms, with the aim
of investigating the effect of bacterial cell shape on their architecture. This was
achieved by imaging biofilms formed by four F. coli bacterial strains with differ-
ent cell shape mutations and then calculating the fractal geometry quantities of
box-counting dimension and lacunarity from each image. While cell shape was
found not to be uniquely responsible for the morphological complexity of channel
networks, fractal morphometry has proven to be a powerful tool for the com-
parison of biofilm internal architectures. The analysis presented in this Chapter
could be implemented on a larger scale of phenotypic mutations with the aim of

elucidating the genetic determinants of channel formation in F. coli.

Sections of this Chapter have been adopted from Bottura et al. [339].
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3.1 Introduction

3.1.1 Fractal geometry fundamentals

Fractal patterns (from the Latin word fractus, “broken”) consist of self-similar
structures which are repeated at different spatial scales. In computer-generated
fractals, the pattern looks the same no matter the scale at which it is observed
[340]. One of the most famous examples of fractal patterns is the Koch curve
(Figure 3.1), first described by von Koch in 1904 [341]. In fractal geometry, the
complexity of the generated shape increases with every iteration step. As such,
it can be difficult to quantify. The length of the pattern is infinite (it increases
with each iteration step), but the curve itself can fit into a finite space [342].
Mandelbrot showed that the total number of self-similar fragments N in a fractal
image is given by N = 1/SP, where S is the scale factor and D is the fractal

dimension of the curve. The fractal dimension can then be calculated by [343]

_ log(N)
D= 075 (3.1)

In the case of the Koch curve, during each iteration each line is replaced by
N = 4 lines of length 1/3 of the original (the scale factor). This means that after
n iterations, the total length of the Koch curve L(n) is given by (4/3)", and the

fractal dimension of the Koch curve is log(4)/log(3) = 1.26 [344].

While this definition of fractal dimension is useful for mathematical fractals, it is
not routinely used to analyse naturally-occurring fractal patterns. In those cases,
the box-counting method is used instead [345]. The box-counting algorithm,
originally named reticular cell-counting method [346], works by dividing the image

containing the fractal pattern into a finite number of boxes of equal size, and
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Figure 3.1: Koch curve. Each subsequent form of the curve (E,) can be generated by
adding two sides of an equilateral triangle in the middle of each straight line segment.
Figure adapted from [340] and reproduced with permission from John Wiley and Sons
(license number 5673800347216).

counting how many boxes contain the pattern outline. The box-counting fractal

dimension Dp is then given by

(3.2)

where ¢ is the side length of the box and N(e) is the number of boxes used to
cover the image [347|. In practice, the measurement of the box-counting fractal
dimension is achieved by a least-square line fit to the plot of logN(g) versus 1/e,

with the slope of the fitted line corresponding to the box-counting dimension
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[348].
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Figure 3.2: Schematic figure showing the quantities involved in the gliding box algorithm
proposed by Allain and Cloitre, used to estimate lacunarity from an image. Figure re-

produced from [349| with permission from APS (license number RNP/23/NOV /072221).

Another important parameter to describe fractal dimensions is lacunarity (from
the Latin word lacuna, meaning “cavity” or “emptiness”), which pertains to the
holes or empty spaces in a pattern, and is defined as “the deviation of a fractal
from being translationally invariant” [350], [351]. Traditionally, lacunarity has
been calculated using the gliding box algorithm. Here, the pattern consists of
a number of particles of fixed size ¢ distributed on a lattice of size 2a, upon
which a box of radius r slides in all possible manners from one point to another
along the lattice (Figure 3.2) [349]. The lacunarity, A of the pattern is propor-
tional to the probability M(r) that the sliding box of radius r contains a particle.

Mathematically, lacunarity is given by

(3.3)

7



where 0% and p represent the variance and the mean, respectively, of the particle’s
mass distribution probability [352]. Crucially, lacunarity is also a measure of how
diverse the holes are in a pattern: if the holes are all of the same size the lacunarity
will be low, whereas if the holes are of different sizes the lacunarity will be much

higher [349].

3.1.2 Fractal image analysis algorithms

Fractal geometry has been used extensively to study and quantify many biological
structures at various scales [353], through image analysis of microscopy data. In
particular, the outline of expanding biofilms has been described in terms of frac-
tal dimension, often through the use of custom-written image analysis programs
[354]-[356], whereas other studies [357]-[359] have adopted the box-counting di-

mension defined in Equation 3.2.

In practice, several algorithms are available to calculate the box-counting di-
mension from a digital image. Many of these construct a 3D image by keep-
ing the original pattern in the z-y dimension, and adding a z dimension repre-
senting the greyscale levels [360]. For example, in the differential box-counting
(DBC) method proposed by Sarkar et al. [361], the z-y space is divided into non-
overlapping boxes of size r, over which a certain number of r X r X h boxes are
needed to cover the pattern in the grey-level (z) dimension, as shown in Figure
3.3 [362]. At every (i, ) box of size r, the number of r x r x h boxes required

to cover the image pattern is given by

.. Imax 9min

where ¢nae and gmi, are the maximum and minimum greyscale levels present
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[

Figure 3.3: Schematic diagram showing the quantities involved in the estimation of

i—r—b

the box-counting dimension using the differential box-counting (DBC) algorithm. The
image is partitioned in non-overlapping boxes of size r (blue box). In the z direction, the
pattern is covered by a number of r X7 x h boxes dependent on the average greyscale level
of each corresponding z-y box. Image created in draw.io (https://app.diagrams.net/,

JGraph).

on the (4, )" box [363]. The DBC dimension is then calculated by least-square
fitting the log-log plot of N, versus 1/r, where N, is obtained by summing n,. over
all (i, j) contributions [361]. A requirement for this algorithm is that the box size
should be larger than the resolution limit of the system to avoid non-linear regions
in the log-log plot [347|. This version of the box-counting dimension algorithm
has been used extensively in feature extraction on a vast sample of images thanks

to its low computational complexity and high efficiency [364].

However, the DBC method can lead to incorrect estimates of fractal dimension
when the number of boxes used to cover the pattern in either the z-y or z direction
is overcounted or undercounted. This is usually due to the fact that in DBC the
boxes are applied to the image in a fixed (non-sliding) way [365]. This issue can
be overcome for example by modifying the algorithm to allow for the box to shift

along the image [366]. An alternative improvement on the DBC algorithm is
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given by the relative differential box-counting (RDBC) method, which modifies

the upper and lower greyscale limits to which the DBC algorithm is applied [367].

Lacunarity is usually calculated either through the gliding box algorithm pre-
sented by Allain and Cloitre [349], or through a modification of the box-counting
algorithm. As for fractal dimension estimations, lacunarity algorithms also are
modified to account for image greyscale levels [368|. The accuracy of lacunar-
ity estimation algorithms is affected by image resolution and by the choice of

algorithm [369].

3.1.3 Fractal patterns in biofilms

Fractal geometry has previously been proposed as a tool for the investigation
of microbial growth patterns [370], and it has since been employed to quan-
tify biofilm morphology from microscopy images [358], [371], [372], to describe
colony morphogenesis in gram-negative rod-shaped bacteria [373|, and to analyse

nutrient-limited growth patterns [357].

In E. coli, fractal patterns mostly exist as cellular aggregates of co-cultured iso-
genic strains expressing different fluorescent markers (Figure 3.4), which can be
simultaneously expressed in numbers as high as 11 [374]. These types of fractal
boundaries can be engineered through stochastic plasmid segregation, achieved
by modifying the selective pressure on growing cells [268]. The fractal boundary
between isogenic strains is formed during uniaxial cell growth and division, and
can be a result of local instabilities [375]. The degree of self-similarity across
these boundaries, usually measured through their fractal dimension, depends on
the properties of the constituent cells. For example, computer modelling of rigid,
dividing rods subject to drag and intercellular forces shows that self-similarity in-

creases with cell length at division [189]. The fractal dimension of strain borders
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is much lower for spherical mutant aggregates of E. coli, both in modelling and
in vivo, which suggests that fractal domains are specific to rod-shaped bacterial
cells. This is further confirmed by the presence of similar fractal domains in iso-
genic cocultures of B. subtilis [375]. Intercellular adhesion, which is responsible
for the adhesion of cells to other cells and to external surfaces, is also associated

with increased mixing in isogenic fractal domains [192].

The formation of fractal domains can be also be due to genetic drift. This is the
process by which some of the many mutations present in a population are lost in
the subsequent generations [376]. Genetic drift often leads to a positive feedback
loop, whereby mutant populations with a fitness advantage grow faster and ex-
pand more rapidly than the others, hence obtaining greater access to nutrients at
the periphery of the colony [377]. This mechanism is called allele surfing, which
is a dynamic process that can shape the morphology of the mature biofilm [200].
The same process is responsible for the formation of large mutant sectors inside
biofilms [378]: for example, random genetic segregation of fluorescent markers
within isogenic bacterial strains can form well-separated, single-colour sectors

inside bacterial colonies [201].

Fractal boundaries are also observed in E. coli co-cultures of cross-feeding strains.
The type of social interaction determines the level of spatial mixing between the
two strains: cooperative behaviour leads to high mixing where each strain main-
tains an approximately constant patch width, whereas in a competitive scenario
the strains are well-separated into lager patches [202|. A similar phenomenon
is observed in the yeast species Saccharomyces cerevisiae, where cooperative be-
haviour results in a higher degree of population mixing than competitive or com-
mensal behaviour [194]. Metabolic interactions between isogenic strains can lead

to different patterns of self-organisation, from uniform radial expansion to the
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a Obl. M Fac. M Comp.

Figure 3.4: Fractal patterns formed during isogenic strain mixing. (a) Cross-feeding
strains experiencing obligatory mutualism (Obl. M), facultative mutualism (Fac. M),
and competition (Comp). Boundaries have uniform width in the first two cases, whereas
the competitive scenario shows an increasing boundary width. Adapted from [202]. (b)
Detected boundary mixing is lower for non-adhesive strains (left) than for adhesive
strains (right). Scale bars 50 ym. Adapted from [192]. (c¢) Cell polarity-driven instabil-

ities leading to fractal domain segregation. Scale bar 100 ym. Adapted from [375].

formation of dendritic niches at the colony edge [379).

A different example of fractal pattern formation (Figure 3.5) can be seen dur-
ing bacterial growth in nutrient-depleted substrates [380]. In this case, bacteria

such as Bacillus subtilis [381] and Serratia marcescens |382], and fungi such as
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Aspergillus nidulans [383] adopt a branched morphology as a nutrient scavenging
mechanism. These patterns have traditionally been modelled by diffusion-limited
growth [384], whereby single particles undergo a random walk on a lattice until
they encounter another particle [385]. Given the high dependency of colony mor-
phology on nutrient availability, it is hypothesised that fractal branching patterns

are developed to obtain a growth advantage in a nutrient-limited environment

357], [386].

Figure 3.5: (a) Fractal patterns produced during diffusion-limited growth in B. subtilis
grown on 1 g/l peptone. Figure reproduced from [387] with permission from Elsevier
(license number 5673820595999). (b, ¢) Colony morphologies modelled by diffusion-
reaction equations with low (b) and high (c) nutrient diffusivity coefficients. Figures

adapted from [388].

The network of nutrient-transporting channels recently identified in E. coli biofilms
[209] also exhibits a complex 3D morphology. The spatial structure of these
emergent channels bears a striking resemblance to the fractal boundary pattern-
ing described in multi-strain co-culture biofilms, although these channels are not
occupied by cells. In the previous Chapter, I measured the width of individual

channels at different locations within the biofilm and showed that the channel

83



architecture is affected by environmental growth conditions [294], but a quantifi-
cation of channel morphology at the whole-biofilm scale has not been performed

to date.

3.1.4 Cell-shape mutants of E. coli and the Keio collection

Bacteria can regulate their cell shape in response to environmental changes, such
as changes in nutrient availability, viscosity, external forces, or the presence of
predators. They can also change their cell morphology to better perform the
fundamental molecular process of division [389]. In rod-shaped bacteria such as
E. coli, cell division occurs by elongation along the long axis [390] followed by the
formation of a septum along the middle of the cell, which progressively tightens
and leads to cell splitting. The maintenance of the rod shape is controlled by
regulation of cell wall synthesis, which in turn is mainly controlled by the proteins
MreB and RodZ [391]. Septation is regulated by the filamentous temperature-
sensitive (fts) genes [392|, [393], which encode for the protein FtsZ, responsible
for the formation of the Z ring [394]. Nonetheless, mutations on many other
genes have been shown to alter F. coli cell length and width, often leading to the

formation of spherical cells [395]-[399].

One of the ways to determine the function of a gene is by site-directed muta-
genesis, a laboratory technique whereby genetic modifications of the DNA are
induced by molecular biology methods such as PCR [400]. The Keio collection
[401], a library of knockouts of most non-essential genes in the E. coli K-12 strain
BW25113, is a prime example of large-scale site-directed mutagenesis. The gene
inactivations were performed using the method by Datsenko and Wanner [402],

whereby the gene of interest was replaced with a kanamycin resistance cassette.
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The Keio collection has been used for phenotypic analysis in various areas of mi-
crobiology, including studies of cell morphology and nutrient metabolism [403],
[404]. The phenotypic analysis carried out by by Campos et al. [405] showed that
approximately 20% of non-essential gene inactivations in the Keio collection led
to a variation in cell shape and size, though it is important to note that mutations

altering cell shape also affect physiological processes [389].

3.1.5 Experimental aims

The first aim of this chapter was to characterise the cell shape phenotype of the
four mutant strains AamiA::kan, AguaB::kan, AompR:kan and AydgD::kan from
the Keio collection, hereby named AamiA, AguaB, AompR and AydgD respec-
tively. The genotype of the strains was checked via PCR and amplicon sequenc-
ing, and the cell phenotype was confirmed and quantified through phase-contrast
microscopy. The second aim of this Chapter was to quantify the morphological
complexity of channel networks formed by these strains under different growth
conditions. This was achieved through open-source image analysis of confocal
micrographs of mature colony biofilms and using the FIJI plugins twombli and
ComsystanJ to calculate the fractal geometry quantities of box-counting dimen-
sion and lacunarity. The morphology of biofilms formed by the long-cell strain
AguaB and by the wide-cell strain AompR were analysed further due to the in-
teresting channel architecture they displayed. The findings of this Chapter are

summarised in Figure 3.6.
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3.2 Materials and Methods

3.2.1 Bacterial strains and media

The non-pathogenic E. coli strain BW25113 [402| was used throughout this study,
alongside the single-gene knockout mutants of the genes amiA, guaB, ompR and
ydgD (genotypes shown in Table A.2 of Appendix A), which were chosen due to
the well-documented nature of each gene [406]-[409]. Each gene inactivation led
to an objectively recognisable change in cell shape phenotype [401], with cells
becoming either longer (AamiA, AguaB) or wider (AompR, AydgD) than the
parental strain phenotype. The inactivated genes are listed in Table 3.1, alongside

their function and resulting cell shape phenotype.

Prior to imaging, all strains were transformed by electroporation with the plasmid
pAJR145, encoding a constitutively-expressed gfp gene thanks to a rpsM::gfp+
transcriptional fusion to the promoter PrpsM [410]. Prior to transformation,
liquid cultures of each strain were made electrocompetent through three ice-cold

10% glycerol washes as detailed in Section A.8.2 of Appendix A.

Liquid cultures of each strain were grown in LB and M9 media with the addition

Gene Protein function Cell phenotype UniProt ID
amiA  Cell wall hydrolase Long P36548
guaB  Guanine biosynthesis Long POADGT
ompR DNA-binding dual transcriptional regulator Wide POAA16
ydgD  Serine protease (putative) Wide P76176

Table 3.1: Genes inactivated in the selected E. coli strains from the Keio collection
used in this work, along with the function of each inactivated gene and the resulting

cell phenotype.
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of 25 pug/mL chloramphenicol to maintain GFP fluorescence from the pAJR145
plasmid. Keio mutant strains were also grown with the addition of 50 ug/mL
kanamycin. All liquid cultures were grown inside a 37°C incubator shaking at
250 rpm. Solid substrates were prepared by adding agar in a final concentration

of 20 g/L unless otherwise specified.

3.2.2 Genetic verification of Keio mutants
3.2.2.1 Diagnostic PCRs

The presence of point mutations in mutants from the Keio collection was firstly
verified by growth on LB agar medium containing kanamycin. The genotype of
the mutants was then checked by two separate PCR experiments, as described
in Appendix A, using the primers from Section A.4.1. The reactions are shown
schematically in Figure 3.7. The first set of primers, k1 and k2, is specific to
the kanamycin resistance cassette and has been previously used to verify its in-
sertion during one-step inactivation of chromosomal genes in E. coli [402]. PCR
experiments with these primers were carried out with genomic DNA from the
parental (wild-type) strain and from each of the mutants. For mutant strains,
the amplified PCR product should show as a 1.3 kb band when run on an agarose
gel, whereas the DNA of the parental strain, which is not kanamycin-resistant,

should not be amplified by these primers.

The second set of primers was designed upstream and downstream to each gene of
interest, and was used to verify gene inactivations. PCR experiments with each
pair of gene-specific primers were carried out with both the wild-type DNA and
the corresponding mutant. These experiments were set up such that a successful
reaction would show, for each pair of primers used, bands for both the parental

and mutant gDNA. The bands should have different lengths: in the parental
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gene_up gene_down k1 k2

dgene_up gene_down

Figure 3.7: Schematic illustration of the PCR experiments used to confirm the genotype
of Keio mutant strains. In the parental strain (left), the presence of the gene of interest
and the absence of the kanamycin resistance cassette are checked using the gene up and
gene down primers, designed upstream and downstream of each gene of interest. In
the mutant strains (right), the gene of interest is substituted by a kanamycin resistance
cassette. The primers k1 and k2 are used to amplify the cassette. The gene-specific
primers gene up and gene down are also used for sequencing. Image created in draw.io

(https://app.diagrams.net/, JGraph).

strain, the primers should amplify the whole gene (including the regions upstream
and downstream where the primers anneal, as shown in Figure 3.7), whereas in
the mutant strains the primers should amplify the kanamycin resistance cassette
together with the portions of the gene outside of it. This is because the gene-
specific primers occur up and downstream to the gene of interest, and so should
always anneal to a portion of DNA, whether or not the gene has been inactivated.
The predicted lengths of DNA fragments amplified from both the parental and
mutant strains were calculated directly from the genome sequence of the BW25113
strain on NCBI (National Center for Biotechnology Information, GenBank ID:
CP009273.1).

PCR reactions were carried out using PCRBIO Taq Mix Red (PCR Biosystems)
as described in Section A.5 of Appendix A. Annealing temperatures were opti-

mised for each reaction using a gradient PCR.
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3.2.2.2 DNA sequencing

The genetic mutation on each specific gene was then confirmed with Illumina
Sanger amplicon sequencing (Eurofins, Germany). PCR experiments were set up
using the gene-specific primers for the four mutants, with the same conditions
as described above. DNA from PCR products was purified using the Wizard SV
Gel & PCR Clean-up System kit (Promega) following manufacturer instructions.
The concentration and purity of the DNA products were quantified using a Nano-
Drop spectrophotometer (Thermo Fisher Scientific, UK). Nucleotide sequencing
reads were compared to the target genes or to the kanamycin resistance cassette
from plasmid pKD13 (GenBank ID: AY048744.1) using BLAST (Basic Local
Alignment Search Tool, NCBI).

