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Abstract

Filamentous cyanobacteria, one of the earliest types of organisms to have evolved on Earth, are
photoautotrophs made of single cells joined together in long filaments. They are ubiquitous,
living in water, soil, rocks and extreme environments like hot springs. Their oxygen production
is believed to have led to the evolution of oxygen-dependent organisms like us. They live in
colonies forming biomats, and are associated with stromatolites, which are important for under-
standing the evolution of early life. Commercially, filamentous cyanobacteria are used for biofuel
production, food supplements, cosmetics and medicines. In order to maximise the usage of
these microorganisms, we must understand how individual filaments interact and form collective
structures. This thesis, therefore, focuses on quantifying the mechanical properties and collective
organisation of filamentous cyanobacteria. First, the structural and mechanical properties of the
filaments, such as the bending stiffness, are quantified. The mechanical properties are linked
to their shapes, to predict the magnitude of internally generated active forces. These results
can be used to model cyanobacteria motion and self-organisation. Next, this thesis looks at the
behaviour of filaments in isolation and when interacting with other filaments or walls. These
results provide parameters such as filament speed, angular drift and curvature that are then used
by collaborators for modelling and predicting the collective behaviour of the cyanobacteria. The
last part of this thesis provides experimental evidence of how self-organisation occurs for filamen-
tous cyanobacteria in an open space and in confinement. A density-dependent phase transition
was found, between disordered and nematically ordered patterns of filamentous cyanobacteria.
Finally, in confinement studies, it was observed that certain chamber geometries, e.g. circular,
promote unequal filament distribution. The results here are applicable in areas such as the study

of stromatolites and the evolution of early life, and in the production of algae-based biofuels.
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Chapter 1

Introduction

Cyanobacteria, also known as blue-green algae, are one of the most successful forms of life on
Earth, with origins dating back over two billion years . They are autotrophs that make
food from sunlight, water, and carbon dioxide through photosynthesis . It is believed that the
ability of cyanobacteria to photosynthesise and release oxygen caused significant changes to the
Earth’s atmosphere during the Precambrian i.e. "the great oxidation event" , allowing for the

eventual evolution of other life forms that rely on that oxygen, including us |[3].

Cyanobacteria are also ubiquitous, finding habitats in most water bodies and in extreme en-
vironments such as the polar regions, deserts, brine lakes, and hot springs . In water bodies,
cyanobacteria contribute to the formation of stromatolites, which are layered formations that
are formed by adhesive compounds produced by cyanobacteria and other microorganisms over a
long period of time @] The oldest known stromatolites are from the Huntsman Limestone (Bu-
lawayan Group) in Zimbabwe [10], which are about 3 billion years old. The first known modern
stromatolites were discovered in Hamelin Pool, Australia in the 1950’s and examples are
shown in Since their discovery, modern stromatolites have had a significant impact

on the study of the early evolution of life, allowing for comparing them with fossil records .

Figure 1.1: Examples of stromatolites at Hamelin Pool. These lumps are formed gradually by
the piling microbial mats. The mats are formed when adhesive compounds from microorganisms
such as cyanobacteria cement sand and other materials. Permission to reproduce this figure has

been granted by Bush Heritage Australia [14]



Cyanobacteria are a diverse group with some species found as unicellular, like Chroococcus,
while others form long chains of joined cells that can be either branched or unbranched. Some
examples of cyanobacteria are shown in The diversity is not only in the arrange-
ment of cells but within the cells as well as in their morphology and metabolic function. For
example, the genus of Gloeobacter is different from all other cyanobacteria groups in that it lacks
thylakoids which are the characteristic light-harvesting features of all other cyanobacteria .
Photosynthesis in Gloeobacter takes place in the plasma membrane rather than in thylakoid
as in all other cyanobacteria groups . Some groups like Chroococcidiopsis survive harsh
conditions like high salinity and extreme UV radiation . The filamentous ones are also
differentiated in their structure with some coiled, like Spirulina subsalsa, while others like Os-
cillatoria lutea appear more straight, as shown in Certain filamentous cyanobacteria
like Nostoc (Figure 1.2(d)) also have specialised cells called heterocysts that help fix nitrogen
from the air |20].

Figure 1.2: Diversity of cyanobacteria. From unicellular forms like Gloeobacter violaceus (a),
Chroococcidiopsis cubana (b), and Chroococcus turgidus (c), to filamentous species like Nostoc
microscopicum (d), Spirulina subsalsa from order Spirulinales (e) and Oscillatoria lutea (f).
Certain species like Nostoc microscopicum (d) have specialised cells called heterocysts (shown
by the arrow) that help fix nitrogen from the air. Images (a)-(d), and (f) were taken from SAG
culture collection catalogue (SAG 7.82, SAG 39.79, SAG 36.85, SAG 55.79, SAG 1459-3) [21].
Image (e) was adapted from Sili et al. 2013, [22]. Permission to reproduce these images has been

granted by the respective authors.

In terms of their internal structure, cyanobacteria are classified as Gram-negative bacteria

which are a group of bacteria that do not retain the crystal violet stain used to differentiate



bacteria (Gram staining) [23|. This differentiation divides bacteria into two major groups: Gram-
positive and Gram-negative. Generally, Gram-negative bacteria have a thin cell wall, with the
exemption being cyanobacteria whose peptidoglycan layer thickness is similar to that of Gram-
positive bacteria. Further details of the cell wall are illustrated in Later in this thesis,
I will refer to this internal structure with the aim of estimating the internal forces generated by

the activity of filamentous cyanobacteria.

Gram-negative bacteria
Cyanobacteria

Other gram-negative

bacteria Outer membrane

Periplasmic
membrane

SRS IR | | E

Cytoplasm

Cytoplasmic membrane

Peptidoglycan
layer

Gram-positive bacteria

Figure 1.3: Comparing the internal structure of cyanobacteria with other bacteria. Generally,
Gram-negative bacteria have a thin peptidoglycan layer, except cyanobacteria whose peptido-
glycan layer thickness is similar to that of Gram-positive bacteria. Figure adapted with modifi-

cations from [24]. Permission to reproduce this figure has been granted by the publisher.