3.2.3 Single-cell phase contrast microscopy

Single cell imaging was performed on mid-exponential growth phase liquid cul-
tures of the parental strains and Keio mutants, prepared as described in Appendix
A. Single-cell phase contrast images were acquired for both fluorescent and non-
fluorescent strains, to ensure that the addition of chloramphenicol required for
the maintenance of the pAJR145 plasmid did not affect the cell phenotype of

each strain.

Imaging slides were prepared by sandwiching 1 mL of molten 1% agarose between
two microscope slides and letting it solidify at room temperature. The top slide
was removed, 10 uL of liquid culture was spotted onto the solidified agarose pads,
and a 22 mm X 22 mm borosilicate glass coverslip was added prior to imaging.
Single-cell imaging was carried out using an Eclipse E600FN upright widefield
microscope (Nikon, Japan) in phase-contrast mode equipped with a 100x/1.30

DLL oil immersion lens (Nikon, Japan). Illumination was provided by a halogen
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lamp and detected by a Hamamatsu ORCA 100 digital camera (Hamamatsu,

Japan).

3.2.4 Biofilm imaging
3.2.4.1 Specimen preparation

Mid-exponential growth phase liquid cultures of the Keio mutants were prepared
as described in Appendix A. At this point, a serial 1:10~® dilution in fresh LB
medium with appropriate antibiotics was performed for growth of colony biofilms
on LB substrates. For growth on M9/glucose substrates, liquid cultures were
washed three times with M9 buffer and resuspended in 1x M9 salts, and diluted
1:107%. 50 uL of these dilutions were used to inoculate agar plates. Biofilms were
grown at 37 °C for 24 hours when using LB medium, and for 48 hours when using

M9 medium.

3.2.4.2 Mesolens mesoscopy

While the Mesolens provided a field of view large enough to capture images of
entire biofilms, it was not possible to image BW25113-derived strains with the
Mesolens correction collars set for imaging with water immersion. This was be-
cause mounting biofilm specimens with liquid growth medium, which was needed
to match the refractive index of water, led to very rapid disruption of the biofilm
structure. The biofilms comprised of cells from BW25113-derived strains were
hence imaged in air, with no immersion medium, and this provided too poor a
resolution to distinguish individual channels. Mesoscopic imaging of biofilms with

the Mesolens was carried out as described in Section 2.2.3 of Chapter 2.
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3.2.4.3 Confocal microscopy

Mature biofilm images were acquired on an Olympus [X81 microscope coupled to
a FluoView FV1000 confocal laser scanning unit (Olympus, Japan). Fluorescence
from GFP was excited using a 488 nm argon laser (GLG3135, Showa Optronics,
Japan) and was detected by a PMT with a spectral detection window set between
510 and 560 nm. Samples were imaged using either a 10x /0.4 N.A. or a 4x /0.1

N.A. apochromatic air objective lens (Olympus, Japan).

Three-dimensional z-stacks of biofilms grown on LB and M9 media were acquired
with a slice spacing of 25 pym when using a 4x /0.1 lens, and with a slice spacing

of 5 um when using a 10x /0.4 lens for Nyquist sampling in the axial dimension.

3.2.5 Characterisation of the effect of growth medium com-
position and osmotic stress on the morphology of

AompR cells and biofilms

LB and M9 solid growth substrates were prepared with different chemical compo-
sitions to study the resulting change in internal morphology of AompR biofilms.
No-salt substrates were prepared without NaCl, and soft substrates were pre-
pared by reducing the amount of agar to 10 g/L. D-glucose was added to LB and
M9 media to final concentrations of 0.02% (w/v), 0.2% (w/v) and 0.5% (w/v) to

study the effect of nutrient availability on the morphology of AompR biofilms.

To study the effect of osmotic stress, growth of the parental strain BW25113 and
of the mutant AompR were first characterised using a plate reader. LB broth
was prepared with iodixanol concentrations of 0%, 1%, 2%, 5%, 10% and 20%
by adding appropriate amounts of an OptiPrep 60% w /v iodixanol stock solution

(Sigma-Aldrich, USA). The amounts of LB salts were increased proportionally to
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compensate for this addition. Ten wells of a 96-well plate were then filled with
each concentration of iodixanol (five repeats for each strain). Overnight liquid
cultures of BW25113 and of the AompR strain were prepared in LB broth as
described in Appendix A, and diluted to a starting ODggo of 0.01. The plate was
then loaded onto a Synergy HT plate reader (BioTek, USA), where the ODggp
of the cultures was measured every 15 minutes for 24 hours with the plate being

held at 37°C and shaken continuously.

Growth curves were plotted in Prism by exporting data from the Gend mi-
croplate software (BioTek, USA), with y axis plotted on a logarithmic scale.
Specific growth rates were calculated as the slope of the linear region of the

semi-logarithmic plot using the equation

p=2.303(logioN — logioNo) /(t — to) (3.5)

where N and N, are are the cell numbers at the beginning and at the end of
the exponential growth phase, respectively, and correspond to optical density
readings, and ¢y and ¢ are the times at which exponential growth phase starts

and ends, respectively [411].

To compare cell shape phenotype before and after growth in high osmolality
medium, BW25113 and AompR strains were first grown as liquid cultures overnight
in LB broth. They were then diluted 1:100 in both LB broth and LB broth with
20% iodixanol (with LB salts increased proportionally), and incubated further un-
til mid-exponential growth phase before imaging using phase contrast microscopy,
as described in Section 3.2.3. Solid LB medium plates were prepared with iodix-
anol concentrations of 1%, 10% and 20%, and used as substrates for the growth

of BW25113 and AompR biofilms. Five biofilms were imaged for each condition
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using an Olympus IX81 microscope coupled to a FluoView FV1000 confocal laser
scanning unit (Olympus, Japan) as described in Section 3.2.4.3. Biofilms grown
on each of the different media recipes were imaged on the same day to minimise

growth-related effects due to inoculum differences.

3.2.6 Investigation of the effect of guanine complementa-

tion in AguaB mutant strain biofilms

To check whether guanine complementation would revert the phenotype of AguaB
biofilms to that of the parental strain, M9 solid growth medium was supplemented
with guanine in concentrations of 2 ug/mL, 20 ug/mL and 200 pg/mL. Biofilm
imaging was carried out using an Olympus IX81 microscope coupled to a Flu-
oView FV1000 confocal laser scanning unit (Olympus, Japan) as described in

Section 3.2.4.3.

3.2.7 Quantification of matrix components in biofilms formed

by the AguaB mutant strain

The distribution of extracellular matrix components was compared between the
parental strain BW25113 and the AguaB mutant strain by Congo Red assay
on LB medium without NaCl as described in [412]. Congo Red stocks were
prepared by dissolving 2 g/I. Congo Red (Sigma-Aldrich, USA) in 70% ethanol,
and Coomassie Blue stocks were prepared by dissolving 1 g/I. Coomassie brilliant
blue R (Sigma-Aldrich, USA) in 70% ethanol. Solid substrates were prepared with
final concentrations of 40 ul/mL Congo Red for visualisation of polysaccharides
components of the biofilm matrix, and 20 ul/mL Coomassie Blue for visualisation

of matrix proteins.
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Biofilms grown on Congo Red-stained plates were imaged with an Olympus IX81
microscope coupled to a FluoView FV1000 confocal laser scanning unit (Olympus,
Japan). Fluorescence from GFP and Congo Red were excited using a 488 nm
argon laser (GLG3135, Showa Optronics, Japan) and were detected by two PMTs
with spectral detection windows set between 520 and 560 nm (GFP) and between
580 and 650 nm (Congo Red). Samples were imaged using a 20x/0.75 N.A.
apochromatic air objective lens (Olympus, Japan), with z-stack slice spacing of

2 pm.

The distribution of biofilm matrix components for both the parental strain BW25113
and the AguaB mutant strain was also assessed by staining with the FilmTracer
SYPRO Ruby Biofilm Matrix Stain (Thermo Fisher Scientific, UK), which was
added in a concentration of 5% (v/v) to solid growth media. Fluorescence from
GFP and SYPRO Ruby was excited using a 488 nm argon laser (GLG3135, Showa
Optronics, Japan), and was detected using a PMT with spectral detection win-
dows set between 510 and 550 nm (GFP) and between 580 and 680 nm (SYPRO
Ruby). The excitation path also included a DM488/561 /633 nm dichroic reflector

(Olympus, Japan).

3.2.8 Image analysis

Phase-contrast images of both fluorescent and non-fluorescent cells were first pre-
processed in FIJI using the background subtraction tool with a rolling ball radius
of 15 pixels with, with the “light background” option selected. The images were
then analysed using the F1JI plugin MicrobeJ |276] to obtain cell length and width
measurements. Segmentation was performed using MicrobeJ with the default
settings for a bright background and the medial axis mode of detection. The

following changes to the parameter ranges were made: area [l-max| ym?; width
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[0-max| pm with variation [0-0.2]; sinuosity [1-1.2]; angularity [0-0.5] rad; solidity
[0.9-max|. For these parameters, a maximum value of “max" signifies that no
upper bound is placed on that parameter. The default advanced parameters were
changed to have an area cut-off of 1000, and a count cut-off of 250. The options
“exclude on edges” and “shape descriptors” were selected. n = 10 phase contrast
micrographs were analysed for each strain, with a total number of analysed cells
between 202 and 665 (non-fluorescent cells) and between 90 and 524 (fluorescent

cells).

Biofilm image z-stacks were displayed as hyperstacks, and colour-coded by depth
using the “Fire” lookup table in FIJI. Biofilms images were contrast-adjusted
where needed for presentation purposes, using the Contrast Limited Adaptive
Histogram Equalization (CLAHE, [321]) feature in FIJI with block size 60, max-
imum slope 3 and 256 histogram bins. ROIs of biofilm images were despeckled

using the “Despeckle” function in FIJIL.

3.2.9 Fractal pattern quantification

Fractal analysis of biofilms formed by the Keio mutant strains was carried out
with two open-source FI1JI plugins, twombli (The Workflow Of Matrix BioLogy
Informatics), designed to quantify extracellular matrix patterns in tissue [413]
and Comsystan]J (Complex Systems Analysis for ImageJ), a collection of plugins
building on existing algorithms for the estimation of morphological complexity

[414].

3.2.9.1 twombli

For the analysis of Keio mutant biofilms with twombli, images were first pre-

processed with the Ridge detection plugin. The FLJI plugin Ridge detection [415]
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was used to detect channels inside confocal stacks of mature colonies for further
analysis. The input images for this analysis were biofilm images acquired with the
Olympus IX81 microscope coupled to a FluoView FV1000 confocal laser scanning
unit (Olympus, Japan) as described in Section 3.2.4.3. Ten images from each
strain were acquired and analysed as follows. The z-stacks were first converted
to a maximum intensity projection, then the Ridge detection plugin was used
to create a binary mask of intra-colony channel architecture (Figure 3.8). The
parameters needed to run Ridge detection were modified for each image in order
to capture the largest amount of channels inside every image. A minimal line
length was selected as 10 um, and the line width was estimated by the plugin for
each image. The sigma value, the threshold values and the contrast values were
adjusted depending on the contrast levels and channel structure of each image.
The output masks were used as input image files for further analysis in the FIJI

plugin twombli.

twombli was used to extract a variety of measurements to quantify channel-like
structures from input images. Before quantitative analysis, twombli was used to
threshold HDM (high-density matrix) from input images, by choosing a maximum
pixel value corresponding to matrix fibres (the maximum display HDM) and by
specifying a proposed width for the mask (line width), a curvature window (the
average length over which matrix fibres are approximately straight), and the
minimum branch length (chosen as approximately 10% of the curvature window).
These values were chosen iteratively in the pre-processing (mask creation) steps.
Box-counting fractal dimension was then calculated according to Equation 3.2,
whereas lacunarity was calculated using an alternative version of Equation 3.3
provided by Blackledge [416]. Individual channels were also tracked along their

whole length in order to count the number of intersections (branchpoints) and
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endpoints in the image. twombli was run with the following parameters: line
width 10, curvature window 50, minimum branch length 10, maximum display

HDM 255.

A sample image of a JM105 mini-Tn7-gfp biofilm grown on M9 agar was also
analysed directly with twombli in order to obtain fractal geometry parameters
(Figure 3.9). The image was acquired with the Mesolens in epi-fluorescence mode
as described in Section 2.2.3 of Chapter 2. Before the analysis, the image was

deconvolved using the proprietary Huygens Professional version 19.04 software

Figure 3.9: twombli mask (red lines) applied to the JM105 mini-Tn7-gfp input image.

The plugin reliably captures most of the fractal patterns in the biofilm. When the
contrast between dark channels and the surrounding bright biofilm cells is low, some

channels are missed (blue panel), or broken into multiple channel branches (green panel).
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(Scientific Volume Imaging, Netherlands) with Classic Maximum Likelihood Es-
timation method with 50 iterations, a signal-to-noise ratio of 40 and a quality

threshold of 0.01, and despeckled using FIJI.

3.2.9.2 ComsystanJ

Fractal complexity was also quantified using the FIJI plugin ComsystanJ (version
1.0.0). The “2D image” version of the plugin was used on the Olympus IX81
confocal microscopy images acquired with a 10x /0.4 lens, all of which had a size
of 2048 x 2048 pixels. Box-counting fractal dimension was calculated using the
Relative Differential Box Counting (RDBC) dimension algorithm developed by
Jin et al. [367] and described in Section 3.1.2, which uses a raster box scanning

method. The plugin was run with 12 boxes and 1-12 regressions.

Firstly, four sets of sample images were analysed (Figure 3.10). Three of the sets
were generated as greyscale images through ComsystanJ using the “2D image
Image Generator” option, with image types “Constant”, “Fractal random shapes
— Lines” and “Random”. Constant images had a constant pixel intensity value
(256) throughout each image. Line images were made of light (pixel intensity =
256) lines with varying thickness randomly intersecting on a dark (pixel intensity
= 0) background. Fractal images were obtained from the “Wikimedia commons”
open-source image repository [417]-[421]. Finally, in “Random” images every

pixel had a random intensity value (between 0 and 256).

Constant images had a RDBC dimension of 0 due to the lack of spatial fea-
tures, whereas the RDBC dimension of images comprised of straight lines ranged
between 2.114 £+ 0.032 and 2.213 £ 0.043 (mean + standard deviation). The
RDBC dimension for computer-generated fractal images were calculated as be-

tween 2.329 £ 0.041 and 2.702 £ 0.047, and images of randomised features had
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Figure 3.10: (left four panels) Representative images from the sets used for benchmark-
ing of box-counting dimension calculations (right panel). Each set consists of five im-
ages, whose fractal complexity is calculated using ComsystanJ. The “Constant”, “Lines”
and “Random” images are generated from ComsystanJ, whereas the “Fractal” images
are reproduced from open-source image repositories [417]-[421]. Increasing complexity
in the image sets is reflected by an increase in box-counting dimension, which ranges

between 2.329 + 0.041 and 2.702 4+ 0.047 for fractal images.

a RDBC dimension equal to 2.959, which was close to the theoretically possible
maximum of 3.000. This is because the RDBC method is sensitive to big changes
in greyscale values at very short length scales, which are typical of randomised

images.

For biofilm fractal pattern analysis, z-stacks were converted to 8-bit. No contrast-
adjustment was used on the images prior to analysis in order to preserve the

original greyscale values of each image.
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3.2.10 Statistical analysis

Statistical tests were carried out on Prism version 8.0.2 (GraphPad Software,
USA). The distribution of each dataset was first checked by plotting a histogram
of the data and performing a Normality & Lognormality test, in order to identify

the appropriate statistical test to be used.

Cell measurements (length and width) of the mutant strains were compared to
those of the parental strain BW25113 using a Kruskal-Wallis nonparametric test,
which does not assume a Gaussian distribution of the data, but assumes identical
distribution shape between datasets [422]. One-way ANOVA tests were used to

compare box-counting dimensions between strains and growth media conditions.

In the main text and figure captions, values are presented as mean + standard
deviation. In all plots, produced using Prism version 8.0.2, p-values are presented
as * (p < 0.05); ** (p < 0.005); *** (p < 0.0005); **** (p < 0.0001), with specific

p-values written in the figure captions.

3.3 Results

3.3.1 The genotype of Keio mutants is confirmed by diag-

nostic PCR experiments and amplicon sequencing

Agarose gels from PCR experiments performed using the Keio primers k1 and
k2 on the DNA extracted from BW25113, AamiA and AydgD strains are shown
in Figure 3.11. The agarose gel pictures showed an anomalous feature: a 1.2
kb portion of the genome of the parental strain BW25113 was amplified by the
Keio primers. This was unexpected, since the parental strain is not known to

be kanamycin resistant (this was checked by streaking a frozen glycerol stock
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Figure 3.11: Agarose gels obtained from the PCR reactions using the k1 and k2 primers
(specific to the kanamycin resistance cassette), with annealing temperature of 65 °C.
The genomic DNA used for each reaction is indicated above each band. The parental
strain’s DNA is unexpectedly amplified by the k1 and k2 primers, resulting in a 1.1 kb
band.

on LB solid plates with kanamycin added). Nonetheless, this result was ob-
tained consistently across 10 experimental PCR repeats, carried out with dif-
ferent annealing temperatures. The complete genome of the BW25113 strain
(GenBank: CP009273.1) and the sequence of the pAJR145 plasmid DNA (from
plasmid pAJR145, [410]) were checked for regions of non-specific binding with
the primers, but none were found. The Keio primers were also re-ordered and
used in a new PCR experiment, and the genomic DNA was re-extracted from a

new sample to rule out contamination.

The agarose gel from PCRs using gene-specific primers is shown in Figure 3.12.
The predicted bands were observed for all four mutant strains. amiA primers
showed a 900 bp band (theoretical: 978 bp) for the parental strain and a 1.5 kb

band for the mutant strain. The guaB primers showed a 1.4 kb band (theoretical:
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1636 bp) for the parental strain and a 1.5 kb band for the mutant strain, while
the ompR primers showed a 850 bp band (theoretical: 864 bp) for the parental
strain and a 1.4 kb band for the mutant strain. The ydgD primers showed a 900
bp band (theoretical: 896 bp) for the parental strain and a 1.3 kb band for the

mutant strain.

Amplicon sequencing of the PCR products obtained with gene-specific primers
confirmed the deletion of the appropriate DNA fragments within the genes amiA,
guaB, ompR and ydgD for the strains BW25113 AamiA, BW25113 AguaB,
BW25113 AompR and BW25113 AydgD respectively. Gene-specific primers an-
nealed in the correct regions upstream and downstream to each gene of interest
in the parental strain, and they amplified the kanamycin resistance cassette dis-
rupting each gene of interest in the mutant strains. The DNA amplicon sequences
are provided in Appendix C together with the alignment to the genotype of the
BW25113 strain on BLAST.

3.3.2 Phenotypic changes in FE. coli cell shape are con-

firmed by cell length and width measurements

Individual cells from each Keio mutant strain were first imaged using phase con-
trast microscopy to visually confirm their reported morphological phenotype (Fig-
ure 3.13). Single cells were analysed with MicrobelJ as described in the Methods
to extract length and width of individual segmented cells. For the non-fluorescent
strains, the number of segmented cells were 487 (BW25113), 562 (AamiA), 665
(AguaB), 238 (AompR) and 618 (AydgD). For the GFP-fluorescent strains, the
number of segmented cells were 214 (BW25113), 90 (AamiA), 524 (AguaB), 160
(AompR) and 120 (AydgD). Cell length and width were compared to the mea-

surements of the parental strain BW25113 for quantitative phenotypic analysis.
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Upon visual inspection of the phase contrast microscopy images, the cell phe-
notypes appeared consistent with the genotype expectations. Cell length and
width, both for the fluorescent and non-fluorescent strains, are shown in Fig-
ure 3.14. AamiA fluorescent cells had an average length of 4.614 4+ 1.640 pm,
which was longer than that of the parental strain, 3.441 + 0.803 um (p = 3.48
x10711). AguaB fluorescent cells were also longer (4.728 4 5.027 pm) than the
parental strain (p = 2.56 x107%). AompR fluorescent cells had above-average
width of 1.582 + 0.336 um (compared to the parental strain’s 1.066 £+ 0.112 pum,
p = 5.16 x1073%). AydgD fluorescent cells had a wide phenotype, with average
width 1.313 £ 0.221 pum (larger than the width of the parental strain, p = 3.81
x10728). Cell measurements are reported here as mean =+ standard deviation,
and the width of data distribution explains the large uncertainties associated with
average measurements. The phenotypes reported in this work are consistent with

reports from the Keio collection documentation [401].

3.3.3 Cell shape affects FE. coli biofilm morphology

Biofilm images of Keio parental and mutant strains acquired with the Mesolens
and with an Olympus IX81 confocal microscope using a 4x /0.1 N.A. lens are
comparatively shown in Figure 3.15. To resolve nutrient-transporting channels,
biofilms formed by the Keio parental strain BW25113, as well as by the mutants
AamiA, AguaB, AompR and AydgD, were acquired with an Olympus IX81 con-
focal microscope on a 10x /0.4 N.A. lens on LB and M9 medium agar substrates

(Figure 3.16).

Confocal microscopy of the biofilm structures revealed a complex network of intra-

colony channels as previously reported in E. coli JM105 [209], [294]. Biofilms
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Figure 3.14: Cell length and width measurements of Keio mutant strains obtained from
phase contrast images analysed with MicrobeJ. Measurements are shown for fluorescent
(green panel) and non-fluorescent (blue panel) strains. AamiA cells were long (p = 1.34
x 10718 for non-fluorescent cells and p = 3.48 x 107! for fluorescent cells). AguaB cells
were long (p = 3.44 x10~7 for non-fluorescent cells and p = 2.56 x 10~ for fluorescent
cells). AompR cells were wide (p = 3.39 x107%2 for non-fluorescent cells and p =
5.16 x10739 for fluorescent cells). AydgD cells were short (p — 2.78 x10~!! for non-
fluorescent cells and p = 0.0134 for fluorescent cells) and wide (p = 1.84 x107!0 for
non-fluorescent cells and p = 3.81 x10728 for fluorescent cells). Horizontal lines denote
the median of each dataset, and asterisks represent statistical significance between each
mutant strain and the parental strain, with average values compared using a Kruskal-

Wallis statistical test.
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Figure 3.15: Keio mutant biofilms imaged with the Mesolens (left panel) and with an
Olympus IX81 confocal microscope (right panel). Images acquired with the Mesolens
show poor resolution due to the absence of both mounting medium and lens immersion.

Scale bars: 500 pm.
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formed on minimal medium exhibited sectoring, with large areas of low fluores-
cence intensity across the biofilm volume, and channels appeared less morpho-
logically complex than in their rich medium counterparts. This was particularly
evident in the AompR strain, where channels expand radially outwards in approx-
imately straight lines, reminiscent of strain boundaries observed between isogenic
domains in biofilms formed by spherical mutants of E. coli [375]. On rich medium,
channels had more complex arrangements - in particular, channels formed by the
AamiA strain were made up of long (>10 pm) segments, consistent with the long
cell phenotype of the constituent cells. In AamiA biofilms, channel width ap-
peared uniform and changes in channel direction occurred at regular intervals of
approximately 50 to 100 um. Wide channels also appeared regularly interspaced
by at least 50 pm within the biofilm volume, and their density increased towards
the edge of the biofilm. Channels formed by the AompR mutant strain, on the
other hand, appeared fragmented, likely owing to the bulgy morphology of the

constituent cells.

Interestingly, while AguaB exhibited a long cell phenotype similar to that of
AamiA, it formed biofilms with distinctly different morphology, with cells tightly
packed together leaving little space for nutrient-transporting channels. On rich
medium, AguaB biofilms were dome-shaped, with uniformly distributed channels.
On minimal medium, the biofilms did not exhibit the typical sectoring patterns,
and cells were arranged in structures reminiscent of the Van Gogh bundles ob-
served in B. subtilis [423], seemingly originating from the centre of each biofilm.
Furthermore, the 3D biofilm morphology was irregular, with thicker areas inter-

spersed towards the otherwise thin biofilm edge.

Finally, despite both AompR and AydgD strains having a wide cell phenotype,

their biofilms had different internal morphologies when grown on rich medium.
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AompR formed darker channels, which were clearly distinguishable from the sur-
rounding cells within the biofilm. On minimal medium, the central region of
AydgD biofilms appeared devoid of channels, whereas the edges showed radi-
ally expanding channels highly similar to those observed at the edges of AompR
biofilms. Enlarged regions of interest showing channel morphology are shown in

Figure 3.17.

3.3.4 Internal patterns in E. coli biofilms are fractal

3.3.4.1 twombli

The twombli image analysis pipeline was used on biofilm images of the Keio
parental and mutant strains grown on LB medium, acquired with an Olympus
IX81 confocal microscope. For each strain, 10 images were used to calculate the
following fractal geometry parameters: box-counting dimension, lacunarity, total

channel length, and number of branchpoints per unit length (Figure 3.18).

The long-cell strain AguaB had a significantly higher box-counting dimension
(1.423 £+ 0.070) than either of the wide-cell strains AompR (box-counting dimen-
sion: 1.303 + 0.076, p = 0.0008) and AydgD (box-counting dimension: 1.334 +
0.050, p = 0.0215). The lacunarity of AguaB was also considerably lower than
the wide-cell strains AompR (p = 0.0002) and AydgD (p = 0.0009). The channels
formed by the AguaB strain had the largest total length (87.08 + 13.68 mm),
over 70% longer than channels formed by the parental strain (50.56 + 24.22 mm,
p = 0.0004) and by AamiA (46.23 £ 24.57, p = 6.50 x107°), and over three times
longer than channels formed by AompR (28.70 4+ 12.52, p = 3.98 x107%) and
AydgD (28.58 + 8.79, p = 3.79 x107%). Despite this, the number of branchpoints

per unit length was approximately constant across all strains, with averages of
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Figure 3.18: Fractal geometry measurements of the F. coli strains BW25113, AamiA,
AguaB, AompR and AydgD calculated using twombli. AguaB has higher box-counting
dimension than both wide-cell strains AompR (p = 0.0008) and AydgD (p = 0.0215),
and lower lacunarity (p = 0.0002 and 0.0009 respectively). Channels formed by the
AguaB strain are longer than those formed by any other strain (BW25113: p = 0.0004;
AamiA: p = 6.50 x1075; AompR: p = 3.98 x1078; AydgD: p = 3.79 x107%).
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5.687 £ 1.448 (BW25113), 5.819 % 1.403 (AamiA), 5.755 £ 0.834 (AguaB), 4.546
+ 0.932 (AompR) and 4.665 £+ 0.846 (AydgD).

These results suggest that cell shape does not uniquely determine biofilm frac-
tal complexity. While the two strains with a wide-cell phenotype, AompR and
AydgD, form biofilms with comparable fractal geometry descriptors, the strains
with a long-shape phenotype, AamiA and AguaB, have distinct fractal complexi-
ties. In fact, the parental strain BW25113 and the AamiA mutant produced simi-
lar fractal measurement distributions. Interestingly, lacunarity and box-counting
fractal dimension appeared to be inversely related. Nonetheless, the lower lacu-
narity values observed for the AguaB strain could be explained by the reduced

amount of background present in AguaB biofilm images (Figure 3.8).

3.3.4.2 ComsystanJ

After obtaining benchmark values for fractal complexity on ComsystanJ as de-
scribed in Section 3.2.9.2, confocal microscopy images of biofilms were analysed
using the same image analysis pipeline to investigate the effect of cell shape
and growth medium on the complexity of internal biofilm patterns (Figure 3.19).
RDBC dimension values obtained from biofilm images fully aligned with those
calculated for the set of computer-generated fractal images, with a minimum of
2.488 and a maximum of 2.620. This finding confirms that channel structures in

E. coli biofilms can be described using fractal geometry.

On rich medium, biofilms formed by the AamiA mutant strain showed increased
fractal complexity (RDBC = 2.578 4+ 0.009) when compared to biofilms formed
by AydgD (RDBC = 2.553 £ 0.009, p = 0.0277). This reflects the peculiar
channel architecture exhibited by AamiA biofilms grown on LB medium (Figure

3.16). On minimal medium, the parental strain BW25113 formed more complex
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Figure 3.19: Box-counting dimension calculated for each biofilm image (n = 5 for each
condition). On minimal medium (M9), biofilms formed by AguaB and AompR mutant
strains are less morphologically complex than those formed by the parental strain (p =
4.33 x1078 and p = 0.0005 respectively). For the AguaB and AompR mutant strains,
the fractal complexity is strongly affected by the growth substrate composition, with
biofilms grown on rich medium (LB) showing significantly more complexity than those
grown on minimal medium (p = 0.0006, AguaB and p = 0.0008, AompR). Average

values are compared using one-way ANOVA tests.

biofilms (RDBC = 2.581 4 0.014) than both the AguaB mutant (RDBC = 2.432
+ 0.046, p = 4.33 x1078) and AompR mutant (RDBC = 2.522 + 0.011, p =
0.0005). Biofilms formed by the mutant AydgD were also less complex (RDBC =
2.576 + 0.028) than those formed by AompR (p = 0.0013), despite them having

the same cell shape phenotype.
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From the image data presented in Figure 3.16, growth on minimal media was
objectively correlated with large, dark sectors within the biofilm, which was hy-
pothesised to result in a lower fractal complexity. However, quantifying channel
morphology through RDBC dimension and comparing each strain grown on the
two different growth media revealed no statistical difference. While this was not
the case for the AamiA and AydgD strains, growth in minimal medium was as-
sociated with significantly lower morphological complexity than growth in rich
medium for AguaB (p = 0.0006) and AompR (p = 0.0008). Possible reasons for

these findings are investigated in more detail in the following sections.

3.3.5 Growth medium composition affects the complexity

of biofilms formed by the AompR mutant strain

The role of medium composition on the internal morphology of biofilms formed by
the AompR mutant strain was further investigated by comparing biofilms grown
on LB and M9 substrates with different chemical compositions (Figure 3.20). The
RDBC dimension of biofilms grown in rich medium decreased considerably when
the substrate was made softer by halving the amount of agar (p = 0.0117). On
minimal medium, on the other hand, growth on soft (1% agar) substrates was
associated with a significant increase in RDBC dimension, comparable to that
of biofilms grown on rich medium (p = 2.39 x1077). Secondly, a reduction in
RDBC dimension was observed when the osmolality of the medium was reduced

by removing salt, both in rich medium (p = 4.88 x107°) and in minimal medium

(p = 0.0209).

Furthermore, increasing glucose amounts in minimal medium led to an increase
in RDBC from 2.376 + 0.007 (0.02% glucose) to 2.503 + 0.032 (0.2% glucose, p =
4.81 x1071) to 2.543 4+ 0.005 (0.5% glucose, p = 0.0478). In the AompR mutant
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Figure 3.20: Morphology and fractal complexity of biofilms formed by the AompR
strain grown on solid substrates with different glucose and agar concentrations. Glucose
concentration in the medium is particularly important for the complexity of biofilms
grown on minimal media (M9): RDBC dimension increases when glucose levels are
increased from 0.02% to 0.2% (p = 4.81 x107!!) and from 0.2% to 0.5% (p = 0.0478).
On rich medium (LB), conversely, the addition of glucose does not significantly affect
biofilm fractal complexity: only a small reduction in RDBC dimension is observed

between 0.2% and 0.5% added glucose (p = 0.0166). Continues onto the next page
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Figure 3.20: (Continued) The presence of salt in the growth medium increases morpho-
logical complexity for both rich and minimal media (p = 7.34 x10~% and p = 0.0209
respectively). Finally, a reduction in substrate stiffness from 2% to 1% agar concentra-
tion leads to a decrease in complexity on rich medium (p = 0.0365) and an increase in
complexity on minimal medium (p = 2.39 x1077). Average values are compared using

one-way ANOVA tests. Scale bars: 200 pym.

strain, this increase in RDBC dimension coincides with the gradual disappear-
ance of colony sectoring, as a consequence of the increase in nutrient levels. As
expected, the addition of the same amounts of glucose to rich medium did not
lead to any significant changes in biofilm morphological complexity, with RDBC
dimensions (2.520 < RDBC < 2.622) comparable to those found in normal rich

medium with no glucose (2.566 < RDBC dimension < 2.620).

While the diameter of biofilms formed by the AompR mutant strain increased
with glucose concentration and decreased with agar concentration, the presence
of dark background in images of smaller biofilms did not significantly affect the
resulting RDBC dimension. This was checked by digitally zooming into images
of the biofilms grown on 0.02% glucose, which had the smallest area, until they
filled the image field of view (corresponding to an area of 1615 x 1615 pixels in
the original images), and calculating their RDBC dimension after re-scaling the
images to 2048 x 2048 pixels. The resulting RDBC value was calculated as 2.373
+ 0.006, a decrease of only 0.1% compared to the original biofilm images (Figure
3.21).
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Figure 3.21: Comparison of RDBC dimension values (c) calculated for original AompR
biofilm images (a) and the same images zoomed to fill the image space and re-scaled to

2048 x 2048 pixels (b). The resulting average decrease in RDBC is only 0.1%.

3.3.6 Osmotic stress partially affects biofilm complexity of

AompR

The role of osmotic stress on the growth of the AompR mutant strain was quan-
tified both the cellular level and at the biofilm level. This was achieved by mea-
suring changes in cell length and width and by measuring the RDBC dimension
of biofilm images grown in solid media with different osmolalities, respectively.
Changes in growth medium osmolality were induced by adding different amounts
of iodixanol, a compound originally designed for density gradient preparations
that cannot be metabolised by the bacteria [424]. Todixanol toxicity in both the
parental strain BW25113 and the AompR mutant strain was checked by growth

curve experiments (Figure 3.22).

At the cellular level, an increase in osmotic stress in the liquid growth media led
to a reduction in cell size for both strains (Figure 3.23). A significant reduction in
cell length with increasing iodixanol concentration was observed in both strains:

from 3.520 £ 0.827 pm to 2.205 £ 0.516 pm for BW25113 (p = 1.32 x107%67), and
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from 3.878 + 1.133 pm to 2.685 4 0.657 um for AompR (p = 6.74 x107*°). By
contrast, the reduction in cell width brought by increasing iodixanol concentration
was marginal for BW25113 (from 1.001 4+ 0.099 gm to 0.970 4+ 0.098 ym, p =
8.57 x1078), whereas it was almost five times higher for AompR (from 1.335 +

0.219 pm to 1.147 4 0.149 pm, p = 1.02 x10713).

In biofilms, an increase in iodixanol concentration in the solid growth substrate
was associated with a small overall reduction in RDBC dimension for both strains
(Figure 3.24). This loss of internal complexity could occur because bacterial
growth is limited in high osmolality medium, or it could be a result of the cell
size reduction following osmotic stress. Alternatively, it could be a pleiotropic

effect caused by the presence of iodixanol in the growth medium.

lodixanol concentration
0 1% 3 10% 8 20%
2.604

= !

2.50

BW25113

RDBC dimension

BW25113 AompR

. . T L]
lodixanol concentration BW25113 AompR

Figure 3.24: Comparison of fractal morphology between biofilms formed by the parental
strain BW25113 and the mutant strain AompR on solid substrates with increasing
iodixanol concentrations (1%, 10%, 20%, v/v). Biofilm images are colour-coded by
depth. Average RDBC dimension decreases with increasing amounts of iodixanol and is

similar between the two strains for each iodixanol concentration. Scale bars: 200 pm.
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3.3.7 Guanine complementation of M9 medium does not
affect the fractal morphology of biofilms formed by
the AguaB mutant strain

To check whether the peculiar intra-colony channel architecture exhibited by
biofilms formed by the AguaB mutant strain on minimal medium was caused by
the activation of an alternative pathway for the biosynthesis of guanine, AguaB
biofilms were grown on M9 medium with increasing levels of guanine (Figure

3.25). However, a comparison of the fractal complexity of these biofilms using
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Figure 3.25: Confocal micrographs of AguaB biofilms grown in M9 minimal medium
with guanine added in concentrations of 0 pug/mL (a), 2 pug/mL (b), 20 ug/mL (c)
and 200 pg/mL (d). Biofilms grown with low amounts of guanine (b,c) had irregular
edges and a smaller diameter. Images are maximum intensity projections of z-stacks,
colour-coded using the “Fire” lookup table. Scale bars: 200 um. (e) RDBC dimension

calculated from the biofilms in panels (a-d).
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ComsystanJ revealed no significant difference in intra-colony channel architecture.
The average RDBC dimension of biofilms grown on nominal M9 substrates (2.444
+ 0.034) was comparable to that of biofilms grown with 2 pug/mL guanine (2.372
+ 0.081), 20 pug/mL guanine (2.431 £ 0.027) and 200 pug/mL guanine (2.466 +
0.036).

3.3.8 Extracellular matrix distribution in AguaB biofilms

is comparable to that of BW25113

The distribution of extracellular matrix in BW25113 and AguaB biofilms was
visualised by staining LB agar substrates without NaCl with Congo Red and
Coomassie Blue dyes (Figure 3.26). The lack of binding to these dyes was an
indicator of low production of biofilm matrix polysaccharides and proteins by

both strains. Furthermore, no preferential binding to Congo Red or Coomassie

@ 7

Figure 3.26: Petri dishes images showing the binding of Congo Red and Coomassie Blue
dyes to biofilms formed by BW25113 (a) and AguaB (b) on LB agar substrates with no
NaCl. No preferential binding of the Congo Red/Coomassie Blue dye mix is observed

between the two strains.
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Blue was observed by either strain, suggesting that biofilm matrix components
were not responsible for the dense channel architecture exhibited by AguaB on

LB medium substrates observed in Figure 3.16.

Biofilms grown on Congo Red-stained LB agar plates were also imaged using flu-
orescence microscopy to compare the GFP signal originating from the bacterial
cells to the signal from the Congo Red dye (Figure 3.27a). GFP and Congo Red
signals were spatially overlapping for both BW25113 and AguaB biofilms, and
Congo Red was not observed inside nutrient-transporting channels. This indi-
cated that channels were not preferentially filled with biofilm matrix polysaccha-
rides or amyloyd, but did not provide any information on the spatial distribution

of proteinaceous matrix components.

The distribution of proteinaceous matrix components was hence investigated in
both BW25113 and AguaB biofilms by staining LB agar substrates with the
SYPRO Ruby biofilm matrix stain (Figure 3.27b). For both strains, the GFP
signal and that from the SYPRO Ruby matrix stain overlapped and did not fill
nutrient-transporting channels. This showed that channels were not preferentially

filled with proteinaceous matrix in either strain.
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Figure 3.27: Confocal micrographs of biofilms formed by the parental strain BW25113
and by the AguaB mutant strain when growing on LB medium containing 40 ug/mL
Congo Red (a) and 5% (v/v) SYPRO Ruby biofilm matrix stain (b). Scale bars: 200
pm (50 pm in the ROIs).
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3.4 Discussion

In this study, the effect of cell shape mutations and growth medium composition
on the morphological complexity of E. coli biofilms was analysed using confo-
cal microscopy and image analysis. The fractal morphology of E. coli nutrient
transport channels was comparable to that of computer-generated fractals for all
cell shape mutants and growth conditions. While cell shape affected the over-
all biofilm morphology, this did not lead to a statistically significant change in
fractal complexity, as described by the RDBC dimension metric. However, the
long-cell mutant strain AguaB and the wide-cell mutant strain AompR both
formed biofilms with a higher RDBC dimension on nutrient excess than in nutri-

ent limited conditions.