Being a diverse group, cyanobacteria are classified into different orders. The traditional
classification of cyanobacteria was based on morphology but the modern classification is based
on genetic analysis. As of 2014, there were nine orders of cyanobacteria |25|. However, in an
updated classification from the online database of cyanobacteria [26] at the time of writing, the
number of groups had grown to ten. The orders of cyanobacteria that are most relevant to this
thesis are the filamentous ones, Nostocales and Oscillatoriales, that bundle together into larger
structures including biofilms, biomats and stromatolites |27,/28]; this project focuses on the order

Oscillatoriales.
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1.1 Motility in filamentous cyanobacteria

All known cyanobacteria lack flagella [29], however many filamentous species move on surfaces by
gliding, a form of locomotion where no physical appendages are seen to aid movement [30]. The
actual mechanism behind gliding is not fully understood, although over a century has elapsed
since its discovery [311/32]. One theory suggests that gliding motion in cyanobacteria is mediated
by the continuous secretion of polysaccharides through pores on individual cells [33-35]. Another
theory suggests that gliding motion involves the use of type IV pili, polymeric assemblies of the
protein pilin [36], as the driving engines of motion [37H39]. However, it is not clear how the action
of these pili would lead to motion, with some suggesting they retract [40], while others suggest
they push [39], to generate forces. Other scholars have suggested surface waves generated by
the contraction of a fibril layer (shown in as the mechanism behind gliding motion
in Oscillatoria [41,[42]. As shall be discussed in the magnitude of such compression
forces can be estimated from measured mechanical properties and filament shapes. Recent work
also suggests that shape fluctuations and capillary forces could be involved in gliding motion [43].
However, there is still a lack of quantitative study of the motion of filaments, a gap that this

thesis aims to rectify.

Figure 1.4: Electron micrograph of a fragmented single cell of Oscillatoria sp. filament showing
fibril layer seen as parallel corrugations on the cell surface, running at an angle to the long
filament axis. Figure adapted from [44]. Scale bar: 500 nm. Permission to reproduce this figure

has been granted by the authors.

1.2 Collective behaviour in filamentous cyanobacteria

Through collective interaction, filamentous cyanobacteria self-organise into colonies or biofilms,

symbiotic communities found in a wide variety of ecological niches. Their larger-scale collective
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structures are characterised by diverse shapes including bundles, vortices, and reticulate patterns
. Similar patterns have been observed in fossil records and in this project, as shown
in It is known that the mechanics of the filaments contribute to self-organisation,
for example in determining how one filament will bend when in contact with other filaments or
obstacles [47]. However, there has been a lack of any corresponding systematic measurement of
the micro-mechanical properties of filamentous cyanobacteria, to the point where such properties
are typically just assumed when needed in models (e.g. see ) Also, although the reticulate
patterns formed by filamentous cyanobacteria have been used to match the patterns found in
fossil records with modern patterns, their experimental study has been less quantitative .
In chapters B4} and [f] I seek to fill that gap by providing carefully measured values of the
mechanical properties and behaviour of individual filaments of cyanobacteria, in order to help

quantify their collective behaviour and understand the structures formed.

Figure 1.5: Reticulate patterns and vortices formed due to collective behaviour of filamentous
cyanobacteria are similar to those found in fossil records. The patterns shown here are (a) as
observed in a fossil record , (b) as observed in Pseudanabaena experiments by Shepard et
al. [45], and (c) as observed in a culture of Oscillatoria lutea in this project. Permission to

reproduce figures (a-b) has been granted by the authors.

1.3 Importance of filamentous cyanobacteria

Filamentous cyanobacteria are important in many ways to their environment. For example, those
living in water bodies provide food and oxygen to aquatic life like fish. Certain species of fila-
mentous cyanobacteria, such as Anabaena and Nostoc, have differentiated cells called heterocysts
that help fix nitrogen from the air, and can thereby support plant growth . However,
the growth of cyanobacteria in different habitats is not entirely beneficial, as cyanobacteria are
known to negatively affect their environment in cases of algal blooms or biofouling . For

example, the overgrowth of toxic algal blooms in water bodies brings different negative effects to
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aquatic life including shading other aquatic plants, and possible death of fish and invertebrates
due to entanglement or poisoning [51]. Furthermore, terrestrial species can invade architec-
tural heritage and buildings where they can cause degradation of the structure [53,54]. Indeed,
cyanobacteria are one of the microorganisms contributing to the biofouling of rock art sculptures,

some of which are of archaeological importance like the statue at the Cathedral of Seville shown

in [Fizure 15

Figure 1.6: A biofilm of filamentous cyanobacteria Klebsormidium flaccidum growing on a ter-
racotta statue, Cathedral of Seville. Some archaeological sculptures like these are damaged by

biofilm invasion. Figure adapted from [55].

Commercially, filamentous cyanobacteria have numerous applications. For example, certain
species of filamentous cyanobacteria like Spirulina are used as food supplements due to their
high nutrient content [56]. Some filamentous cyanobacteria are also considered to have medicinal
powers with the potential to cure viral diseases [57]. They are also good candidates for use in
bioreactors to produce a wide range of chemicals, including biofuels like biodiesel |58| and ethanol
[59]. However, despite their importance to the history of life on Earth, and their commercial
and environmental potentials, there remain basic questions of how filamentous cyanobacteria
move, respond to their environment, and self-organise into collective patterns and structures. In
chapters [0} [6] and [7]I address some of these concerns by first measuring and quantifying the key
properties that underlie the behaviour of filamentous cyanobacteria and then combining these
observations to study the collective structure formation of filamentous cyanobacteria in different
scenarios.

In addition to this brief introductory chapter, more detailed and specific literature reviews will
be given at the beginning of subsequent chapters. Here, I will instead now briefly highlight the
questions addressed in the following chapters and explain what each of those chapters contributes

to the whole thesis.
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1.4 Thesis organisation

This thesis has eight chapters, including this introductory chapter and a final summary chapter.

The work presented in the remaining chapters is introduced as follows:

Chapter 2: General materials and methods

This chapter introduces the key methods and techniques used throughout the project. These
methods are referenced throughout the thesis. The three main methods or techniques covered
in depth include the fabrication of microfluidic devices, confocal microscopy for imaging, and
culture and sample preparation. Other techniques used, such as optical coherence tomography

(OCT) and image processing, are also briefly introduced.

Chapter 3: Mechanical properties

The measurement of the key mechanical properties of filamentous cyanobacteria is covered in this
chapter, which focuses on the three related species of Kamptonema animale, Lyngbya lagerheimii
and Oscillatoria lutea. The goal is to quantify the key mechanical properties of these species and
connect these to other observable filament properties, in order to estimate the range of active
forces generated internally by the filaments. Specifically, I study their bending stiffness using a
microfluidic flow device and link this to Young’s modulus, internal cell structure, and filament

shapes to estimate the internally generated forces.