The cell shape phenotype of each strain was checked against known phenotypic
studies on the Keio collection prior to the investigation of the resulting biofilm
fractal morphology. While the presence of the kanamycin resistance cassette can
be linked to a phenotypic change in cell shape due to growth with the antibiotic
kanamycin, this change is reportedly limited to the specific mutant strains AcroF
and AydaS [405]. Furthermore, phenotypic studies of the Keio collection are rou-
tinely carried out with the kanamycin cassette present [403|, and the phenotypes

observed in this work are consistent with the Keio collection documentation [401].

The gene amiA controls the cleavage of the peptidoglycan cell wall septum during
the last stage of cell division, leading to the physical separation of daughter
cells [406]. According to the Keio collection documentation [401], cells from
the AamiA mutant strain have a long phenotype, which is consistent with the
results presented in this Chapter, though our measured average cell length is

considerably higher than that suggested by phase-contrast images provided in the
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Keio collection database. The increase in AamiA cell length, together with the
relatively low associated fluctuation in cell length measurements, likely explains

the symmetric channel architecture observed within AamiA biofilms.

guaB is a gene regulating guanine nucleotide biosynthesis [407]. The AguaB
mutant strain is a guanine auxotroph, meaning that it requires the addition of
guanine for growth in minimal medium; however xanthine or thiamine comple-
mentation can also be used to support growth [425]. This can be seen in the
metabolic pathway for guanine ribonucleotide biosynthesis (M00050) on the Ky-
oto encyclopedia of genes and genomes (KEGG) [426]. AguaB cells also have
a long phenotype, consistently with the documentation from the Keio collection
[401]. However, the difference in internal morphology between biofilms formed by
the AguaB and AamiA mutant strains confirms that channel architecture is not
governed exclusively by cell shape phenotype. Instead, complex metabolic factors
due to imbalances in nucleotide synthesis [427] and changes in the biofilm matrix
components could be the cause of the highly dense internal channel patterns ob-
served in AguaB biofilms. For example, the abundance of the messenger molecule
cyclic di-guanosine monophosphate (c-di-GMP), which promotes the switch from
planktonic to motile biofilm form [428] and stimulates the production of EPS

[429], is linked to the expression of guaB [430].

Deletion of the ompR gene in E. coli inactivates the expression of the outer
membrane porins OmpC and OmpF, which mediate the diffusion of small solutes
across the outer membrane [408|, [431], [432]. The increase in cell width mea-
sured for the AompR mutant strain contradicts that calculated by French et al.
[433], who did not identify the deletion of ompR as a cause for cell phenotype
change. This could be due to their use of a 2% glutaraldehyde fixative (pH 6.8)

prior to imaging. This fixation method is associated with up to two-fold increase
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in PBS osmolality [434], up to 2.5 times higher than that of LB broth [435], as
well as with introducing an immediate decrease in cell width of approximately
15% [436]. On the other hand, the cell width of the AompR mutant strain cal-
culated by Campos et al. [405] concurs with the measurements presented in this
Chapter. Furthermore, the wide phenotype observed in the phase contrast im-
ages presented in this Chapter is similar to those observed by Ranjit and Young
during growth of lysozyme-induced spheroplasts of E. coli MG1655 with the same
AompR mutation [437], but it was not observed in the other two phenotypic stud-
ies mentioned above. This is not ascribed to differences in immobilisation method
(agarose pads for our study and that of Campos; optically clear microplates for
the work of French), which is known not to affect cell morphology, changes in

intercellular pH or growth in E. coli [438].

The gene ydgD is a putative periplasmic serine protease [409], and its deletion
in E. coli is linked to increased sensitivity to some [-lactam antibiotics [439).
The difference in morphology between biofilms formed by AompR and AydgD
mutant strains could be due to their different constituent cell shape phenotypes,
although a more comprehensive knowledge about the function of ydgD would be

required to inform further analysis.

The effect of growth medium composition on the fractal complexity of biofilms
formed by the AompR mutant strain was investigated in an attempt to identify
the components which most affected biofilm fractal dimension. It was found that
glucose concentration was particularly important in minimal medium, where it
constituted the sole carbon source. Increasing glucose concentrations in mini-
mal medium led to proportionally more complex biofilm channel organisation,
eventually reaching a RDBC dimension value close to that of biofilms grown

on rich media. This effect is similar to that observed in biofilms formed by FE.
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coli JM105 mini-Tn7-gfp [294], which developed more complex channel patterns
when grown on minimal medium with an excess of glucose compared to glucose-
limited substrates as described in Chapter 2. Furthermore, growth on rich soft
substrates reduced biofilm morphological complexity, whereas growth on soft min-
imal substrates increased it. This is in contrast with previous findings on E. coli
JM105 mini-Tn7-gfp, where channels in biofilms grown on rich, soft substrates

were densely packed together [294].

The morphology of cells and biofilms formed by the mutant strain AompR un-
der growth conditions with varying osmolality was also studied owing to the
role of OmpR in regulating the osmotic stress response [440|. Gram-negative
bacteria such as E. coli respond to an increase in external osmotic pressure by
accumulating solutes inside the cell, and by pumping out water through efflux
[441]. Hyperosmotic shock also leads to a sudden cell volume shrinkage [442],
followed by a gradual recovery [443], and is associated with a reduction in cell
elongation rate [444]. The effect of medium osmolality on biofilm morphology
was estimated by comparing RDBC dimension values between biofilms grown on
solid substrates with and without NaCl, and it was found that low osmolality
was associated with a lower fractal complexity on both rich and minimal media.
Because NaCl affects not only medium osmolality, but also nutrient metabolism
[445], the metabolically inert compound iodixanol was used for subsequent os-
motic stress experiments. The observed reduction in AompR cell width in high
osmolality media indicates a possible partial reversion to the parental phenotype,
which could equally be driven by ompR suppressor mutations. This phenotypic
reversion in cell shape may also explain the similarity in absolute RDBC dimen-
sion values between biofilms formed by the parental strain BW25113 and the

mutant strain AompR at each iodixanol concentration.
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E. coli K-12 strains are generally poor biofilm formers [446], and curli fibres are
required for biofilm development in K-12 [447]. The stark difference in mor-
phology between biofilms formed by the strains BW25113 and AguaB prompted
a comparative study of extracellular matrix production. However, no difference
was observed in extracellular matrix production when colonies of each strain were
grown on agar substrates stained with Congo Red and Coomassie Blue, or with
the SYPRO Ruby matrix stain. By imaging these biofilms with fluorescence mi-
croscopy, it was also found that extracellular matrix in BW25113-derived strains
was not preferentially localised within nutrient-transporting channels, contrary
to what was previously observed in JM105 mini-Tn7-gfp [209]. Congo Red bind-
ing was not observed in either BW25113 or AguaB, indicating that the peculiar
biofilm morphology exhibited by AguaB was not due to differential production
of curli or proteinaceous biofilm matrix components. A comparison with the Van
Gogh bundle structures in B. subtilis suggests extracellular polysaccharide as a
possible candidate for bundle formation in AguaB, as EPS production is essential
for the formation of Van Gogh bundles in B. subtilis [448|. This could be verified
by biofilm staining with Alexa594-wheat germ agglutinin (WGA) as previously
described by Rooney et al. for JM105 mini-Tn7-gfp [209].

The extraction of fractal geometry parameters from biofilm micrographs (see for
example [449]) is usually achieved by image thresholding, which is a type of
image segmentation which isolates an object from its background depending on
its greyscale value [450]. While this method can accurately identify the peripheral
outline of biofilms [451], it is not effective for the detection of internal channel
networks, where the difference in greyscale values between the channels and the
rest of the biofilm is small. In this work, this obstacle was overcome using the

fractal analysis software ComsystanJ. The use of fractal geometry has proven to
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be a simple yet powerful method for the quantification of E. coli biofilm internal
morphology, formed by cell shape mutants on different growth substrates. Our
analysis could help identify the factors controlling the formation and development
of nutrient-transporting channels in E. coli, and it could be readily applied to

other microbial species exhibiting complex biofilm internal patterns.

3.5 Conclusions

In this Chapter, two open-source fractal image analysis methods were applied
to microscopy images of E. coli biofilms to quantify the morphology of nutrient-
transporting channels. The similarity in box-counting dimension calculated for
biofilm images to that calculated for computer-generated fractals confirmed that
the morphology of nutrient-transporting channels in E. coli is fractal. While
differences in biofilm internal complexity could not be ascribed to cell shape alone,
changes in internal morphology for biofilms formed by the AguaB and AompR
mutant strains were observed with changes in growth conditions. The natural
extension of this work would involve the analysis of biofilms formed by other FE.
coli morphotypes, such as chains of cells (obtained for example by inactivating
the gene tolB) or round cells (through the inactivation of rodZ). In particular,
the architecture of biofilms formed by round FE. coli cells would indicate whether

nutrient-transporting channels are exclusive to rod-shaped bacteria.
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Chapter 4

Design of a Lambda Red recombineering

experimental framework for gene inactivations in

FEscherichia coli JM105 mini-Tn7-gfp

This Chapter presents an experimental framework designed to disrupt genes in
the background strain JM105 mini-Tn7-gfp using Lambda Red recombineering,
leading to changes in cell shape phenotype. The JM105 mini-Tn7-gfp strain was
chosen due to its demonstrated compatibility with mesoscopic imaging of biofilm
morphology with the Mesolens (as seen in Chapter 2), as opposed to strains de-
rived from BW25113, which are not suitable for Mesolens imaging due to their
dispersion to planktonic culture when a liquid mounting medium is added to
match the refractive index of the Mesolens used in water immersion mode (as dis-
cussed in Chapter 3). During recombineering experiments, JM105 mini-Tn7-gfp
exhibited unexpected ampicillin resistance. which prompted further genotyping
in an attempt to identify a reason for this phenomenon. Modifications to the
Lambda Red protocol were subsequently designed to circumvent this issue, but
these were unsuccessful. These findings confirmed that the strain BW25113 was
the most appropriate model to study the effect of gene inactivations on biofilm

morphology during the timeframe of this project.
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4.1 Introduction

4.1.1 Fundamentals of genetic engineering in bacteria

Bacterial DNA is mostly arranged into a circular, double-stranded chromosome
which contains the majority of genetic information essential for survival and repli-
cation [452]. In addition to this, genetic material can be found in separate,
smaller, often circular, DNA molecules called plasmids, which can replicate au-
tonomously from the chromosome [453]. The genetic material encoded in plasmids
is taken up into the bacterial cell when it confers a fitness or survival advantage
[454], for example by countering a selective pressure through resistance to antibi-

otics [455].

Genetic modification of organisms, also called genetic engineering, is a technique
which is used extensively in research, for example to understand metabolic pro-
cesses, to improve the yield of natural products [456], or to elucidate the func-
tion of uncharacterised genes by their addition or deletion/inactivation into the
genome and subsequent phenotypic analysis [457]. Genetic modification of bac-
terial DNA, whereby DNA fragments can be inserted into, or removed from, the
genome of a recipient organism, often exploits the rapid self-replication of bacte-
riophages and plasmids [458]. E. coli is one of the best characterised organisms
among all biological domains, and it remains the traditional choice for genetic
engineering, in part thanks to the availability of complete and annotated genome

sequences [121].

4.1.1.1 Lambda Red recombineering

Disruption of target genes can be achieved by PCR methods [459], where DNA

fragments containing an antibiotic resistance cassette are amplified using primers
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containing homologous regions upstream and downstream of the gene to be dis-
rupted. These fragments are then inserted into the host genome by homologous
recombination, a process by which pairs of homologous regions allow for DNA
exchange [460]. Many E. coli strains are not proficient in recombination, al-
though genetic mutations in the genes recB, recC' and recD, which encode for
DNA helicases and nucleases [461], can overcome this limitation [462]. Alter-
natively, homologous recombination can be achieved by replacing the RecBCD
function of E. coli with the Red recombination machinery from the bacteriophage
A [463]. This forms the basis of Lambda Red recombineering, which can be used
in conjunction with PCR amplification of insert DNA fragments with 30-50 bp

(base pairs) long homology regions to the gene of interest [464].

Lambda Red recombineering has been successfully used to inactivate genes in FE.
coli K-12 by substituting the gene of interest with a kanamycin resistance cassette
from a plasmid [402|. This technique was also used to generate the Keio collection,
a single-gene knockout library described in Chapter 3 [401]. Nonetheless, the Keio
collection may be impacted by secondary mutations, reversions and handling
errors, which could compromise the genotype status. For these reasons, PCR
experiments and sequencing are routinely employed to verify each strain, and the

removal of the kanamycin resistance cassette by plasmid curing is advisable [465].

4.1.2 Experimental aims

The first aim for this Chapter was to adapt the Lambda Red recombineering
protocol designed by Datsenko and Wanner [402] for the inactivation of the genes
amiA, cysC, gquaB, minC, ompR, rodZ, tolB and ydgD, which cause changes in
E. coli cell shape phenotype. The background E. coli strain JM105 mini-Tn7-

gfp was chosen for this experiment instead of the Keio parental strain BW25113
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thanks to its proven compatibility with high-throughput microscopy with the
Mesolens, as shown in Chapter 2 and discussed in Chapter 3. The failure of the
Lambda Red recombineering protocol prompted genotyping of the background
strain by diagnostic PCR, restriction enzyme digest and plasmid sequencing,
leading to the observation of an unexpected resistance to ampicillin in JM105
mini-Tn7-gfp. The second aim of this Chapter was then to modify the Lambda
Red recombineering protocol to change the antibiotic selection of the plasmid con-
taining Lambda Red machinery from ampicillin to tetracycline, to which JM105

is susceptible, using Gibson assembly and ligation.

4.2 Materials and Methods

4.2.1 Single-gene inactivation protocol using Lambda Red

recombineering

Single-gene inactivations were designed following the method by Datsenko and
Wanner [402|, where recombination between a region of the target gene and an
antibiotic resistance cassette produces the inactivation of that gene (Figure 4.1).
In this technique, recombination is carried out using the Lambda Red phage re-
combinase, which is transformed into the strain of origin using the helper plasmid
pKD46 (GenBank accession number: AY048746.1, Figure 4.2). Expression of the
recombinase genes is induced by addition of 0.1% L-arabinose into the growth
medium, as expression of the recombination components v, § and ezo of the
Lambda system are controlled by the arabinose-inducible promoter ParaB [402]

(Figure 4.2).

The template plasmid pKD4 (GenBank accession number: AY048743.1, Figure

4.2) carries the kanamycin resistance cassette used to disrupt the target gene,
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Figure 4.1: Schematic illustration of the single-gene knockout procedure by Datsenko
and Wanner. (1) Recombinase genes from the helper plasmid pKD46 are transformed
into the recipient strain JM105 mini-Tn7-gfp. The plasmid pKD46 contains the ampi-
cillin resistance cassette (ampR), the promoter of the L-arabinose operon araBAD, re-
quired for L-arabinose utilisation [466], and the phase Lambda Red recombinase and its
transcription terminator (A terminator). (2) The kanamycin resistance cassette present
on the helper plasmid pKD4 is amplified by PCR using primers containing homology
regions (H1 and H2) to the target gene to be deleted. The plasmid pKD4 contains
two flippase recognition target (FRT) sites. (3) The kanamycin resistance cassette is
substituted in the locus of the target gene (B) by homologous recombination, thus
inactivating the gene and creating the mutant strain JM105 mini-Tn7-gfp AB. Image
created in BioRender (license number SR25JKZ3PC).

which is amplified via PCR. The primers used for the amplification of the antibi-
otic resistance cassette contain homologous regions to the target gene, so that
when the PCR product is transformed with the recipient strain homologous re-

combination can occur at the desired locations inside the genome.

4.2.1.1 PCR amplification of the antibiotic resistance cassette

PCR experiments were carried out using Q5 High-fidelity DNA Polymerase (New
England Biolabs, USA) with the thermocycling conditions outlined in Section
A5 of Appendix A. The kanamycin resistance cassette from plasmid pKD4 was
amplified using primers with homology regions to each gene of interest (Table

A.6 in Appendix A) to produce each gene disruption.

A digestion step followed, where 1 pli of Dnpl enzyme was added to each 50 ulL

PCR tube, and incubated at 37 °C for one hour in order to remove methylated
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DNA from the plasmid template.

Successful amplification of the resistance cassette was checked by agarose gel elec-
trophoresis. The 1.5 kb bands corresponding to the antibiotic resistance cassettes
with homology regions were purified using the Wizard SV gel and PCR clean-up

system (Promega, UK) following manufacturer protocols.

4.2.1.2 Gene disruptions

Gene disruptions could be obtained by transforming the purified DNA fragments
from pKD4 into the JM105 mini-Tn7-gfp / pKD46 strain by electroporation.
Electrocompetent E. coli JM105 mini-Tn7-gfp / pKD46 cells were prepared as
described in Section A.8.2 of Appendix A in LB broth with 25 pg/mL gentamicin
and 100 pg/mL ampicillin. 0.1% L-arabinose was added to the growth medium
after 1:100 dilution of overnight cultures of JM105 mini-Tn7-gfp / pKD46 to
induce expression of the Lambda Red recombinase genes. The cultures were
further incubated under the same conditions until they reached mid-exponential

growth phase.

After electroporation, a recovery phase was carried out in 1 mL of SOC medium
at 30 °C with 300 rpm shaking for one hour. The recovered cultures were inocu-
lated on LB agar plates containing 25 ug/mL gentamicin, 100 pg/mL ampicillin
and 50 pg/mL kanamycin. A negative control was established by transform-
ing electrocompetent JM105 mini-Tn7-gfp / pKD46 cells with RNAse-free water.
A positive control was produced by inoculating electrocompetent JM105 mini-
Tn7-gfp / pKD46 on LB agar containing 25 pg/mL gentamicin and 100 pg/mL
ampicillin. Successful transformants would be streaked once more on LB agar
plates containing 25 pg/ml gentamicin, 100 pg/mL ampicillin and 50 pg/mL

kanamycin.
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4.2.1.3 Verification of gene disruptions by colony PCR and amplicon

sequencing

The successful insertion of the antibiotic resistance cassette into the genome was
checked by colony PCR. A small section of transformant biomass, taken from re-
streaked transformants, was suspended in 15 uL of 50% DMSO (Sigma-Aldrich,
USA) with a sterile inoculation loop. The mixture was heated at 65 °C for 30
minutes and used as the DNA template. Diagnostic colony PCR experiments were
carried out using the PCRBIO Taq Mix Red (PCR Biosystems, USA) following
manufacturer instructions, alongside 2 ul. of colony DNA product and 1 pL of
each forward and reverse gene-specific primers from Table A.5 in Appendix A.
Agarose gel electrophoresis was used to check for successful gene disruption and

resistance cassette insertion.

DNA from successful transformants was purified from agarose gels using a Wiz-
ard SV Gel and PCR Clean-Up System (Promega, UK) following manufacturer
protocol and sequenced by Illumina Sanger amplicon sequencing (Eurofins, Ger-
many) to confirm successful gene disruptions and the presence of the kanamycin

resistance cassette.

4.2.2 Characterisation of an unexpected ampicillin resis-

tance mutation in JM105 mini-Tn7-gfp

Following the observation of ampicillin resistance in our JM105 mini-Tn7-gfp
stocks, a phenotypic screening of the strain was carried out based on its genotype.
The following properties were verified: resistance to streptomycin, sensitivity to
nalidixic acid, thiamine auxotrophy, lactose non-utilisation. These properties

were checked by growing the strain on solid LB media plates prepared with the
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relevant concentrations of antibiotics as described in Table A.4 in Appendix A,
and on solid M9 media plates without thiamine (for thiamine auxotrophy) or with

20 % lactose (w/v) as the sole carbon nutrient source (for lactose non-utilisation).

4.2.2.1 Diagnostic colony PCRs

A diagnostic colony PCR reaction was performed to verify the successful insertion
of the mini-Tn7-gfp cassette into JM105. The primers glmS and mini-Tn7 were
selected to anneal to the glmS gene (upstream of the Tn7 insertion site) and to the
downstream flanking region of the mini-Tn7 insert [234] respectively (Table A.8
in Appendix A). PCR experiments were performed using PCRBIO Taq Mix Red
(PCR Biosystems, USA) following manufacturer’s instructions. Template DNA
was added by removing a small quantity of biomass from a colony on an agar plate
with a sterile pipette tip and swirling it into the PCR tube. The reactions were
verified by agarose gel electrophoresis alongside a 50 bp hyperladder (Bioline,
USA). The expected DNA fragment size amplified in the context of successful

insertion of the mini-Tn7 cassette was 150 bp [209].

4.2.2.2 Diagnostic restriction enzyme digests

Because the mini-Tn7 cassette insertion was originally carried out using the
pUC19 delivery plasmid, which confers ampicillin resistance [233], [234], it was
hypothesised that some plasmid material could have been left over from the pre-
vious cloning steps while constructing the JM105 mini-Tn7-gfp strain. This was
verified by diagnostic restriction enzyme digests. Plasmid DNA was first puri-
fied using a Wizard Plus SV Miniprep DNA Purification System (Promega, UK),
following the manufacturer’s protocol. The DNA concentration and purity were

quantified using a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA),
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showing the presence of several micrograms of high-purity DNA. The DNA was
digested with the enzymes EcoRI, Pvull, Ahdl and Nhel (New England Biolabs,
USA). Single restriction digests were set up in PCR tubes with 1 pg of plasmid
DNA, 5 uL of 10x rCutSmart buffer (New England Biolabs, USA) and 1 uL of
each enzyme, and nuclease-free water was added to a total volume of 50 pL.. The
tubes were incubated for three hours at 37 °C, and the digested DNA was ran
on a 1% agarose gel at 80 V for 75 minutes. A separate gel well was also loaded

with undigested plasmid DNA for comparison.

Diagnostic restriction double digests were also carried out on the pKD46 and
pKD4 plasmids. pKD46 was digested with the enzymes BamHI (unique cutter,
producing a 6.6 kb DNA fragment) and EcoRI (dual cutter, producing two DNA
fragments of sizes 1.5 kb and 5.1 kb). pKD4 was digested with the enzymes
Ndel (unique cutter, producing a 3.3 kb DNA fragment) and Sphl (dual cutter,

producing two DNA fragments of sizes 1 kb and 2.3 kb).

4.2.2.3 Plasmid sequencing

As a final verification, the plasmid DNA purified from JM105 mini-Tn7-gfp was
sequenced using Oxford Nanopore long reads by Plasmidsaurus (https://www.
plasmidsaurus.com/). DNA was diluted in nuclease-free water to a concen-
tration of 30 ng/uL, which was measured with a Qubit 2.0 fluorometer (Thermo
Fisher Scientific, USA). The purity of the sample was assessed with a NanoDrop
spectrophotometer (Thermo Fisher Scientific, USA), ensuring a 260/280 value
greater than 1.8 and a 260/230 value between 2.0 and 2.2. The resulting DNA

sequences were analysed using SnapGene Viewer version 6.2.1 (Insightful Science,

USA).

144


https://www.plasmidsaurus.com/
https://www.plasmidsaurus.com/

4.2.3 Proposed modification of Lambda Red recombineer-

ing protocol

The Lambda Red recombineering protocol described in Section 4.2.1 was modi-
fied to circumvent the ampicillin resistance identified in JM105 mini-Tn7-gfp. Two
alternative methods were designed, both relying on the substitution of the ampi-
cillin resistance cassette in pKD46 with a tetracycline resistance cassette from
the pACYC184 plasmid (GenBank accession number: X06403.1). The ligation of
the two fragments was designed to be carried out by either Gibson assembly or

ligation, as discussed in more detail below.

4.2.3.1 Gibson assembly

A Gibson assembly reaction was set up to ligate the backbone sequence of pKD46
(the fragment without the ampicillin resistance cassette) with the tetracycline
resistance cassette amplified from pACYC184. The reaction, outlined in Figure
4.3, was designed using NEBuilder Assembly Tool v2.7.1 (New England Biolabs,
USA). Plasmid DNA from both pKD46 and pACYC184 was purified from 10 mL
overnight cultures in LB30YE (LB broth modified to have 30g/L yeast extract)
with appropriate antibiotic using a Wizard Plus SV Miniprep DNA Purification
System (Promega, UK), following the manufacturer’s protocol. The 5,658 bp
backbone sequence from pKD46 was obtained by double restriction digest on
pKD46 DNA with the enzymes Ahdl and ApaLl. Restriction enzyme digests and
agarose gel electrophoresis were carried out as described in Section 4.2.2.2. The
5.6 kb DNA band on the gel corresponding to the backbone sequence (without
the ampicillin resistance cassette) was excised and purified using a Wizard SV Gel
and PCR Clean-Up System (Promega, UK). The tetracycline resistance cassette

fragment from pACYC184 was amplified by PCR, using primers containing at
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Figure 4.3: Schematic illustration of the Gibson assembly setup. (1) The backbone se-
quence was isolated by restriction enzyme digest of the plasmid pKD46 with the enzymes
AhdI and Apall, and agarose gel purification of the 5.6 kb fragment corresponding to
the region without the ampicillin resistance cassette. (2) The 1319 bp insert containing
the tetracycline resistance cassette (tet) was amplified from plasmid pACYC184 using
PCR with the primers Gibson F and Gibson R. (3) The two fragments were ligated
using the Gibson Assembly Master Mix and incubated at 50 °C for one hour, and the
resulting product was streaked on LB agar plates with selective antibiotics. Image cre-

ated in BioRender (license number SR25JKZ3PC).
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least 20 bp overlaps to the annealing region in pKD46 (Gibson F and Gibson R
from Table A.7 of Appendix A). Successful DNA amplification was ensured by
running the PCR product on 1.5% agarose gel. The 1.3 kb band was excised and
purified using a Wizard SV Gel and PCR Clean-Up System (Promega, UK). The

remaining contents of the tube were also purified using the same kit.

The Gibson assembly reaction was set up with 0.02 to 0.50 pmols of each frag-
ment, together with 10 pL of Gibson Assembly Master Mix 2x (New England
Biolabs, USA), topped up to a total volume of 20 uL. with RNAse-free water.
The sample was incubated at 50 °C for one hour, then stored on ice until chemi-
cal transformation with Dh5a competent E. coli (High Efficiency) (New England
Biolabs, USA), which was carried out as described in Section A.8.1 of Appendix
A. The cultures were streaked on LB agar plates containing selective antibiotics:
tetracycline for the success of the Gibson assembly and ampicillin for a negative
control. A single insert in the pUC19 plasmid, conferring ampicillin resistance,
was provided in the Gibson assembly kit and was used as a positive control.
The resulting 6937 bp-long assembled plasmid, named “pKD46 tet”, is shown

schematically in Figure 4.4.

Successful assembly was verified by diagnostic colony PCR experiments using
primers specific to the tetracycline resistance cassette (tetR_F and tetR_R) and
primers annealing just outside of the cassette, on the pKD46 backbone (pKD46 F
and pKD46 R). The sequences of these primers are shown in Table A.8 of Ap-
pendix A. PCR experiments were designed for the two combinations of tetracy-
cline primer with backbone primer (tetR_F with pKD46 R, forming a 1997 bp
product, and pKD46 F with tetR_R, forming a 1682 bp product). The reac-
tions were set up with PCRBIO Taq Mix Red (PCR Biosystems, USA) following

manufacturer’s instructions. Results of diagnostic colony PCR experiments were
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Figure 4.4: Plasmid map of the Gibson-assembled plasmid containing the tetracycline
resistance cassette from pACYC184 (TcR) and the backbone sequence of pKD46. The
primers used for diagnostic colony PCR experiments (tetR_F, tetR_R, pKD46 F and
pKD46 R) are shown in purple along the plasmid map. The presence of the ampicillin
resistance promoter (AmpR promoter) should not interfere with the transcription of
the tetracycline resistance cassette, which has opposite orientation and includes its
own promoter (tet promoter). The map was created in SnapGene Viewer version 6.2.1

(Insightful Science, USA).
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checked with agarose gel electrophoresis.

As a second diagnostic check, the Gibson-assembled pKD46 tet plasmid DNA
was digested with the single-cutting enzymes Notl and Nhel (New England Bi-
olabs, USA), of which the former cut on the pKD46 backbone upstream of the
tetracycline resistance cassette, and the latter cut within the resistance cassette.
The restriction enzyme digests were run as described in Section 4.2.2.2. The pre-
dicted fragment sizes for plasmid DNA digested with both enzymes were 810 bp
and 6.1 kb.

4.2.3.2 Ligation

A second method was designed to overcome the ampicillin resistance of JM105
mini-Tn7-gfp for gene inactivations with Lambda Red recombineering using liga-
tion. In a similar fashion to Gibson assembly, the aim was to ligate the tetracy-
cline resistance cassette from the pACYC184 plasmid to the backbone of pKD46,

which contained the Lambda Red machinery.

The vector fragment was obtained from pKD46 in the same way as for Gibson
assembly, by double restriction enzyme digestion with Ahdl and ApaLll. The
product was run on 1% agarose gel and the 5.6 kb band was gel-purified as
described above. 20 pL of the purified DNA was then incubated with 1 pL of
Shrimp Alkaline Phosphatase (rSAP, New England Biolabs, USA) and 2 pL of
RCutSmart (New England Biolabs, USA). The tube was incubated at 37 °C for

30 minutes and then at 65 °C for 5 minutes for inactivation of rSAP.

The tetracycline resistance cassette insert was amplified from pACYC184 by per-
forming a similar PCR experiment to that described for the Gibson assembly.

20 bp primers were designed to anneal in similar regions of pACYC184, with a
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ATG start codon upstream of the cassette and a TGA stop codon downstream
of it. To ensure the orientation of the tetracycline resistance cassette was the
same as that of the (removed) ampicillin resistance cassette in pKD46 (which
is antiparallel to it - see Figure 4.3), the primers were changed to their reverse-
complement. To create complementary strands with the pKD46 backbone region
of annealing, the ApaLl and AhdI enzyme cut sites (G/TGCAC and GACnnn/n-
nGTC respectively) were added before the start codon and after the stop codon
respectively. The resulting primer sequences for insert PCR amplification, Liga-

tion F and Ligation R, are shown in Table A.7 of Appendix A.

The PCR experiment for the amplification of the tetracycline resistance cassette
from pACYC184 was set up and carried out in the same way as for the Gibson
assembly, using Q5 High-Fidelity DNA Polymerase (New England Biolabs, USA).
The PCR product was run on a 1.2% agarose gel, and the band at 1.3 kb was
purified following gel band excision. The same double restriction enzyme diges-
tion with Ahdl and ApaLl was then performed on the purified DNA to create
sticky ends compatible with the backbone vector. The correct overlap of the am-
plified pACYC184 product and the corresponding region of pKD46 was checked
on SnapGene version 6.2.1 (Insightful Science, USA) using the “Linear ligation”

tool.

Ligation was carried out as a 20 ul. reaction containing 2 ul. of T4 DNA ligase
buffer, 1 pl. of T4 DNA ligase (New England Biolabs, USA) and the two DNA
fragments in vector to insert ratios of 1:3 and 3:1. A vector-only control was
also set up. The tube containing the ligation reaction was left at 5 °C overnight,
and was successively transformed into chemically-competent Dh5a competent
E. coli (High Efficiency) (New England Biolabs, USA) as described in Section

A.8.1 of Appendix A. The recovered cultures were streaked on LB agar plates
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with 25 pg/mL tetracycline and incubated overnight at the permissive temper-
ature of 30 °C. Cultures were also streaked on LB agar plates with 25 ug/mL

chloramphenicol as a negative control.

4.3 Results

4.3.1 Lambda Red recombineering troubleshooting

Digestion of pKD46 plasmid DNA with the restriction enzymes Ahdl and ApalLl
successfully produced a 5.7 kb fragment corresponding to the desired backbone
vector (Figure 4.5). However, the DNA was not fully digested, and a second band
was visible just above the 5.7 kb fragment. This prevented accurate excision of
the 5.7 kb fragment from the gel for further purification. The correct functioning
of the restriction enzymes Apal.l and Ahdl was checked on the helper plasmid
pKD4, where each successfully cut the plasmid DNA into a linear fragment of
3.3 kb.

The plasmids pKD46 and pKD4 were also verified by restriction enzyme digests
to troubleshoot the failure of Lambda Red recombineering experiments (Figure
4.6). In pKD46, agarose gel electrophoresis confirmed that BamHI cut the plas-
mid DNA into a single 6.3 kb fragment, whereas EcoRI cut at two sites, producing
DNA fragments of 4.8 kb and 1.5 kb. In pKD4, agarose gel electrophoresis con-
firmed that the single cutter Ndel produced a 3.3 kb fragment, and that the

double cutter Sphl produced two DNA fragments of 1 kb and 2.3 kb.

Despite optimising the restriction enzyme digest protocol for pKD46 for the en-
zymes Ahdl and Apal.l, and successfully purifying approximately 500 ng of high-

purity digested DNA, the progress on Lambda Red recombineering experiments
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Figure 4.5: Image of the agarose gel showing the DNA fragments formed by digestion
of pKD46 and pKD4 with the enzymes Apal.l and AhdI. Digestion of pKD46 with
ApaLl and AhdI successfully produced a single 6.3 kb DNA fragment, whereas double
digestion with both enzymes should have produced two DNA fragments of 650 bp and
5.7 kb (only the latter was observed). The presence of a 6.3 kb fragment indicated that
the digestion of the plasmid DNA was not complete. Digestion of pKD4 with either
ApaLlI or AhdI successfully produced a single 3.3 kb DNA fragment.

was halted when the negative control plate (JM105 mini-Tn7-gfp on LB agar
with 100 pg/mL ampicillin) showed extensive growth. This suggested the strain
JM105 mini-Tn7-gfp was inherently ampicillin resistant, preventing successful

transformation of its genomic DNA with the pKD46 plasmid DNA.
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Figure 4.6: Image of the agarose gels showing the DNA fragments formed by digestion of
the plasmid pKD46 with the enzymes BamHI and EcoRI (a) and of the plasmid pKD4
with the enzymes Sphl and Ndel (b). Digestion of pKD46 with BamHI successfully
produced a 6.6 kb DNA fragment, and digestion with EcoRI successfully produced DNA
fragments of 1.5 kb and 5.1 kb. Digestion of pKD4 with Sphl successfully produced
DNA fragments of 1 kb and 2.3 kb, and digestion with Ndel successfully produced a
unique 3.3 kb DNA fragment.

4.3.2 The ampicillin resistance of JM105 mini-Tn7-gfp is
likely to be a leftover from the pUC19 plasmid used

for the insertion of the mini-Tn7 cassette

While verifying negative control plates during Lambda Red recombineering exper-
iments, resistance to ampicillin was observed for the strain JM105 mini-Tn7-gfp.
This observation proved consistent across both solid and liquid media. New me-

dia batches, new ampicillin stocks (including a new carbenicillin stock) and new
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bacterial stocks stored at -80 °C did not change the results. Because ampicillin re-
sistance was not observed for the JM105 strain without the mini-Tn7 insertion (as
expected from the genotype of the JM105 strain [467]), genetic diagnostic checks

were designed in an attempt to identify the source of the antibiotic resistance.

Diagnostic colony PCRs were performed on 5 colonies of JM105 mini-Tn7-gfp
to check for successful insertion of the mini-Tn7 cassette. Colonies were selected
from plates streaked with 3 separate glycerol stocks. 150 bp DNA fragments were
amplified in each reaction except the negative control (Figure 4.7), showing that

the mini-Tn7 cassette was correctly inserted downstream of the glmS gene [234].

Diagnostic restriction enzyme digests were carried out on plasmid DNA puri-
fied from JM105 mini-Tn7-gfp (Figure 4.8). Inspection of the undigested bands

revealed multiple DNA fragments, and digested bands also showed large DNA

< JM105 mini-Tn7-gfp ——> -ve

S Wi

1kb  ——
w————

e e d

S

300bp  A—

200bp W

100bp

Figure 4.7: Diagnostic colony PCR on JM105 mini-Tn7-gfp with template DNA ob-
tained from 5 colonies from 3 different glycerol stocks. Bands at 150 bp indicate the

presence of the mini-Tn7 cassette.
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Figure 4.8: Images of agarose gels showing the DNA fragments formed by restriction
digest of JM105 mini-Tn7-gfp plasmid DNA with the enzymes EcoRI and Pvull (a) and
AhdI and Nhel (b). Digestion with EcoRI produced DNA fragments of 1.2 kb, 7 kb and
8 kb, the latter of which is consistent with digestion of pUX-BF13 with EcoRI. Digestion
with Pvull produced DNA fragments of 1.2 kb, 2.5 kb, 5 kb and 7 kb. The 5 kb and
8 kb fragments are consistent with those formed by digestion of the plasmid pUX-BF13
with Pvull. Digestion with Ahdl and Nhel both produced a 8 kb DNA fragment (on
top of the various DNA fragments present in the undigested DNA). Several bands larger
than 10 kb were visible, and were likely due to undigested DNA from the plasmid pUX-
BF13 (size: 12.2 kb).

fragments. In particular, the 2.4 kb band obtained by digestion with Pvull was
consistent with the pUC19 delivery plasmid (GenBank ID: M77789.2; total size:
2686 bp), on which the mini-Tn7-gfp plasmid was originally based [234], and the
8.5 kb band obtained by digestion with EcoRI was consistent with the pUX-BF13

helper plasmid containing Tn7 transposon genes ([468|; total size: 12.256 kb).
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Sequencing of the plasmid DNA revealed the presence of 3 distinct plasmids
within the JM105 mini-Tn7-gfp DNA. The first two plasmids were 4154 bp and
2082 bp long, and only contained the high copy number ColE1 /pMB1/ pBR322/
pUC origin of replication (automatically detected by SnapGene). The third plas-
mid (shown in Figure 4.9) was 15,649 bp long and included ampicillin, gentamicin
and chloramphenicol resistance cassettes, as well as a gfp fragment compatible
with the GFPmut3 fluorescent protein used in the mini-Tn7-gfp transposon deliv-
ery system by Lambertsen et al. [234]. The plasmid also included the tra.J gene,
which is used for conjugative transfer of genetic material [469]. This sequence
was also present in the helper plasmid pUX-BF13 used for the mini-Tn7-gfp in-
sertion. These observations suggested that fragments from the machinery used
to construct the JM105 mini-Tn7-gfp strain were still present in its genome. This
was likely to be the reason why the Lambda Red recombineering approach de-

scribed previously did not work as intended.