Chapter 4: Dynamic properties of isolated filaments

The measurement of the key parameters governing filament motion continues here, but now the
focus narrows to one species i.e. O. lutea, for a deeper analysis. Here the goal is to obtain the key
dynamic properties of isolated filaments, in order to understand how filaments behave without
interference from external factors such as other filaments or boundaries. Examples of properties
studied here are the speed, angular drift and filament curvature, and how these properties change

with time. These measurements are made by tracking isolated filaments gliding on a substrate.

Chapter 5: Collective filament behaviour

Continuing with the measurement of key parameters, this chapter reports on the behaviour of
filaments when they interact with other filaments and with walls. This chapter builds on the
isolated behaviour reported in the previous chapter and is intended to allow for the understanding

of the filament’s collective behaviour by breaking it down into a few key fundamental interactions.
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The work in this chapter starts with quantifying what happens when two filaments meet: they
either pass directly by each other or turn to align. The probability of alignment is very low,
about 0.04, although this probability varies with the angle of intersection. This chapter also
shows that filaments lose their preferred curvature when they interact. Another key result is

that filaments align with flat walls for some considerable distance before detaching themselves.

Chapter 6: Self-organisation in an open space

In this chapter, the topic of study now turns to collective responses and the study of filamentous
cyanobacteria self-organisation in an open space. Here, experimental observations are made on
filamentous cyanobacteria growing in well plates and analysis is made on the observed filament
structure, to determine for example the critical density at which the filaments make a transition
from disorder to order. The measured critical density is linked to a predicted value, based on
the parameters measured in chapters [d and [5] The results are also compared with those from a
numerical model developed by my collaborators and shown to match well. Finally, the chapter

quantifies different parameters of the structures formed, such as the vortex diameters.

Chapter 7: Collective structure in confinement

This final results chapter presents the study of filamentous cyanobacteria self-organisation in
confined geometries. The goal is to understand how confinement affects the distribution of
filaments in chambers and also to compare the effect of different confinement shapes or geometries
on filament distribution. Using microfluidic techniques, four different confinement geometries are
designed and fabricated. Cyanobacteria filaments are grown inside these microfluidic devices and
observations are made on the distribution of filaments within the chambers and how that changes
with the size and the shape of the confinement. This chapter presents a strand of investigation

that remains in progress and is intended to be the basis of follow-up collaborative research.

Chapter 8: Summary and conclusions

This final chapter summarises the work carried out in the whole thesis. Suggested future research

questions originating from this thesis are also discussed.

1.5 Research aims and objectives

Here, I present the main aims and objectives of this thesis:
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Quantify the key mechanical properties of filamentous cyanobacteria using a microfluidic
device and connect the measurements to the internally generated forces responsible for

filament shape.

Quantify the key dynamical properties of isolated filaments gliding on a substrate, such as
filament speed and angular drift, to understand how filaments behave without any external

interference.

Build on the previous objectives and quantify the key collective behaviours of filaments

gliding on a substrate.

Study collective organisation of filamentous cyanobacteria in an open space to quantify

their key structural properties.

Study the collective organisation of filamentous cyanobacteria in confinement and quantify

the effect of various parameters of the confinement geometry on filament distribution.



Chapter 2

Methodology

In this thesis, there were a number of methods or techniques that were used repeatedly, such
that they deserve special attention. These methods were the microfabrication of microfluidic
chips, wafer pillar height measurement using optical coherence tomography (OCT), imaging
using confocal microscopy, and culture and sample preparation. Here, I describe what all these
methods involved. Other methods that are relevant to specific chapters will be discussed in those

chapters.

2.1 Microfabrication

Most of the experiments in this thesis involved the use of microfluidic chips as either flow channels
or confinement chambers for growing filamentous cyanobacteria. To make a microfluidic device,
different microfabrication techniques are used, as described in e.g. [60]. In this thesis, photo
and soft lithography techniques were used to make microfluidic chips and the general fabrication
process is outlined here. Experiment-specific modifications to the procedure outlined here will

be given in the respective methodology sections of chapters 3] [5 [6} and [7}

2.1.1 Photolithography

Photolithography is a process where light is used to imprint a pattern onto a surface [60|. This
involves the use of a photomask, which is designed to have the patterns to be transferred to
the surface of interest. A photomask is typically made from a transparent material over which
an opaque material is printed to block light in certain areas. The printed patterns were made
using computer-aided design (CAD) software, called QCAD [61]. Designs for specific patterns
will be given later in the chapters where these designs were used. After designing the patterns in
QCAD, the designs were sent to JD Photo Data, a company that fabricated the actual masks.
Typically, the designs were printed onto a 5-inch quartz glass plate and printed with Chrome at
a resolution of 64,000 dpi (400 nm pixel size) which allowed all features greater than about 5 pum
to be printed accurately.

The end product of the photolithography process is a master mould that is used to make

10
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PDMS chips. To manufacture the actual master mould, I used a silicon wafer (10 cm in diameter
and 0.5 mm thick) and SU8 photoresist (Microchem) [62]. SUS8 is an epoxy-based negative
photoresist that becomes cross-linked upon being exposed to UV light, and the unexposed areas
can then be washed away by a photoresist developer, a chemical that dissolves the uncrosslinked
areas of the photoresist. Positive photoresists behave in the opposite manner: areas that are
exposed to UV light become soft and are dissolved by a developer, leaving exposed wafer [60].
Therefore, using SU8 as a photoresist, the areas that were meant to be channels or other open
features on the PDMS chip were made to be transparent on the photomask. This allowed UV
light to go through the mask and cross-link those areas of the photoresist, forming plateaus on
the master mould after development. There are different varieties of SU8 photoresists which
differ by their viscosities, ranging from 45 ¢St to 12,000 ¢St [62]. The viscosity of a photoresist
determines how easily the photoresist will flow when being spin-coated onto a wafer, and that
affects the thickness of the coating at the end. Therefore, different photoresists can achieve
different film coating thicknesses under the same coating conditions. Knowing the thickness
of the coating to be achieved helps choose the correct photoresist and the correct spin-coater
settings. In this thesis, I used two varieties, SU8-3025 and SUS8-3050, which allowed me to achieve
coating thicknesses between 20 and 115 pm in a single layer |62].