4.3.3 Gibson assembly troubleshooting

Gibson assembly was attempted following the protocol outlined in Section 4.2.3.1.
The tetracycline resistance cassette was amplified successfully from pACYC184
(Figure 4.10a), and assembled with the backbone vector from pKD46. Various
vector to insert ratios were tested, ranging from 1:3 to 3:1. Seemingly successful
Gibson assembly reactions, identified by growth of colonies on LB agar plates
with 20 pg/mL tetracycline, were checked by colony PCR as discussed in Section

4.2.3.1, but proved unsuccessful (Figure 4.10b).
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Figure 4.9: (a) Plasmid map of the largest plasmid obtained by sequencing JM105

mini-Tn7-gfp plasmid DNA. The 15,549 bp plasmid included resistance cassettes for
ampicillin (AmpR), gentamicin (GmR) and chloramphenicol (CmR), GFP coding re-
gions as well as mini-Tn7 elements (Tn7R and Tn7L). The plasmid map was created in
SnapGene Viewer version 6.2.1 (Insightful Science, USA). (b) Structure of the mini-Tn7
delivery plasmid used in the JM105 mini-Tn7-gfp strain, encoding ampicillin resistance
(ApR) and fluorescence from the GFP protein expressed by the constitutive promoter
P 41/04/03 [470]. Diagram adapted from [234]. The features shown in the plasmid map
(a) correspond to those in the mini-Tn7-gfp delivery plasmid (b), suggesting the origin

of the ampicillin resistance observed in the JM105 mini-Tn7-gfp strain.
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4.3.4 Ligation troubleshooting

Ligation of the backbone vector from pKD46 with the tetracycline resistance
cassette from pACYC184 was also attempted following the protocol in Section
4.2.3.2. The tetracycline resistance cassette amplified by PCR was purified straight
from the PCR tube and also after being run on an agarose gel (Figure 4.11a).
These purified DNA fragments were digested with Ahdl and Apall and ligated

with the pKD46 backbone vector without success.

Restriction enzyme digests were also set up with pACYC184 fragments purified
using both techniques, but this time with whole, undigested DNA from pKD46
(Figure 4.11b). This digest created additional DNA fragments on top of the re-
quired 5.6 kb double-digest fragment from pKD46, but the desired fragment could

still be purified by excision of the relevant band on agarose gel electrophoresis.

The mixture of pACYC184 amplified fragment and pKD46 whole-plasmid DNA|
digested simultaneously with Ahdl and Apal.l, was purified from the PCR tube
straight after digestion, and digested again with rSAP as described in Section
4.2.3.2. Ligation reactions were set up with vector to insert ratios of 3:1 and
1:3, using insert DNA purified from both PCR tubes and gel band excision.
After transformation of the ligated products with both chemically competent
and electrocompetent E. coli, growth was only observed on plates containing
insert DNA purified from PCR tubes. However, a first re-streak on solid medium
containing chloramphenicol showed resistance to chloramphenicol exhibited by all
colonies, conferred by leftover DNA from pACYC184. This confirmed the failure

of the ligation experiment.
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4.4 Discussion

This work described a genetic engineering platform for single-gene inactivations
in the background strain JM105 mini-Tn7-gfp. This would have enabled high-
resolution imaging of whole biofilms with subcellular resolution using the Mesolens,
as well as precise quantification of nutrient-transporting channel width and frac-
tal morphology using the methods described in Chapters 2 and 3. However,
the Lambda Red recombineering protocol based on Datsenko and Wanner [402]
initially failed due to an unexpected ampicillin resistance observed for JM105

mini-Tn7-gfp.

Ampicillin resistance in JM105 mini-Tn7-gfp was likely due to leftover of genetic
material from the cloning experiments used to insert the mini-Tn7 cassette into
the chromosome of JM105 [233], [234]. Attempts to cure the plasmids responsible
for this resistance by spontaneous segregation through subsequent sub-culturing
on non-selective solid growth medium proved unsuccessful, possibly owing to
the high copy number of the plasmid pUC19 [471]. Interestingly, the 15,549 bp
plasmid encoding for ampicillin resistance isolated from JM105 mini-Tn7-gfp is a
dimer, which would theoretically increase the chances of spontaneous loss [472].
Other plasmid curing methods, such as serial batch culture in non-selective growth
medium or growth at increased temperatures [473|, could possibly eliminate the

ampicillin resistance from JM105 mini-Tn7-gfp.

During the preparation of the backbone vector from pKD46 by restriction en-
zyme digestion, the purification of digested DNA from agarose gel slice excision
produced extremely low yields. This could be due to the fact that pKD46 is a
low copy number plasmid [402]. A number of troubleshooting techniques were

employed to overcome this issue, but to no avail. For example, the purification
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of plasmid DNA from the Dh5a strain was carried out in modified LB broth con-
taining 30 g/L yeast extract, since high contents of yeast extract in the growth
medium are associated with increased plasmid DNA yield [474]. Furthermore,
restriction enzyme digests of pKD46 with Ahdl and Apal.l were carried out with
as much pKD46 plasmid DNA as possible, and were run for extended periods of
time (minimum three hours). The addition of restriction enzymes was performed
both simultaneously (with both Ahdl and ApaLl added to the tube at the start of
the reaction) and sequentially (by adding one enzyme, excising and purifying the
digested DNA band and adding the second enzyme, or alternatively by adding
one enzyme for one 1.5 hours and then the other for a further 2 hours). DNA
purification was also performed both directly from PCR tubes (on the whole di-
gested DNA) and after agarose gel electrophoresis after excision of the relevant
DNA band. While the former purification method increased the chances of undi-
gested DNA being used in downstream experiments, it was hypothesised that this
issue could be circumvented by screening of transformant colonies. Finally, heat
inactivation of both Ahdl and ApaLl enzymes was performed at both 65 °C and
80 °C for 20 minutes after the double restriction enzyme digest reactions, in an

attempt to increase transformation efficiency [475], but without success.

Other changes in the Lambda Red protocol could be implemented, for example
by changing the restriction site on pKD46 to include the promoter of ampicillin
resistance genes by changing the restriction enzyme from Apall to Aarl - BfuAl -
BspMI, or by isolating the backbone vector from pKD46 using PCR~only methods
instead of restriction enzyme digestion. Gene inactivations in the JM105 mini-
Tn7-gfp strain could also be obtained by P1 phage transduction of the mutated
region of the chromosome [476] from the corresponding Keio collection mutant

strains, though this method can lead to frequent cross-contamination errors [477].
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Finally, gene inactivations could be carried out using the clustered regularly in-
terspaced short palindromic repeats—CRISPR-associated system (CRISPR-Cas9),
by which the commonly occurring CRISPR DNA sequences are recognised and
split by the enzyme Cas9 [478]. While this technique has been used extensively
in genome editing thanks to its simplicity [479], [480], it is also prone to off-target
mutations [481], [482].

While Lambda Red recombineering is a fast and reliable method for genetic en-
gineering in F. coli, it can often require optimisation. For example, sub-optimal
arabinose induction of recombinase genes can reduce recombination efficiency
[483]. Successful Lambda Red recombineering for the inactivation of genes in
the E. coli strain JM105 mini-Tn7-gfp would allow for high-throughput pheno-
typic analysis of mature biofilms using fluorescence mesoscopy. The single-gene
inactivations described in this Chapter could be used to study the effect of con-
stituent cell shape on biofilm morphology and intra-colony channel architecture
while taking advantage of the increased field of view and resolution offered by the
Mesolens. Nonetheless, the results obtained using BW25113 derivative strains de-
scribed in Chapter 3 offered important insights into the morphological complexity

of nutrient-transporting channels in E. coli.

4.5 Conclusions

In this Chapter, attempts with Lambda Red recombineering for gene inactivations
in the F. coli strain JM105 mini-Tn7-gfp were characterised. The purification of
backbone vector DNA from pKD46 proved to be the biggest hurdle to the suc-
cess of this experiment, together with the previously uncharacterised ampicillin

resistance of the host strain JM105 mini-Tn7-gfp. Extensive troubleshooting was
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carried out to identify the origin of this resistance, which likely originated from
cloning steps used to insert the mini-Tn7-gfp cassette into the strain during its
construction. Optimisation attempts were also undertaken to improve the yield
of backone vector DNA purification, but to no avail. Different gene-inactivation
techniques such as CRISPR~Cas9 could be tested instead, but they would require

extensive diagnostics to rule out off-target effects.
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Chapter 5

Concluding remarks and directions for future work

This Chapter summarises and contextualises the findings presented in Chapters

2, 3 and 4. Recommendations for future work are also provided.
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5.1 Summary

The work presented in this thesis was centred on the imaging and quantitative
analysis of nutrient-transporting channel networks in F. coli. This was achieved
by imaging mature biofilms formed by FE. coli strains with different cell mor-
phologies and on different growth environments with fluorescence microscopy and
mesoscopy, and by using image analysis tools to measure the width of individual
channels and to quantify their complexity with fractal geometry methods. An ex-
perimental framework for individual gene deletions in an E. coli strain optimised
for high-throughput mesoscopy was also proposed in an attempt to investigate

the genetic determinants of channel formation.

In Chapter 2, a quantification of the recently discovered nutrient-transporting
channel network in FE. coli was provided. The Mesolens was used to image
E. coli JM105 mini-Tn7-gfp biofilms grown under different environmental con-
ditions of nutrient availability and substrate stiffness, and an open-source image
analysis pipeline was developed to measure channel width at different positions
within the biofilm. The pipeline combined elements from the FIJI image anal-
ysis software with a Python programming script, allowing for the identification
and measurement of hundreds of individual channels, with widths as narrow as
10 pm. The width of these nutrient-transporting channels was on average 25%
larger for biofilms grown on glucose-limited substrates than for those grown on
ammonium-limited substrates, suggesting that channels might be particularly im-
portant for the transport of carbon-based nutrients. Channel density in biofilms
grown on soft, nutrient-rich medium was considerably higher than that of biofilms
grown on stiffer substrates. Further analysis also revealed that channel width in-
creased non-linearly from the centre to the edge of the biofilms under all growth

conditions, possibly in an attempt to maximise fluid flow of nutrients from the
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surrounding growth environment towards the innermost regions of the biofilm.

In Chapter 3, the morphological complexity of nutrient-transporting channels
was quantified for the first time using fractal geometry. The effect of constituent
cell shape on channel architecture was investigated by imaging mature biofilms
formed by the E. coli BW25113 mutant strains AamiA, AguaB, AompR and
AydgD, whose single-gene deletions affected the cell phenotype. Biofilms formed
by all strains had a fractal complexity comparable to that of computer-generated
fractals, but cell shape alone could not explain the differences in channel architec-
ture observed between different strains. For the long-cell mutant strain AguaB
and the wide-cell mutant strain AompR, biofilm fractal complexity was signifi-
cantly higher when the biofilms were grown on nutrient-rich substrates than when
they were grown on nutrient-limited conditions. The peculiar biofilm morphology
exhibited by the AguaB mutant strain was investigated by staining of the extra-
cellular matrix, but no difference in matrix production was identified between the
mutant strain and the parental strain, BW25113. Channel architecture in the
mutant strain AompR was affected by nutrient availability on nutrient-limited
growth medium, and by the presence of salt. Due to the role of ompR in os-
motic stress response, the architecture of channel networks in growth substrates
with different osmolalities were also investigated, but the reduction in complexity
observed for AompR biofilms was comparable to that observed for the parental

strain, BW25113.

Finally, Chapter 4 presented an experimental genetic engineering framework de-
signed to combine the high-throughput imaging capabilities of the Mesolens with
the morphological properties of biofilms formed by cell-shape mutant strains.
Gene knockout experiments were designed in the background strain JM105 mini-

Tn7-gfp, which is more suitable for Mesolens imaging than BW25113 thanks to
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its superior structural resilience to immersion with mounting medium. Genetic
engineering experiments were firstly performed using the Lambda Red-mediated
recombineering method proposed by Datsenko and Wanner, but this route was
abandoned when ampicillin resistance was unexpectedly observed for JM105 mini-
Tn7-gfp. Plasmid DNA sequencing revealed that the resistance was likely to be a
remnant of cloning experiments performed to insert the mini-Tn7 cassette into the
host chromosome. The Lambda Red gene-knockout framework was then modi-
fied to substitute the ampicillin resistance cassette in the helper plasmid pKD46
with a tetracycline resistance from a different plasmid, but Gibson assembly and

ligation attempts at this modification were unsuccessful.

5.2 Recommendations for future work

The central theme of this work is the quantitative characterisation of the recently-
discovered network of nutrient-transporting channels in E. coli. The width and
fractal complexity of these channels were quantified for the first time in Chapters
2 and 3 using fluorescence imaging and image analysis. Preliminary checks to-
wards the investigation of genetic determinants of channel formation using genetic

engineering were also introduced in Chapter 4.

The channel width measurements presented in Chapter 2 could be further im-
proved by imaging biofilms with the Mesolens in confocal laser scanning mode,
which would reject out-of-focus light originating from different axial planes and
improve the sharpness of nutrient-transporting channels. This method would also
allow to track individual channels in the axial dimension, and allow to study the
variation in channel width depending on the distance from the growth substrate

(and, therefore, the nutrient source). At the time of investigation, this avenue was
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not pursued due to the considerably longer image acquisition time required for
confocal laser scanning mode (several hours for a single biofilm z-stack) compared
to widefield epi-fluorescence (approximately two minutes per biofilm). However,
during my work, a lightsheet mode was developed for the Mesolens [108]. This
would provide optical sectioning for high-resolution 3D imaging of these large
biofilms, with sub-cellular resolution throughout, at speeds much higher than the

confocal laser scanning mode can generate.

The study on the effect of bacterial cell shape on the fractal complexity of
nutrient-transporting channels presented in Chapter 3 would benefit from the
complementation of each mutant strain with the corresponding deleted gene. This
would allow for the precise attribution of the observed biofilm phenotypes to the
loss of the disrupted coding sequences, and rule out polar effects on downstream
genes or extragenic mutations. It would also be interesting to study biofilms
formed by different E. coli cell phenotypes, such as chains of cells and round
cells. Furthermore, there are many more molecular and physiochemical mecha-
nisms which could be responsible for channel formation and architecture. These
could be investigated for example by imaging biofilms formed by FE. coli strains
involving mutations in genes affecting biofilm formation and surface features. In
addition to this, a library of strains containing transcriptional GFP fusions could
be used to detect the activity of promoters of genes involved in biofilm formation
in real time using fluorescence microscopy, in order to investigate whether these
genes are involved in channel formation. This would constitute an important step

towards elucidating the genetic determinants of channel formation in E. coli.

The disruption of genes involved in biofilm formation within the host strain JM105
mini-Tn7-¢gfp would provide a platform for the quantitative analysis of biofilm

morphology with the Mesolens, which provides subcellular resolution across whole
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mature biofilms. While the Lambda Red-based recombineering techniques ex-
plored in Chapter 4 were not successful for the inactivation of genes which affect
cell shape phenotype, a number of alternative methods were suggested that may

achieve this aim, including P1 phage transduction and CRISPR-Cas9.

While the work presented in this thesis is specific to E. coli, the presence of
complex patterns is ubiquitous in biofilms. The methods described here form
an important addition to the arsenal of image analysis tools available to quan-
tify these patterns in any microbiological genus. Finally, the findings presented
in these chapters further our understanding of the principles governing channel
formation and development, and could inform the investigation of similar mor-

phological structures in other bacterial species.
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That’s plenty!

Victor McDade
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Appendix A

Materials and methods

A.1 Growth media

Molecular grade reagents were purchased from Merck (Germany), Thermo Fisher
Scientific (USA) and Melford (UK) unless otherwise specified. Liquid and solid
media were prepared in Duran bottles using distilled water (for LB and SOC
media) and distilled deionised water (for M9-based media) as described in Table
A.1. Media pH was adjusted to 7.0 using 1M NaOH solution. Media was sterilised
by autoclaving at 121 °C at 100 kPA. Minimal M9 medium was prepared in a 5x
concentrated solution then diluted to 1x with distilled deionised water. The 1x

solution was then supplemented with 1 mM MgSO,- 7TH50, 0.2% (w/v) glucose

Name Components

Lysogeny Broth (LB) tryptone 10 g/L, yeast extract 5 g/L, NaCl 10 g/L

SOC tryptone 20 g/L, yeast extract 5 g/L, NaCl 0.6 g/L,
KC10.2 g/LL

M9 medium (5x) Nay,HPO, 30 g/L, KH,PO,4 15 g/L, NH,C1 5 g/L, NaCl
2.5 g/L

Table A.1: Growth media recipes used in this work.
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and 0.00005% (w/v) thiamine. For plasmid DNA purification, the recipe for LB

medium was modified to include 30 g/L yeast extract.

Solid substrates were made by adding 20 g/L of agar prior to autoclaving unless
otherwise specified. Solid media was melted using a microwave and stored in a

55 °C water bath prior to use.

A.2 Strains and plasmids

A.2.1 Bacterial strains

The two principal strains used in this work are F. colt JM105 mini-Tn7-gfp and
BW25113, both K-12 derivatives. Details of the strains are given in Table A.2.
JM105 mini-Tn7-¢gfp is based on the K-12 derivative JM105, and contains a gfp
insertion within a mini-Tn7 transposon system, providing GFP fluorescence [234].
BW25113 is the parental strain for the Keio collection. Strains containing single-
gene knockouts of the genes amiA, guaB, ompR and ydgD (referred to as “Keio
mutants” throughout this thesis) were selected from the Keio collection [401].

Strains were stored as 25% glycerol stocks at -80 °C.

A.2.2 Plasmids

The plasmids used in this work are listed in Table A.3. The pAJR145 plasmid
was transformed into BW25113 and the Keio mutant strains to provide GFP
fluorescence, whereas the plasmids pKD46, pKD4 and pACYC184 were used in

cloning experiments for Lambda Red recombination.

173



“SI0Mm STU) UT Pash SUTRI)S [eLI9)Re 7'V O[R],

X (fw La) g rypsy 691N (A0~ A Z90])Y CTINY Z2D]POSD

[787] 0zg-nd ‘Hdnu YGosp ‘9a b ‘Tyja4 Tyoas ‘T-wgy FrAwE ‘Typua A YSHA
Apngs smy, eyTurvd / we:ghphv e11seMd
Apngs siy T, SpTUrvd [ weydwoy e11SeMd
Apnjs s, cyTuarvd /) ue:gonby ¢115eMd
Apnys sy, SYTUrVd [ weyuny e11SeME

[T07] uvy::97Labpliv €116 Md we: qbphiv €119 Md

[T07] upy::6eLgdwoy ¢I1GeMd wey:ydwoy ¢116eMd

[T07] uny:iLGLgonbyy ¢11GeMd ue:gonby ¢116eMd

[T07] uniy:: 79, yruny €T1SeME wes: 'y €T1SE M
Apnys siy, SyTarvd / erisemd

FISYPSY ‘896 (qvy
lcov] -avys)w Tyde -\ (e-gUIL:)L8LTZIVIN  LIG(AD0-ADI0) T o eITSeMd
(Y 1) pypsy [¢T~NZo0] 90] LGV 0id

[L97] ‘9savur ] ‘(gyosd-ov)y ‘T-wyp “psde ‘ergoqs ThAawb pypus SOTINL

90UdI3JaY adAjouox) aure N

174



Name Description Antibiotic selection Reference

pAJR145 pACYC184 rpsM::gfp+ chloramphenicol [410]
transcriptional fusion

pKD46 Lambda Red recombi- ampicillin [402]
nase machinery

pKD4 FRT-flanked kanamycin ampicillin, kanamycin [402]
cassette

pACYC184 Cloning vector chloramphenicol, tetra- [485]

cycline

Table A.3: Plasmids used for genetic manipulation in this work.