The process of making the master mould started with cleaning the wafer by blowing high-
pressure nitrogen gas onto the surface. The wafer was then dehydrated by placing it on a
hotplate set at 200°C for 5 minutes. The dehydrated wafer was then placed into a spin-coater
(WS-650MZ-23NPPB, Laurell) that was kept in a fume cupboard to avoid inhalation of harmful
solvents. The wafer was held firmly by a low-pressure suction underneath it, which ensured that
it did not fly away during spinning. Ideally, the suction is at the centre of the wafer, to allow
forces to balance during spinning. Once the wafer was firmly held on the spin coater, a small
amount of the photoresist (typically 4 ml for the 10 ecm diameter wafer used here) was placed at
the centre of the wafer and the spin coater programme was run. The settings on the spin coater
programme were different for the different desired thicknesses and for each photoresist used.
Here, I will give an example of achieving a uniform film thickness of 60-70 pm using SU8-3025
photoresist. First, the wafer is spin-coated by ramping up to 500 rpm at an acceleration of 100
rpm/s, and the speed is held for 10 seconds. Then the speed is increased to 1000 rpm at an
acceleration of 300 rpm/s, and this speed is held for 30 seconds. Finally, the speed is reduced
to 0 rpm by decelerating at 300 rpm/s. Other film thicknesses could be achieved by altering the
settings as described in the SU8-3000 series datasheet [62].

The coated wafer was then carefully removed from the spin coater and placed onto a hotplate

set at a temperature of 95°C for 30 minutes, in a process known as a soft bake. In a soft bake,
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any solvent in the photoresist is removed and the layer solidifies. The SU8-3000 datasheet [62]
provides different soft baking times for different thicknesses of films. In general, the thicker the
layer, the longer the time to evaporate all the solvent in the photoresist. It is recommended to
use an open hotplate rather than a convection oven for the soft bake, to avoid the formation
of skin over the photoresist surface, which could block the remaining solvent from evaporating,
thereby compromising the coating quality [62].

After the coated wafer was fully soft-baked, it was ready for UV exposure through the pho-
tomask. I used a mask aligner (SUSS MicroTec MJB4) for UV exposure in this thesis. First,
the mask was securely held on the exposure stage under a low-pressure suction. With the mask
printed on one side of the quartz plate, as described earlier, it was placed on the exposure stage
with the printed surface facing down. This is important because, when the wafer is inserted
underneath the mask, such that the two touch one another under gentle pressure, the effects
of diffraction of light are minimised during exposure. The wafer was then put onto its holder
and inserted into the alignment position, underneath the mask, ensuring that the patterns of
interest on the mask were directly above the wafer. The wafer was then exposed to UV light
for cross-linking. For most of the wafers used here, with SU8 thicknesses of 40 — 114 pm, total

2 was required [62] and this was typically achieved

exposure energy between 150 — 250 mJ cm™
by exposing the wafer for 8 seconds with a light power output of 25 mW cm™2. All the areas of
the photoresist exposed to UV light became cross-linked and the unexposed areas remained soft.
After exposure, the wafer was baked again, first at 65°C for 1 minute to reduce stress, and then
at 95°C for 5 minutes to further harden the layer in a process called the post-exposure bake [62].
Usually, if the process has gone well, the imprinted patterns can be seen on the surface of the
layer at this stage.

After the post-exposure bake, the unexposed areas of photoresist were removed by submerging
the wafer in a developer (solvent bath) which in this thesis was microposit EC solvent (Rohm
and Haas). The solvent dissolves all unexposed parts of the photoresist and the process can be
enhanced by either gently shaking the container holding the wafer and the solvent, or by using
a sonicator. Here, a sonicator was used to enhance the development process. The length of the
time the solvent bath stayed in the sonicator was dependent on the thickness of the layer, and
for a thickness of 60-70 pm it was 12 minutes. The final stages of the fabrication process involve
washing the dissolved parts of the photoresist away by first rinsing with isopropyl alcohol (IPA)
followed by rinsing with de-ionised water. The wafer can then be dried by using a nitrogen jet.
The photolithographic process is summarised in alongside a photograph of a fabricated
master mould that was used in

The method described here allows multiple features to be produced on a single design with
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Figure 2.1: Photolithography steps and fabricated mould. (a) Schematic of the photolithographic
procedure summarising the mould fabrication process from UV exposure to the development
stage, and showing the exposure, baked, and washed wafers, respectively, from top to bottom.
(b) An example of a mould fabricated on a 10 cm diameter wafer following the steps in section

The darker shapes are confinement designs made for experiments in

great accuracy, as shown in [Figure 2.1|(b). It also allows a fabricated master mould to be reused
multiple times to make chips which are identical, such that complicated microfluidic devices like
a model porous media with thousands of micropillars [63] can be reproduced exactly from a single
mould. This ensures that repeated experiments are always conducted under the same physical
conditions, limiting the possibility of variations between chips used for the same experiment.

Once the master mould was made, the next step was to fabricate the microfluidic chip, as

detailed in section 2.1.2

2.1.2 Soft lithography

In order to fabricate a microfluidic chip, a soft lithography process was followed. First, the
master mould was put inside a mixing tray. A soft lithography process was then begun by
preparing a liquid elastomer in another clean mixing tray. The liquid elastomer used here was
poly-dimethilsiloxane (PDMS), which was prepared by mixing base and curing agent (Sylgard
184, Dow Corning) at a ratio of 10:1. The mixing ratio of the base and the curing agent affects
the stiffness of the chip such that the ratio of 10:1 produces PMDS with Young’s modulus of ~
1.5 MPa [64].

After the base and curing agent were mixed thoroughly, the desired amount of the mixture
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Figure 2.2: Soft lithography process. (a) Schematic of the soft lithography process, starting from
pouring liquid PDMS onto the mould, then curing the PDMS, followed by peeling off the PDMS
replica, as shown from top to bottom, respectively. (b) An example of a master mould and
fabricated microfluidic devices (inserts) filled with cyanobacteria and made from PDMS chips

cut out of the master mould are shown. The PDMS chips shown were used for experiments in

chapter 7l

(typically ~ 40 ml here) was poured over the master mould, which was stored in another mixing
tray. The tray with the master mould and the elastomer was then put into a vacuum chamber
for 15 to 30 minutes to degas it so that any bubbles and dissolved air trapped inside the mixture
while stirring were removed. Degassing ensures that the chip, when fabricated, has no defects
or unintended pores that are caused by bubbles, and that it is optically transparent. The liquid
elastomer was then cured by placing it in a convection oven set at a temperature of 75°C for 1
hour. After 1 hour of baking, the PDMS solidified but remained elastic. Using a scalpel, the

PDMS was carefully cut around the design region, and the chip was carefully peeled back to end
up with a chip and reusable master mould, as shown in

The PDMS chip thus fabricated was then further developed into a complete microfluidic
device. From this stage, the steps followed to create a microfluidic device differed, according
to the needs of the experiment. In some experiments, as in holes were punched into
the channel inlets or outlets, using a small hole punching device (shown in , while in
multiple holes were punched across the well or chamber regions to aid the diffusion of
nutrients (see b)) Therefore, how the chip was finalised into a completed microfluidic
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device depended on the experiment plan and detailed information on these processes will be
given in subsequent chapters. Here, I will give the general steps that were followed to complete

the fabrication of a PDMS chip into a finished microfluidic device.

The features in the cutout chip remained open along one face, and to complete the microfluidic
channels, they needed to be properly sealed. This is where a substrate was used. A PDMS chip
can stick to glass or another PDMS block when the surfaces are properly treated, as will be
discussed next. Here, I used glass slides coated with PDMS for experiments in and
transparent well plates coated with PDMS for experiments in In each case, the
surface was coated with a thin layer of liquid PDMS to ensure a constant environment for the
cyanobacteria samples, on all surfaces. For glass slides, the coating was done using a spin-coater,
where a 5 ml drop of a 10:1 mixture of sylgard 184 base to curing agent was poured on the glass
slide and spin-coated at a speed of 2,000 rpm for 30 seconds. For well plates, a small amount of
the PDMS mixture was poured onto the surface and the well plate was tilted to ensure that the
PDMS flowed and spread across the whole surface. Later the well plate was left to stand for 20
minutes on a level surface to ensure that the film thickness was even across the whole area. The

well plate was covered during this time to minimise the accumulation of dust.

Once the glass slides or well plates were evenly coated with PDMS, they were also baked in
a convection oven at 75°C for 1 hour in order to cure the PDMS. The fully baked PDMS-coated
substrate and the cutout chip were both put in an oxygen plasma cleaner for ~ 8 minutes to
activate the surfaces for bonding. PDMS is made up of repeating units of -O-Si(CHgs)s- |65].
Exposing PDMS surface to oxygen plasma introduces silanol (SIOH) groups [65,/66]. When the
treated surfaces are pressed against one another, the silanol groups on the surface react to form
an irreversible Si-O-Si covalent bond that can withstand pressures between 207-345 kPa [65].
While sticking the two surfaces together, care was taken to ensure that no air pockets were left
and that no part of the wells or channels touched the base, as this would collapse the channels.
Any external attachments, such as inlet and outlet tubes, were connected at this stage. The
result was a complete microfluidic device that could be used for the intended experiment. The
master mould was reused to create several identical chips by repeating this process. To know
the exact height of the microchannels, I measured the thickness of the photoresist layer on the

wafer using optical coherence tomography (OCT), as described in the next section.

2.1.3 Wafer film thickness measurement using OCT

The spin-coating procedure only gives an approximate thickness of the photoresist film. To know

the exact thickness of the film or the height of the microfluidic channels, the thickness of the film
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needs to be measured. Different techniques can be used to measure the thickness of thin films [67]
but here I use optical coherence tomography (OCT) due to its very high axial resolution [68].
OCT is a very high-resolution non-destructive and non-invasive imaging technique that is used
to view subsurface structures of semitransparent samples [68,/69]. It is based on the Michelson
interferometer, which uses a low-coherence light source to make precise measurements by splitting
the light into two paths and then recombining it to form an interference pattern [69]. Notably,
the Michelson interferometer is known for its use in an experiment that disproved the existence
of an aether in the 19t" century [70]. An aether was believed to be a medium that light travels
through and most physicists at that time believed that light needed a medium to travel.

OCT has some analogies to ultrasound imaging. However, instead of sound, OCT uses a
broadband light source |71]. Compared with ultrasound imaging, OCT achieves a depth resolu-
tion of up to a few micrometers |72], which is two orders of magnitude higher than ultrasound.
However, the penetration depths are much lower (a few millimeters) compared with other conven-
tional imaging techniques |72|. Nevertheless, the high-depth resolution and non-contact imaging
offered by OCT has seen a wide range of applications in fields like medicine |71H73| and art
conservation [74H76].

Categorically, OCTs are grouped into two types: Time-domain (TD-OCT) and Fourier-
domain (FD-OCT) OCTs [72|. Schematic diagrams of these two kinds of OCTs are shown
in In both kinds of OCTs, light from a broadband source is split into two parts by a
beam splitter (dichroic mirror) [71]. One part of the split light travels towards the sample while
the other travels to a reference mirror. The reflected light from both arms travels back to the
beam-splitter where they recombine and travel towards the detector. The low-coherence nature
of the light ensures that the two beams of light interfere constructively when they have travelled
equal distances [71]. In TD-OCT, sample depth information is obtained by moving the reference
mirror [72]. On the other hand, in FD-OCT, the reference mirror is fixed and a spectral detector
is employed, as shown in (b) Depth information is obtained by analysing the spectrum
of the reflected signals using Fourier analysis, hence the name of Fourier-domain OCT [72]. By
fixing the reference mirror, FD-OCT is faster and it is the most common type of OCT |72] and
the one used in this thesis.

Samples in OCT imaging are scanned point by point, in a line, to generate a cross-sectional
2D image. Repeating the procedure line by line, multiple cross-sectional images are obtained
which can then be combined into a 3D image. Here, I only used 2D OCT images. I used an
ultra-high-resolution FD-OCT (centre wavelength of 810 nm and a depth resolution of 1.8 um
in air) [77], developed by the Imaging & Sensing for Archaeology, Art History & Conservation
(ISAAC) group at Nottingham Trent University, to measure photoresist film thickness. OCT
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Figure 2.3: Schematic diagrams of time-domain and Fourier-domain optical coherence tomogra-
phy. (a) Time-domain OCT involves a scanning reference mirror. (b) Fourier-domain OCT uses

a fixed reference mirror but has a spectral detector. In this thesis, I exclusively used FD-OCT.

was used because the transparent nature of the photoresist allowed light to go through it and

reflect at the interface between the film and the reflective silicon wafer.