A.2.3 Growth conditions

The BW25113 strain was grown in LB broth at 37 °C, and Keio mutant strains
were grown in LB broth with 50 pug/mL kanamycin. After transformation with
the pAJR145 plasmid, strains were grown with the addition of 25 pg/mL chlo-
ramphenicol. The JM105 mini-Tn7-gfp strain was grown at 37 °C in LB broth
with 25 pg/mL gentamicin. Strains containing the pKD46 plasmid were grown in
LB broth with 100 pg/mL ampicillin at the permissive temperature of 30 °C, to
avoid plasmid curing. Strains containing the pKD4 plasmid were grown at 37 °C

in LB with 50 pug/mL kanamycin.

Liquid cultures were prepared by inoculating a single colony from an agar plate
into 5-10 mL of LB broth containing the appropriate antibiotics. Cultures were
grown overnight at 37 °C (unless otherwise specified) in an aerated shaking in-
cubator with shaking speed of 225 rpm. Mid-exponential growth phase cultures
were obtained by diluting overnight cultures 1:100 into 5 mL of fresh LB broth
containing the appropriate antibiotics, and incubating this new culture in the

conditions specified above until the optical density (OD) reached a value between
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0.4 and 0.6.

A.2.4 Bacterial growth curves

Growth curves were acquired on a BioTek Synergy HT plate reader (Agilent
Technologies, USA) from 200 pL aliquots of diluted liquid culture. Aliquots were
added in triplicate to a black Nunc MicroWell 96-well optical-bottom plate with
polymer base (Thermo Fisher Scientific, USA). Absorbance (ODgy) measure-
ments were performed every 15 minutes for 24 hours, with the plate being held

at 37 °C and shaken continuously.

A.3 Antibiotics

Antibiotics were added to liquid media and molten solid media where required in
the final concentrations shown in Table A.4. Antibiotic stocks were prepared in
small 1 mL aliquots in a 1000x concentration and stored at -20 °C. They were

thawed before use and added in the appropriate concentration.

Name Description Solvent Concentration
ampicillin B-lactam water 100 pg/mL
chloramphenicol aminoglycoside ethanol 25 pg/mL
gentamicin aminoglycoside water 25 pg/mL
kanamycin aminoglycoside water 50 pg/mL
nalidixic acid DNA gyrase inhibitor IM NaOH 30 pug/mL
stremptomycin  aminoglycoside water 100 pg/mL
tetracycline tetracycline water 25 pg/mL

Table A.4: Antibiotic stocks and concentrations.
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A.4 Primers

All primers were purchased as 25 nmole DNA oligos from IDT (Integrated DNA
Technologies, USA), and diluted to 100 M and 10 pM stock solutions using
RNAse-free water. Melting temperatures for each primer sequence were checked
using the New England Biolabs Tm calculator website [486]. Primers were de-
signed to have a GC (guanine-cytosine) content between 40% and 60%, and melt-
ing temperatures within 5 °C of each other for plasmids constructed for the same

gene.

A.4.1 Genetic check of Keio mutant strains

Primers used for genetic check of the Keio mutants are shown in Table A.5. They
were designed to anneal upstream and downstream to each gene of interest, or

inside the kanamycin resistance cassette.

A.4.2 Gene knockouts by Lambda Red recombineering

Primers for Lambda Red recombineering experiments are shown in Table A.6.
In particular, each primer consisted of two regions. The 5’ ends consisted of
36-50 nucleotide regions of homology to the target gene. The 3’ ends consisted
of 20 nucleotides used as priming sites for amplification of the ampicillin resis-
tance cassette on pKD4. These were P1 (GTGTAGGCTGGAGCTGCTTC) for
the reverse primers and P2 (ATGGGAATTAGCCATGGTCC) for the forward
primers. Melting temperatures for the priming sites, which anneal to the pKD4
plasmid, are 68 °C for P1 and 65 °C for P2. The P1 and P2 priming sites were

taken from Datsenko and Wanner [402].
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Name  Primer sequence (5 - 3°) Tm (°C)
k1 CAGTCATAGCCGAATAGCCT 64
k2 CGGTGCCCTGAATGAACTGC 69
amiA F TCTCAACAGCAAACCGTCGT 67
amiA R GTTTAACCTGGTGTGCGTCG 67
cysCF  TCTGGTTCGTCGCCACTTTC 68
cysCR  TTACTTTGACGAACCGGGCA 67
guaB F  GATGCAATCGGTTACGCTCT 65
guaB R GGATGCGATGCTTATGAATG 61
minC F  CGCGCTGGCGATGATTAATAG 66
minC R CCCTTTGCCCGAAGTAACAAC 66
ompR F TAGCTGGTGACGAACGTGAG 67
ompR R GCGAACAGCAAGGTGACGAT 68
rodZF  GATGGTTCACCGGCATCTCA 67
rodZ R CAATCGGCACATTCCCAACG 67
tolBF  CAGGCAGAGCAATCATCAGC 66
tolBR  TGGGCCATCGGTCCAGATAA 68
ydgD F ACTTTCATCCCGTCCCGTCT 68
ydgD R ATTGGCCTGGTCTTGCTGTT 67

Table A.5: Primers used for the genetic check of Keio mutant strains. The k1 and
k2 primers [402] anneal upstream and downstream of the kanamycin resistance cassette
inserted in the place of each knocked-out gene. The other primers are designed to anneal

upstream (F) and downstream (R) to the gene of interest.
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02983780058)1€e3331e)DHDVVIVVODLOLOVILODDDLVIDOVIVIDDILOLODILDD A PP Dsdd
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0018812005e11€e3351eD) LDHDLLLODIDDOVVVOHLODLOIDOVIOIDIDDIDILIOVOLD PP yiure
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A.4.3 Cloning

Primers were designed for Gibson assembly and ligation experiments to substitute
the ampicillin resistance cassette in plasmid pKD46 with a tetracycline resistance
cassette from plasmid pACYC184. The primers used to amplify the tetracycline

resistance cassette in these experiments are shown in Table A.7.

A.4.4 Diagnostic colony PCR experiments

Colony PCR experiments were used as a diagnostic tool to check some specific
regions in the genome of the strains used in this study, or to investigate the
success of cloning experiments. The primers used to check successful insertion
of the mini-Tn7 cassette into JM105 were taken from Lambertsen et al. [234].
The other primers were designed using the Eurofins Primer Design Tool (https:
//eurofinsgenomics.eu/en/ecom/tools/pcr-primer-design/). The primer

sequences are shown in Table A.8.

Name Primer sequence (5’ - 3’) Tm (°C)

Gibson F atccatagttgectgactccTAATTCTCATGTTTGACAG 67
CTTATCATCGATAAGCTTTAATGCGGTAGTT
TATCACAG

Gibson R gatgctgaagatcagttgge TCAGGTCGAGGTGGCCCG 68
GC

Ligation F  GACTACGAGTCTCACAGTTCTCCGCAAGAAT 56
Ligation R CGGCCGTGCACATGTAGCACCTGAAGTCAGC 55

Table A.7: Primers used for Gibson assembly and ligation cloning experiments. Lower-
case nucleotide sequences in the Gibson primers correspond to the fragments annealing

to pACYC184.
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Name Primer sequence (5’ - 3°) Tm (°C)

glmS AACCTGGCAAATCGGTTAC 63
mini-Tn7  CAGCATAACTGGACTGATTTCAG 63
tetR_F GCCTATATCGCCGACATCAC 65
tetR_R GCCTACAATCCATGCCAACC 67
ampR R  CAACTTTATCCGCCTCCATC 53
ampR R CGCCGCATACACTATTCTCA 53
pKD46 F CAGTGAATGGGGGTAAATGG 63

pKD46_R AATGGCGGGAGTATGAAAAG 62

Table A.8: Primers used for diagnostic colony PCR experiments.

A.5 Polymerase Chain Reaction

PCR experiments were carried out following manufacturer’s protocols in 0.2 mL
PCR tubes (VWR, USA) using a DNA Engine Thermal Cycler (BioRad, USA)
for routine PCR experiments and with an Applied Biosystems Veriti Dx Thermal
Cycler (Thermo Fisher Scientific, USA) for temperature gradient PCR experi-
ments. Thermolycling conditions used in PCR experiments are shown in Table

A9.

A.6 DNA sequencing

A.6.1 Sanger amplicon sequencing

For Sanger amplicon DNA sequencing, purified PCR products were diluted to 10
ng/uL using nuclease-free water. For the sequencing of each product, 15 pl of
purified diluted DNA was added to 2 uL of primer, giving two tubes for each DNA

(one with forward primer, and one with reverse primer). Samples were sequenced
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PCRBIO Taq Mix Red

Reaction Setup Thermocycling conditions

2x PCRBIO Taq Mix Red 25 pL Denaturation (95 °C, 1 min)

10 uM Forward primer 1 uL Denaturation (95 °C, 30 s)
10 uM Reverse primer 1 pL Annealing (Tm -5 °C, 30 s)
Template DNA <100 ng Extension (72 °C, 1-2 min)
RNAse free water (to 50 uL) [30 cycles|

Extension (72 °C, 3 min)

Q5 High-fidelity DN A Polymerase

Reaction Setup Thermocycling conditions

5x Q5 Buffer 10 pL Denaturation (98 °C, 30 s)

5x GC Enhancer 10 uL Denaturation (98 °C, 10 s)

10 mM dNTPs 1 uL Annealing (* °C, 20 s)

10 uM Forward primer 2.5 uL Extension (72 °C, 20-30 s/kbp)
10 uM Reverse primer 2.5 puL [30 cycles]

Template DNA <100 ng Extension (72 °C, 2 min)

Q5 DNA Polymerase 0.5 L
RNAse free water (to 50 uL)

Table A.9: Reaction setup and thermocycling conditions for PCR experiments carried
out with PCRBIO Taq Mix Red (PCR Biosystems, USA) and Q5 High-fidelity DNA
Polymerase (New England Biolabs, USA). Tm refers to the melting temperature of the
primers. Annealing temperatures (*) for PCR experiments using Q5 polymerase were

obtained from the New England Biolabs Tm calculator website [486].
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by Eurofins (Germany), and successful sequencing was checked by ensuring the

chromatogram was made of well-separated, non-overlapping peaks.

A.6.2 Plasmid DNA sequencing

plasmid DNA was sequenced using Oxford Nanopore long reads by Plasmid-
saurus (https://www.plasmidsaurus.com/). DNA was diluted in nuclease-free
water to a concentration of 30 ng/uL, which was checked with a Qubit 2.0 fluo-
rometer (Thermo Fisher Scientific, USA). The purity of the sample was assessed
with a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA), ensuring a
260/280 value greater than 1.8 and a 260,230 value between 2.0 and 2.2. DNA se-
quences were checked, and plasmid maps were visualised, using SnapGene Viewer

version 6.2.1 (Insightful Science).

A.7 Agarose gel electrophoresis

Agarose gels were prepared with 1.5% agarose concentration (unless otherwise
specified) by dissolving agarose in TAE buffer. TAE buffer was prepared as a
50x stock solution by adding 242.2 g/L tris base and 57.1 mL/L glacial acetic
acid to 18.612 g/L. EDTA disodium salt (previously adjusted to pH 8.0 using
NaOH). This solution was stored at room temperature, and diluted to 1x with
distilled water before use. The agarose gel was heated in a microwave until liquid
and allowed to cool to 50 °C at room temperature. Ethidium bromide was added
to a final concentration of 100 pug/mL and the mixture was poured into GT Cell
gel tanks (Bio-Rad, USA) to solidify. After adding 1x TAE buffer to the tanks,
wells were loaded with 10 uL of the appropriate DNA ladder (Promega, UK) and
2-10 pL of DNA mixed with Purple 6x loading dye (New England Biolabs, USA).
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Electrophoresis was carried out at voltages between 60 and 90 V for 1-1.5 hours
- low voltages and high running times were preferred for small DNA fragments.
The resulting bands on the gel were imaged using UV light from an Azure ¢200

gel imager (Azure Biosystems, USA).

A.8 Bacterial transformation

A.8.1 Chemically competent cells

Transformation into chemically competent High Efficiency NEB 5-alpha com-
petent E. coli cells (New England Biolabs, USA) was carried out according to
manufacturer’s protocol. Briefly, after adding 1-5 ul. of DNA to 50 pL of thawed
cells, the mixture was put on ice for 30 minutes, then heat shocked in a 42 °C dry
bath for 30 seconds and put on ice for another 5 minutes. The cells were then
mixed gently with 950 pL of room temperature LB broth or SOC medium and
put in a dry 37 °C shaking bath for one hour. The resulting culture was plated,
both in normal and 100x concentration, on LB agar plates with selective antibi-
otics. A negative control with no DNA was also plated in both normal and 10x
concentration. Both sets were incubated overnight at permissive temperatures.
The presence of colonies in the plates (and their absence in the negative control

plates) ensured the transformation was successful.

A.8.2 Electrically competent cells

To prepare electrocompetent cells, overnight cultures were diluted 1:100 into a
total volume of 50 mL of sterile LB (plus relevant antibiotics). The culture was
left to grow for about 3 hours, until the optical density (ODgo) reached a value

of 0.4 - 0.6. The culture was then transferred into a sterile 50 mL tube, chilled
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on ice for 5 minutes and then centrifuged at 4000 xg for 10 minutes at 4 °C.
After discarding the supernatant, three washes were performed with 10 mL of
ice-cold 10% glycerol solution. After the last centrifugation step, the pellet was
resuspended in the required amount of ice-cold 10% glycerol solution and mixed

by gentle pipetting.

For transformation, freezer-cold 1 mm gap electroporation cuvettes (Bio-Rad,
USA) were filled with 100 pL of electrocompetent cells, to which 100 ng of DNA
was added. The contents of the cuvettes were shocked with a 1.8 kV electric pulse
lasting around 5 ms. 900 pL of room temperature LB broth or SOC medium were
then added to the cuvettes and mixed by pipetting, and the cultures were trans-
ferred to sterile eppendorf tubes. The cultures were recovered by incubation in
a dry shaking bath for one hour at permissive temperatures, and then streaked
both in normal and 10x concentrations on LB agar plates with the appropriate se-
lection antibiotics. Plates were incubated overnight and checked for the presence

of colonies the following morning.

A.9 DNA purification

Plasmid DNA was purified from 10 mL overnight cultures using a Wizard Plus
SV Miniprep DNA Purification System (Promega, UK), following the manufac-
turer’s protocol. Genomic DNA was purified from 1 mL of overnight culture
using a Wizard Genomic DNA Purification Kit (Promega, UK). Amplified DNA
from PCR products and excised gel bands containing DNA were purified using a

Wizard SV Gel and PCR Clean-Up System (Promega, UK).

The concentration of purified DNA was quantified using a NanoDrop spectropho-

tometer (Thermo Fisher Scientific, USA) or a Qubit 2.0 fluorometer (Thermo
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Fisher Scientific, USA). DNA samples were stored at -20 °C.

A.10 Biofilm specimen preparation

A.10.1 Imaging chamber design and 3D-printing

The imaging chamber to be used with the Mesolens was designed on AutoCAD
(Autodesk, USA) by modifying the original design of Rooney et al. [209]. The
chamber was designed to mimic a Petri dish, and consisted of a 120 mm x 100 mm
X 12 mm plate with a 60 mm diameter, 10 mm deep well at its centre to hold the
agar substrate (Figure A.1). After 3D printing the chamber in black ABS plastic
(FlashForge, Hong Kong) using a FlashForge Dreamer 3D printer (FlashForge,
Hong Kong), the corners were smoothed out using a scalpel. This reduced the
movement of the imaging chamber inside the square plate. The chamber was
sterilised with a 70% (v/v) ethanol solution, and then under UV light for 20

minutes immediately before the addition of sterile solid growth medium.

Figure A.1: 3D-printed imaging chamber used with the Mesolens. Measurements are

given in cm.
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A.10.2 Mature biofilm specimen preparation

Liquid cultures of E. coli JM105-mini-Tn7-¢gfp at mid-exponential growth phase
were prepared as described previously. To grow biofilms on rich medium, 100 uL
of a liquid culture with density 1x 10 colony-forming units (CFUs) per mL was in-
oculated on the 10 mm-thick LB agar substrate inside the imaging chamber. The
specimen was incubated at 37 °C for 24 hours in darkened condition prior to imag-
ing. For minimal medium with varying nutrient concentration, mid-exponential
phase liquid cultures were washed three times with 1x M9 salts. They were then
resuspended in M9 medium with appropriate amounts of glucose and ammonium
chloride (for carbon and nitrogen variation, respectively). M9 agar substrates
cast into the 3D-printed imaging chambers were inoculated at a concentration
of 1x10%/mL. Based on the dimensions of the imaging chamber (Supplementary
Figure A.1), this corresponds to a seeding density of 1 cell per mm?, which ensured
biofilms were sufficiently spaced out and did not have to compete for nutrients
with others in their proximity. It was also ensured that only one biofilm was
visible in the field of view of the Mesolens at once, which prevented background

signal from nearby biofilms from reaching the detectors.
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Figure A.2: Specimen preparation for Mesolens imaging, as described by Rooney et

al.

and incubated until mid-exponential growth phase. For experiments carried out with
M9 minimal medium, the cultures are pelleted and resuspended with 1x M9 salts 3
times. The cultures are then spread on solidified agar substrates (either LB or M9) on

the 3D-printed plastic specimen holder. Image created in BioRender (license number

SR25JKZ3PC).

[209]. Overnight liquid cultures are first prepared in LB medium, then diluted
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Appendix B

Python scripts used to calculate and plot
intra-colony channel width at different radial

distances from the centre of the biofilm

B.1 Channel width calculation

This Python script is used to measure channel width at different radial distances
from the centre of the biofilm using the find_peaks () function from the scipy.

signal signal processing library.

After transforming the geometry of biofilm images from polar to Cartesian, line
profiles are taken along the full circumference of biofilms as described in Section
2.2.5 of Chapter 2. Line profile data contains two variables: the grey level of
each pixel (df .grey) and its corresponding distance along the circumference in
pixels (distance). Line profile data at each radial distance is saved as an Excel
file, which is read in as a dataframe by the script (line 9). The number of pixels
per degree (in polar coordinates) and the radial distance at which the line profile
is obtained are entered manually in lines 12 and 13. The peaks are identified
on line 25 from the by the find_peaks() function, which is called with the

following arguments: a minimum height for each peak is selected as 50 pixels;
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find_peaks()
scipy.signal
scipy.signal
df.grey
distance
find_peaks()
height

the minimum distance between neighbouring peaks is selected as 9 pixels; the
prominence of each peak is selected as 20% of the total range of pixel intensities
in the line profile. The full-width at half-maximum of each peak is then calculated
on line 28 using the peak_widths() function, and it is converted to pm units

using polar geometry on line 30.

The final lines of the code are used to plot the signal as a blue line, to denote
the identified peaks with orange crosses and their full-width at half-maximum
with green horizontal lines, as shown in Figure 2.3 in Chapter 2. The full-width
at half-maximum values computed using this script, which correspond to intra-

colony channel widths, are saved in a separate file for plotting.