On the OCT image, the optical thickness of the sample, or of any layer, is the product of
its physical thickness and the group refractive index. The group refractive index of a medium
defines the ratio of the velocity of a narrow-band optical pulse in a vacuum to its velocity in the
medium . The name group refractive index takes into consideration the multiple wavelengths
involved in the travelling optical pulse. Therefore, to measure the actual thickness of the film
from an OCT image, the optical thickness of the photoresist layer on the OCT image must be
divided by the group refractive index of SU-3000 photoresist at the centre wavelength of the light
source (810 nm) which is 1.586 [62}[79].

Alternatively, without the knowledge of the group refractive index, a reference surface may be
used. This method involves scanning a sample sitting on a flat reference surface. The scanning is
carried out in such a way that the OCT image shows both the sample and the reference surface,
as shown in b). Therefore, in the case of the master mould, the method would work
if there is a film-free area. The actual thickness of the film in this method is measured by first

extending a line along the reference surface to underneath the sample, and then measuring the
distance between the sample’s top surface and the extended line, as shown b).

To complete a single line of the scan, the scanner in the OCT system rotates from side to
side . The rotation of the scanner causes a flat surface to appear like a curved line on the OCT

image. The degree of curvature is more significant with an increased field of view . Therefore,
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Figure 2.4: Tllustration of photoresist film thickness measurement using OCT. (a) A physical
scenario is shown involving a wafer with a microfluidic channel design (left) with a double arrow
showing the position and the direction of OCT scanning and an illustration of the expected
topography at the position of scanning (right). The resulting OCT image would appear as in
panel (b). This shows the top surface of the scanned part of the film, the displaced wafer-film
interface due to the reduced group velocity of light in the film, a flat reference surface (wafer)

which is interpolated beneath the sample, and the marked true thickness of the film.

for very precise measurements of the thickness of the sample using the reference surface method,
the OCT image needs to be corrected for apparent surface curvature. This was done by scanning
a flat surface that covers the whole width of the image, and the image obtained was then analysed
by fitting first and second-order polynomials to the surface profile. The difference between the
linear and quadratic fits was used to correct (flatten) all subsequent images taken using that
OCT system while the image settings were kept unchanged. Both the methods described here

for measuring the film thickness using OCT were used to verify measurements.

2.2 Confocal microscopy

Most of the imaging in this work was carried out using confocal microscopy. As such, this
section outlines the general confocal microscopy methods used to acquire images of filamentous
cyanobacteria. The methods described here apply to every part of this thesis where confocal
microscopy was used. Confocal microscopy is a special type of imaging where images of a sample
can be obtained at a specified focal plane . In fluorescence imaging, a sample is excited with
light of a particular frequency and the sample emits light at a lower frequency, which is captured

by the microscope light detector. The confocal microscope is able to block light emitted from all
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Figure 2.5: A schematic diagram of a confocal microscope.

planes other than the focal plane, subject to its resolution limits . This is achieved through
the use of a focal gate or confocal detector aperture, which is a narrow slit (pinhole) sitting next
to the detector, as shown in In some confocal microscopes, the size of the slit can be
adjusted by the confocal user. Increasing the size of the slit allows light originating from multiple
planes to reach the detector and that reduces the depth resolution of the confocal microscope.
For 2D images, like those mostly captured in this project, the slit width was set to the maximum
value (equivalent to a depth of field of 81 pm), to ensure that filaments at different depths were
captured in a single scan depth. By scanning plane by plane, confocal microscopes are used

to generate 2D images that can be combined to form a 3D image of the sample. A schematic

diagram of a confocal microscope is shown in

2.2.1 Confocal image acquisition

Confocal images are possible with fluorescent samples. However, not all biological samples are
fluorescent , although non-fluorescent ones could be made artificially fluorescent by staining
them with fluorescent dyes. Samples that are naturally fluorescent are known as auto-fluorescent
and these include cyanobacteria. Auto-fluorescence in cyanobacteria is possible due to the pres-
ence of chlorophyll-a . When irradiated with green light, the chlorophyll in cyanobacteria
absorbs the light and the molecules become excited, which leads to the emission of red light as
the molecules decay back to their ground state. The emitted red light, especially from the fo-
cal plane under study, is detected by the microscope photo-detector, as illustrated in
Staining biological samples with a dye for fluorescence imaging could lead to cellular toxicity .
Therefore, having a biological sample that is auto-fluorescent, like in filamentous cyanobacteria,
is ideal for live-cell fluorescence imaging. In this project, a confocal laser scanning microscope

(Leica TCS SP5) was used. Taking advantage of the auto-fluorescence of the cyanobacteria, I
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Figure 2.6: Illustration of confocal wide-area scanning. Brightfield channel images are used here
for illustration. An area to be scanned was divided into tiles, as shown on the left. The image
tiles were scanned one by one with the sample stage moving as automatically controlled by the
confocal software (LAS AF). Individual images were later merged to form a single large image,

as shown on the right. The image here shows a triangular confinement chamber used for growing

cyanobacteria, as discussed in [chapter

used 514 nm laser light for excitation and observed the resulting emission through a bandpass
filter from 620 to 780 nm. Brightfield images of the sample under study were always collected
alongside confocal images. Usually, brightfield images were used for observing the environment
around the filaments under study, specifically to view non-fluorescent features such as channel

or chamber boundaries, as will be discussed in later chapters.

The confocal microscope also allowed for wide-area imaging, known as tile-scanning, where
a marked region of interest of a sample or imaging chamber was partitioned into multiple tiled
images, each scanned one at a time and later joined together to form one large image, as illustrated
in Merging of image tiles into one large image was done automatically in the confocal
software (LAS AF). In certain cases, however, image tiles might not be merged correctly. One
of the causes for this problem is a lack of static features in the imaging space that the software
uses to correlate neighbouring tiles. To resolve this problem, I ensured that each wide-area scan
included some static features, such as channel or chamber boundaries. The contrast of the static
features was also important for the correct merging of image tiles. I ensured that the brightfield
channel image had a strong contrast, for example by changing channel gain. Once confocal
images were captured, certain pre-processing steps were carried out before the resulting image

could be further analysed. In the next section, I will discuss these image-processing steps.
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Figure 2.7: Filamentous cyanobacteria ( Oscillatoria lutea) images and image processing. (a) A
bright field image, (b) An inverted confocal image of the same filament, and (c) a binary skeleton

of the confocal image.

2.2.2 Confocal image post-acquisition processing

Depending on the depth of the sample being imaged, certain samples could be scanned using
a single focal plane. Other samples required scanning at multiple depths, each depth giving a
2D image (z-scan). To get a single 2D image from such z-scans, images were stacked together
and compressed vertically to form a 2D image with each pixel intensity being the maximum
of the combined z-scans. This was done either using the confocal microscope software, or other
imaging processing software like Matlab or ImageJ . Finally, images were processed in Matlab
with customised codes, each developed for different purposes in this project. In many cases, for
example, grayscale images were turned into binary by applying a threshold after removing noise
from the image. Usually, the original confocal images had low noise, as shown in [Figure 2.7|(b).

As stated in the introduction of this section, bright-field images, like the one shown in
a), were also used in the analysis, especially to see the environment a particular filament
was in e.g. whether it was near a boundary. Finally, depending on the needs of the experiment,
binary images could be processed further to generate skeletons (i.e. representing each filament
by a single pixel width line, through the mid-line of the filament’s image) as illustrated in
¢). Various computations could be made on either the binary or skeletonised image, as

will be demonstrated in subsequent chapters.

2.3 Culture and sample preparation

The strains of filamentous cyanobacteria used in this project were supplied by the Culture Col-
lection of Algae at Gottingen University, also known as the SAG (Sammlung von Algenkulturen
der Universitit Gottingen). Three strains of filamentous cyanobacteria were used: Kamptonema

animale (SAG 1459-6), Lyngbya lagerheimii (SAG 24.99), and Oscillatoria lutea (SAG 1459-3),
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with the numbers uniquely identifying the strains in the culture collection [21,/86]. These strains
will be referred to as K. animale, L. lagerheimii, and O. lutea, respectively, throughout this
thesis. These strains are well-studied, easy to cultivate, non-toxic and associated with microbial
mat formation and stromatolites (e.g. [291/30}45L87.[88]).

The three strains studied belong to the same order, Oscillatoriales [21], and have similar
sizes and behaviour as observed in this project. I, therefore, studied the mechanical properties
of all three strains in as one way of checking the internal consistency of the methods
used. However, due to time limitations, I could not repeat the subsequent sets of experiments
for all three strains. Therefore, beyond [chapter 3|I chose to focus my study on O. lutea because
the filaments in this strain grew most easily under the incubation conditions. In general, the
three strains behaved in a similar manner. Therefore, the results obtained from O. lutea could

be extended, with caution, to the other two species.

2.3.1 Culture maintainance

The strains were maintained in a medium of BG11 broth (Sigma-Aldrich) diluted to a ratio of
1:100 with 18.2 MQcm of ultrapure water, from a PURELAB Chorus 1 Complete water purifier
(ELGA LabWater). Following Lorentz et al. [89], they were incubated at 20 £ 1°C and with
warm-white LEDs (colour temperature of 2800 K) providing a photon flux of 10 + 2 pgmol m~2
s~ on a 16h day + 8h night cycle. shows an incubator with samples, as used in the
project. The incubator was a customised wine fridge (Cookology CWC600BK) with LEDs fitted
in to provide the required lighting intensity.

Within the incubator, stock samples were kept in transparent glass bottles of different sizes,
between 100 and 500 ml. The nutrients inside the media deplete as the population of cyanobac-
teria grows. Therefore, samples were transferred to a fresh medium about every 4 weeks. The
period could be longer or shorter depending on the initial cyanobacteria concentration at the time
of transfer. Usually, for long-term incubation, the initial density was kept low, to increase the
period between sample transfers. Under different conditions, long-term cultivation of cyanobac-
teria can be maintained by reducing their activity e.g. by reducing the temperature |[89]. This
approach to culture maintenance was not used in this project, as an actively growing stock of

material was desired, from which samples could be periodically taken for experiments.

2.3.2 Culture transfer and sample preparation for experiments

Transferring samples to new bottles or media needed care, to avoid contaminating the culture.

First, a clean surface was prepared and new sterile glass bottles were filled with fresh media,
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Figure 2.8: An incubator used to keep samples in this project. The walls inside were covered

with reflective aluminium foil to enhance the even distribution of light.

usually to three-quarter capacity. Cyanobacteria samples were then added, usually in a volume
ratio of 1:10 with the medium. However, in certain cases where large amounts of samples were
needed for immediate experiments, the whole cyanobacteria culture was maintained by just
replacing the media in each bottle. Once samples were transferred to a new medium, the new
bottle was covered, while ensuring that air could move in and out of the bottle (usually, by
leaving the cover cup loosely screwed). This was important because cyanobacteria need air in
addition to light, water and nutrients, to make their own food.

While preparing samples for experimental observations, experiment-specific procedures were
followed. Such detailed sampling procedures will be provided in the methodology sections of

each following experimental chapter.

2.3.3 Disposal of culture

In case of excess culture, these were destroyed by adding a household bleach (Domestos), at a
volume ratio of 1:5 to the culture suspension, which killed the cyanobacteria through its active
ingredient, sodium hypochlorite . Usually, the samples were left to stand for at least 24
hours after the bleach was added before being disposed of, through the sink. While killing the
cyanobacteria, the bleach dissolves the green pigment. Therefore, one indication that the culture
is effectively killed is when the green colour disappears. Glass bottles were then disposed of as

per institutional disposal policies.



Chapter 3

Structural mechanics of filamentous

cyanobacteria

3.1 Introduction

In I introduced filamentous cyanobacteria, and their known physical and behavioural
aspects were briefly discussed. In this chapter, I will measure and quantify the key mechanical
properties that underlie the behaviour of three typical cyanobacteria species. As a result, the
review introducing this chapter will build on that in [chapter 1] but with a focus on the mechanics
of the filaments. For example, it was noted that there are different models of gliding motility in
filamentous cyanobacteria [33-35}/37-39}/41,/42], but the challenge underlying all these models is
the need to understand the range of forces that cyanobacteria can generate as they move and
change shape. Therefore, in this chapter, I aim to measure the bending stiffness and evaluate
the internal distribution of stress and bending energy associated with shape fluctuations in

filamentous cyanobacteria. The results of this chapter have been published [91].