# imports

import math

import numpy as np

import pandas as pd

import matplotlib.pyplot as plt

from scipy.signal import find_peaks, peak_widths

# read in data file containing peak intensity values

df = pd.read_excel(r’file_name.xlsx’)

# assign values for pixel to micrometer conversion
num_pixels_y = 7200 # from polar transformer plugin

radius = 300 # radial distance from the centre (um)

5 # plot signal (by extracting data from excel sheet)

plt.plot (df.distance, df.grey, c=’#0087BD’)

7 plt.xlabel(’Distance (pixels)’)

plt.ylabel (’Grey level’)
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# find minimum and maximum of signal
max_signal = np.max(df.grey)

min_signal = np.min(df.grey)

# find peaks (returns indices of data array at which peaks occur)

5 peaks, = find_peaks(df.grey, height=50, distance=9, prominence

=0.2x(np.max (df . grey) -np.min (df . grey)))

7 # calculate FWHMs and convert to micrometer units

peaks_half = peak_widths (df.grey, peaks, rel_height=0.5)
FWHM = peaks_half [0]

FWHM_um = FWHM*2*math.pi*radius/num_pixels_y

# plot peaks and FWHM lines
plt.plot (df.grey)

plt.plot (peaks, df.greyl[peaks], "x")

5 plt.hlines (*xpeaks_half[1:], color="C2")

plt.show ()

B.2 Channel width plotting

This Python script is used to plot channel width against radial distance from the

centre of the biofilm as box plots with scatter points using the seaborn library.

The data file containing intra-colony channel widths (width) calculated at dif-
ferent radial distances from the centre of the biofilm (radius) is read in as a
dataframe at line 11. The mean absolute deviation (MAD) of channel widths at
each radial distance is calculated on line 16, and used to calculate a modified
z-score on line 17. Data points are removed if their modified z-score is greater

than 3 (line 20).

191


seaborn
width
radius
MAD
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Box plots for the data are plotted using the boxplot () function (lines 23-28), and
individual data points are added using the stripplot() function (lines 32-34).
This generates the plots constituting Figure 2.7 in Chapter 2. Average channel
width values are also calculated for each radial distance on line 37 and saved for

further analysis.

# imports

import pandas as pd
from scipy import stats
import seaborn as sns

import matplotlib.pyplot as plt

sns.reset_defaults ()

plt.rcParams.update ({’font.size’: 14})

# read in data file containing channel widths vs radius

data = pd.read_excel(r’file_name.xlsx’)

# NON NORMAL DISTRIBUTION #
# calculate modified Z-score and add it to dataframe
data["width_median"] = data.groupby(’radius’)["width"].transform(

‘median’)

; data["MAD"] = data.groupby(’radius’) ["width"].transform(stats.

median_abs_deviation)
data["modified_zscore"] = 0.6745*x(datal["width"]-datal"

width_median"])/data["MAD"]

# filter outliers (remove values that are more than 3 "modified

stdevs" away)

data_no_outliers_non_normal = data[data["modified_zscore"] < 3]
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stripplot()
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34

36

39

10

44

46

# boxplots showing median, 25% and 75% quartiles (box edges)),
errorbars and means (white diamonds)
ax = sns.boxplot(x="radius", y="width", data=

data_no_outliers_non_normal, showmeans=True,

meanprops={"marker":"D",
"markerfacecolor":"white",
"markeredgecolor":"black",
"markersize":"7"},

showfliers=False, fliersize=1, zorder=2,

palette="Spectral")

# stripplot showing individual datapoints

2 ax = sns.stripplot(x="radius", y="width", data=

data_no_outliers_non_normal,
dodge=True, jitter=False, zorder=1,

color=".25", alpha=0.5)

# Calculate averages
average_widths = data_no_outliers_non_normal.groupby(’radius’)["

width"].mean ()
# Hide the right and top spines
ax.spines[’right’].set_visible (False)
ax.spines[’top’].set_visible (False)
plt.xticks(rotation = 60)
plt.xlabel (’Radial distance (um)’)

plt.ylabel (’Channel width (um)’)

plt.show ()
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Appendix C

Genetic checks of Keio mutant strains by DNA

sequencing

Amplicon sequences obtained for the parental strain were aligned against the full-
genome sequence of the parental strain BW25113 (GenBank ID: CP009273.1) to
identify the corresponding gene of interest. Amplicon sequences obtained for the
mutant strains were aligned against the sequence of the plasmid pKD13 (GenBank

ID: AY048744.1) encoding the kanamycin resistance cassette [402].

C.0.1 amiA gene region

The amiA region of the parental strain’s genome (>amiA_wt) and of the mutant
strain AamiA (>amiA_mut) were sequenced using the primers amiA F and amiA
R from Table A.5 in Appendix A. The sequences are reported below, together with
the corresponding BLAST alignments. N bases signify an ambiguous nucleotide

identification by the sequencing software.

>amiA_wt
NNNNNANATCTGGGANCTTTATTATTACAACTCAGGCCGTATGAGCACTTTTAAACC

ACTAAAAACACTCACTTCGCGCCGCCAGGTGCTGAAAGCCGGTTTGGCTGCCCTGAC
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GTTGTCAGGAATGTCGCAAGCCATCGCCAAAGACGAACTTTTAAAAACCAGCAACGG
ACACAGCAAGCCGAAAGCCAAAAAATCTGGCGGCAAACGTGTCGTTGTTCTCGATCC
AGGTCACGGCGGAATTGATACCGGAGCGATCGGACGCAACGGTTCGAAAGAAAAACA
TGTGGTGCTGGCGATTGCTAAAAACGTCCGTTCCATTTTGCGTAATCATGGGATTGA
TGCGCGTTTAACGCGTTCTGGCGATACGTTTATCCCACTTTACGATCGCGTTGAAAT
CGCCCATAAACATGGCGCAGATCTGTTTATGTCAATTCATGCCGATGGCTTTACCAA
CCCGAAAGCTGCCGGTGCTTCGGTATTTGCCCTCTCTAACCGTGGGGCAAGTAGCGC
AATGGCGAAATACCTGTCTGAACGCGAAAACCGCGCCGATGAAGTTGCCGGTAAAAA
GGCGACTGACAAGGATCACCTATTGCAACAAGTGCTGTTTGATCTGGTGCAAACAGA
TACCATTAAAAATAGTCTGACGCTCGGCTCGCATATTCTGAAGAAGATTAAGCCGGT
GCATAAACTGCACAGCCGCAACACCGAACAAGCGGCATTTGTGGTGTTGAAATCACC
GTCGGTTCCITCGGTGCTGGTGGAAACCTCGTTTATCACCAACCCGGAAGAAGAACG
GCTGTTAGGCACGGCGGCGTTTCGTCAGAAAATCGCCACAGCGATTGCTGAAGGCGT
GATCAGTTATTTCCACTGGTTCGACAACCAGAAAGCACATTCGAAAAAGCGATAAGT

TATGAAACCGANNNN

>amiA_mut

NGNNNNACATCTGGNANCTTTATTATTACAACTCAGGCCGTATGATTCCGGGGATCC
GTCGACCTGCAGTTCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCAGAGCGCT
TTTGAAGCTCACGCTGCCGCAAGCACTCAGGGCGCAAGGGCTGCTAAAGGAAGCGGA
ACACGTAGAAAGCCAGTCCGCAGAAACGGTGCTGACCCCGGATGAATGTCAGCTACT
GGGCTATCTGGACAAGGGAAAACGCAAGCGCAAAGAGAAAGCAGGTAGCTTGCAGTG
GGCTTACATGGCGATAGCTAGACTGGGCGGTTTTATGGACAGCAAGCGAACCGGAAT
TGCCAGCTGGGGCGCCCTCTGGTAAGGTTGGGAAGCCCTGCAAAGTAAACTGGATGG
CTTTCTTGCCGCCAAGGATCTGATGGCGCAGGGGATCAAGATCTGATCAAGAGACAG
GATGAGGATCGTTTICGCATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCG

CTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTG
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ATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCG
ACCTGTCCGGTGCCCTGAATGAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGG
CCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGG
ACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTC
CTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATC
CGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTC
GGATGGAAGCCGGICITGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTICG
CGCCAGCNGAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGCGAGGATCTCG
TCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGNNGGAAANTGGCCGCTTTN
CTGGATTCATCGACTGTNGCCNNCTGGNNGNGGCGGACNGCTATCAGGNNNNNGCGT

TGGCTACCCGTGNNNNTGCTGANNNNTTG
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C.0.2 guaB gene region

The guaB region of the parental strain’s genome (>guaB_wt) and of the mutant
strain AguaB (>guaB_mut) were sequenced using the primers guaB F and guaB
R from Table A.5 in Appendix A. The sequences are reported below, together with
the corresponding BLAST alignments. N bases signify an ambiguous nucleotide

identification by the sequencing software.

>guaB_wt

NNNCNNNTCTGGNTCGAGATATTGCCCATGCTACGTATCGCTAAAGAAGCTCTGACG
TTTGACGACGTTCTCCTCGTTCCTGCTCACTCTACCGTTCTGCCGAATACTGCTGAC
CTCAGCACCCAGCTGACGAAAACTATTCGTCTGAATATCCCTATGCTTTCCGCAGCA
ATGGATACCGTAACGGAAGCGCGCCTGGCTATTGCTCTGGCTCAGGAAGGCGGTATC
GGCTTTATCCACAAAAACATGTCCATTGAACGCCAGGCAGAAGAAGTTCGCCGTGTG
AAAAAACACGAATCTGGTGTGGTGACTGATCCGCAGACTGTTCTGCCAACCACGACG
CTGCGCGAAGTGAAAGAACTGACCGAGCGTAACGGTTTTGCGGGCTATCCGGTCGTT
ACCGAAGAAAACGAACTGGTGGGTATTATCACCGGTCGTGACGTGCGTTTTGTTACC
GACCTGAACCAGCCGGTTAGCGTTTACATGACGCCGAAAGAGCGTCTGGTCACCGTG
CGTGAAGGTGAAGCCCGTGAAGTGGTGCTGGCAAAAATGCACGAAAAACGCGTTGAA
AAAGCGCTGGTGGTTGATGACGAATTCCACCTGATCGGCATGATCACCGTGAAAGAC
TTCCAGAAAGCGGAACGTAAACCGAACGCCTGTAAAGACNANCAAGGCCGTCTGCGT
GTTGGTGCAGCGGTTGGCGCAGGTGCGGGTAACGAAGAGCGTGTTGACGCGCTGGTT
GCCGCAGGCGTTGACGTTCTGCTGATCGACTCCTCCCACGGTCACTCAGAAGGTGTA
CTGCAACGTATCCGTGAAACCCGTGCTAAATATCCGGATCTGCAAATTATCGGCGGC
AACGTGGCAACAGCTGCAGGTGCACGCGCTCTGGCNNAAGCTGGTTGCAGTGCGGTT
AAAGTCGGCATTGGCCCTGGCTCTATCTGTACAACTCGTATCGTGACTGNNGTCGGT

GTTCCGCANATTACCGCTGTTGCTGACGCAGTNNNAGCCCTGGAAGGCNCCGGTATT
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CCGGTTATCGNTGATGNNGGN

>guaB_mut

CNNNTCTGNNTCGAGATATTGCCCATGATTCCGGGGATCCGTCGACCTGCAGTTCGA
AGTTCCTATTCTCTAGAAAGTATAGGAACTTCAGAGCGCTTTTGAAGCTCACGCTGC
CGCAAGCACTCAGGGCGCAAGGGCTGCTAAAGGAAGCGGAACACGTAGAAAGCCAGT
CCGCAGAAACGGTGCTGACCCCGGATGAATGTCAGCTACTGGGCTATCTGGACAAGG
GAAAACGCAAGCGCAAAGAGAAAGCAGGTAGCTTGCAGTGGGCTTACATGGCGATAN
CTAGACTGGGCGGTTTTATGGACAGCAAGCGAACCGGAATTGCCAGCTGGGGLCGLCCC
TCTGGTAAGGTTGGGAAGCCCTGCAAAGTAAACTGGATGGCTTTCTTGCCGCCAAGG
ATCTGATGGCGCAGGGGATCAAGATCTGATCAAGAGACAGGATGAGGATCGTTTCGC
ATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTA
TTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGG
CTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTG
AATGAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCT
TGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGC
GAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCC
ATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTC
GACCACCAAGCGAANCATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTIT

GTCGATCAGGNNGATCTGGNNNN
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C.0.3 ompR gene region

The ompR region of the parental strain’s genome (>ompR_wt) and of the mu-
tant strain AompR (>ompR_mut ) were sequenced using the primers ompR F and
ompR R from Table A.5 in Appendix A. The sequences are reported below, to-
gether with the corresponding BLAST alignments. N bases signify an ambiguous

nucleotide identification by the sequencing software.

>ompR_wt

TNNNNATTGTTGCGNACCTTTGGGAGTACAAACAATGCAAGAGAACTACAAGATTCT
GGTGGTCGATGACGACATGCGCCTGCGTGCGCTGCTGGAACGTTATCTCACCGAACA
AGGCTTCCAGGTTCGAAGCGTCGCTAATGCAGAACAGATGGATCGCCTGCTGACTCG
TGAATCTTTCCATCTTATGGTACTGGATTTAATGTTACCTGGTGAAGATGGCTTGTC
GATTTGCCGACGTCTTCGTAGTCAGAGCAACCCGATGCCGATCATTATGGTGACGGC
GAAAGGGGAAGAAGTGGACCGTATCGTAGGCCTGGAGATTGGCGCTGACGACTACAT
TCCAAAACCGTTTAACCCGCGTGAACTGCTGGCCCGTATCCGTGCGGTGCTGCGTCG
TCAGGCGAACGAACTGCCAGGCGCACCGTCACAGGAAGAGGCGGTAATTGCTTTCGG
TAAGTTCAAACTTAACCTCGGTACGCGCGAAATGTTCCGCGAAGACGAGCCGATGCC
GCTCACCAGCGGTGAGTTTGCGGTACTGAAGGCACTGGTCAGCCATCCGCGTGAGCC
GCTCTCCCGCGATAAGCTGATGAACCTTGCCCGTGGTCGTGAATATTCCGCAATGGA
ACGCTCCATCGACGTGCAGATTTCGCGTCTGCGCCGCATGGTGGAAGAAGATCCAGC
GCATCCGCGTTACATTCAGACCGTCTGGGGTCTGGGCTACGTICTTTGTACCGGACGG
CTCTAAAGCATGAGGCGATTIGCGCTTCTCGCCACGAAGTTCATTTGCCCGTACGTTA

T
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>ompR_mut

NNNCTNNNNATTGTTGCGAACCTTTGGGAGTANAAACAATGATTCCGGGGATCCGTC
GACCTGCAGTTCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCAGAGCGCTTTT
GAAGCTCACGCTGCCGCAAGCACTCAGGGCGCAAGGGCTGCTAAAGGAAGCGGAACA
CGTAGAAAGCCAGTCCGCAGAAACGGTGCTGACCCCGGATGAATGTCAGCTACTGGG
CTATCTGGACAAGGGAAAACGCAAGCGCAAAGAGAAAGCAGGTAGCTTGCAGTGGGC
TTACATGGCGATAGCTAGACTGGGCGGTTTTATGGACAGCAAGCGAACCGGAATTGC
CAGCTGGGGCGCCCTCTGGTAAGGTTGGGAAGCCCTGCAAAGTAAACTGGATGGCTT
TCTTGCCGCCAAGGATCTGATGGCGCAGGGGATCAAGATCTGATCAAGAGACAGGAT
GAGGATCGTTTCGCATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTT
GGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATG
CCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACC
TGTCCGGTGCCCTGAATGAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCA
CGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACT
GGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTIG
CCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGG
CTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGA
TGGAAGCCGGTCTITGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGC
CAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGCGAGGATCTCGTICG
TGACCCATGGCGATGCCTIGCTTGCCGAANATCATGGTGGAAANTGGCCGCTTTINCTG

GATTCATCGACNNNNG
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C.0.4 ydgD gene region

The ydgD region of the parental strain’s genome (>ydgD_wt) and of the mutant
strain AydgD (>ydgD_mut) were sequenced using the primers ydgD F and ydgD
R from Table A.5 in Appendix A. The sequences are reported below, together with
the corresponding BLAST alignments. N bases signify an ambiguous nucleotide

identification by the sequencing software.

>ydgD_wt

NNNNNGTTGCTTTTNNNNATCATAATTACCCACCAGAGTGTGATATGCGTACAACCA
TTGCTGTAGTGTTGGGTGCAATTAGTTTGACGTCTGCTTTTGTGTTTGCAGATAAAC
CAGACGTTGCCAGATCGGCAAACGATGAGGTCAGCACCCTGTTTTTTGGTCATGATG
ATCGTGTGCCAGTGAATGACACGACCCAATCACCGTGGGATGCGGTTGGGCAACTGG
AAACGGCCAGCGGCAATTTATGTACGGCGACGCTGATTGCACCCAATCTGGCATTAA
CGGCAGGACACTGTTTATTGACACCTCCAAAGGGTAAAGCCGATAAAGCAGTGGCGC
TGCGTTTTGTGTCAAATAAAGGTCTTTGGCGCTATGAGATCCACGACATAGAAGGCC
GCGTTGATCCGACACTGGGAAAGCGGTTAAAAGCAGATGGGGATGGTTGGATTGTAC
CTCCCGCAGCCGCGCCGTGGGACTTCGGATTGATTGTGCTACGTAATCCCCCTTCTG
GCATTACGCCGTTGCCGTTATTTGAGGGAGATAAAGCCGCGCTTACCGCCGCATTAA
AAGCGGCAGGTCGTAAAGTGACTCAGGCAGGCTACCCTGAAGATCATCTCGATACGT
TGTACAGTCATCAAAACTGTGAAGTGACTGGCTGGGCGCAAACGTCGGTGATGTCAC
ATCAGTGCGATACCTTGCCGGGTGACAGCGGTTCGCCTCTGATGTTGCATACCGATG
ACGGCTGGCAATTAATTGGGGTGCAAAGTTCGGCTCCTGCCGCGAAAGATCGCTGGC
GCGCCGATAACCGGGCCATTTCTGTTACCGGTTTTCGCGACAAGCTGGATCAACTGT
CGCAAAAATAATGTTCAAACGCTGCCCGACAGCGCGGGCAGCGICTTCATCAGGCAA

GTTTCACCATGATCATTCCNNCNN
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>ydgD_mut

NNNTNNTAATTACCCACCAAAGTGTGATATGATTCCGGGGATCCGTCGACCTGCAGT
TCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCAGAGCGCTTTTGAAGCTCACG
CTGCCGCAAGCACTCAGGGCGCAAGGGCTGCTAAAGGAAGCGGAACACGTAGAAAGC
CAGTCCGCAGAAACGGTGCTGACCCCGGATGAATGTCAGCTACTGGGCTATCTGGAC
AAGGGAAAACGCAAGCGCAAAGAGAAAGCAGGTAGCTTGCAGTGGGCTTACATGGCG
ATAGCTAGACTGGGCGGTTTTATGGACAGCAAGCGAACCGGAATTGCCAGCTGGGGC
GCCCTCTGGTAAGGTTGGGAAGCCCTGCAAAGTAAACTGGATGGCTTTICTTGCCGCC
AAGGATCTGATGGCGCAGGGGATCAAGATCTGATCAAGAGACAGGATGAGGATCGTT
TCGCATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAG
GCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTT
CCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGC
CCTGAATGAACTGCAGGACGAGGCANCGCGGCTATCGTGGCTGGCCACGACGGGCGT
TCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATT
GGGCGAAGTGCCGGGGCAGGATCTICCTGTCATCTCACCTTGCTCCTGCCGAGAAAGT
ATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCC
ATTCGACCACCAAGCAAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGG
TCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACT
GTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGCNAGGNNNTCGTNNNGACCCATGN
CGATGCCTGCTTGCCGAANNTCATGNNNGAAANTGGCCGCTTTTCTGGATTNNNCGA

CTNNNGCCGGCTGGNNNN
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