No matter what the origin of their motile forces is, mechanically, filamentous cyanobacteria
can be considered to act as self-propelled semi-flexible rods. This means that they belong to the
class of active polymer or active nematic systems, terms that describe collections of self-driven
moving objects with a highly elongated shape (see e.g. [92-94]). For such systems, the bending
stiffness—also sometimes called flexural rigidity—characterises the flexibility of the filaments and
influences their behaviour. As a recent example, the motion of active polymers in porous media
has been shown to depend dramatically on their stiffness, ranging from filaments that smoothly
move through the pore spaces to those that easily get trapped [95]. This would be of relevance to
the design of scaffolds for microbial fuel cells [9697], to determine pore sizes that can effectively

trap filaments but still allow for the flow of dissolved gasses, for example.

In it was also noted that through collective interaction, filamentous cyanobacteria
self-organise into colonies or biofilms, symbiotic communities found in a wide variety of ecologi-

cal niches [45]. The dense colonies of these structures are characterised by vortices and bundles

24
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Figure 3.1: An example of filamentous cyanobacteria collective structure in Oscillatoria lutea,

showing a reticulate pattern. Reproduced from [91].

forming reticulate patterns as shown in The mechanical response of the filaments
was identified as one of the factors that contribute to self-organisation, for example in deter-
mining how one filament will bend when in contact with other filaments or with obstacles [47].
Further, biofilms and biomats in general show some remarkably conserved macro-mechanical
properties, typically behaving as viscoelastic materials with a relaxation time of about 20 min-
utes [98]. However, there has been a lack of any corresponding systematic measurement of the
micro-mechanical properties of filamentous cyanobacteria, to the point where such properties are
typically just assumed when needed in models (e.g. see [47]). This chapter seeks to fill that gap
by providing carefully measured values of the mechanical properties of individual filaments of

cyanobacteria.

In general, the focus here is on the equilibrium structural mechanics, or statics, of filamentous
cyanobacteria, while their dynamics will be discussed in the following chapters. In particular,
I look at the bending stiffness of the cyanobacteria, treating them as slender bodies, or flexi-
ble rods. For this, custom microfluidic flow cells were developed, in which I studied how the
bacteria are reversibly deflected by the drag forces of fluid flowing past them. I then connect
their bending stiffness to the mechanical response of their cell walls. For this, I quantify Young’s
modulus of the filaments, through nanoindentation techniques, and show that the stiffness of the
cell walls provides most of the filament’s resistance to bending. Finally, I look at the shapes of

cyanobacteria filaments in different scenarios and connect these shapes to their internal distribu-
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tions of forces. All the three species introduced in (Kamptonema animale, Lyngbya
lagerheimii and Oscillatoria lutea) will be studied here and their results will be compared, for
the purpose of checking the consistency of the methods.

In the remainder of the introduction to this chapter, I will present a detailed overview of
two areas that were critical to the measurement of the mechanical properties of the cyanobac-
teria filaments. The first topic involves the approximation of a filament as a slender body and
presents the mathematical framework needed to model the resulting force balance problem. The
second topic is atomic force microscopy, and I will outline how this tool can be used to map the

mechanical properties of a surface, like the cell wall of a bacterium.

3.1.1 Filament bending and flow in a microfluidic channel
Theory of a bending slender rod

Here, the theoretical framework used to evaluate the mechanical properties of filamentous cyanobac-
teria will be outlined. A strand of bacteria is treated as a slender elastic rod [99], whose shape is
defined along an arc or contour length coordinate s by its position . Other geometric variables
include the normal vector, 7, the orientation #(s) of the tangent vector £ = da/ds, and the
curvature x(s) = df/ds = (d%x/ds?) - f, as sketched in The radius of curvature of
the filament, R(s) = 1/k.

External forces and internal moments can both act to bend an elastic filament. Specifically,
if w is an external force per unit length, applied normal to the filament, this will generate a

bending moment M, such that
d2M

This moment, along with any internally generated moments, will bend or flex the filament,
whose mechanical resistance is given by its bending stiffness or flexural rigidity, 8. In mechanical

equilibrium, and assuming a linear elastic response, this balance can be given as
M = —pB(k — ko) = —fF, (3.2)

where k¢ is any intrinsic curvature (i.e. it describes the shape of the filament in the absence of
external forces), and where & is the change in curvature away from this reference configuration.

Equivalently, the deformation energy, per unit length, is
Lo
U= 3 BR=. (3.3)

This bending means that one side of the filament, on the inside of the bend, will be under

compression, whereas the opposite side will be in tension or extension.
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Figure 3.2: Modelling cyanobacteria bending and structure. (a) The filament of bacteria is
treated as a slender rod of length L, which bends under a drag force arising from the normal
component of the channel flow, uy,. (b) The close-up of the filament is approximated as a hollow
cylinder of radius r and wall thickness Ar. The radius of curvature (R = 1/x), tangent (£) and
normal (72) vectors are defined with reference to the neutral axis of the cylinder, which follows

path s. Reproduced from [91].

In my experiments, external drag forces are generated by the flow of water past a filament of
cyanobacteria, confined in a channel. The Poiseuille solution for the flow field u expected in my
channels, with rectangular cross-section, will be developed and validated in[3:2:2] The filament is
treated as a flexible cylinder of radius r surrounded by water of density p and dynamic viscosity
i, which is flowing towards the filament with a normal velocity component u,(s). In the viscous

limit, the flow of water around the filament will produce a drag force per unit length of
w = Uy, (3.4)

where £ is the coefficient of resistance or friction coefficient (alternatively, £ = pru,Cp for drag
coefficient Cp). At low, but finite, Reynolds number, Re = 2pru,/u < 1, the drag of an infinite
cylinder is well-approximated [100H102] by

Lvan
log(7.4/Re)’

1%

3 (3.5)

In my system, using a filament radius of 2.2 ym and a maximum flow speed of 2.6 mm s~ !,

I maintain Re < 0.01. is also appropriate for filaments of finite lengths L where
L/r > Re™!, as holds in my case (otherwise a simpler form could be adapted, as in [103,[104],
based on the slenderness ratio L/r).

Finally, one of my aims is to compare the bending stiffness of a strand of cyanobacteria to

the contributions expected from its cell wall. For this, if I treat the cell wall as a thin, hollow
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Figure 3.3: Schematic representation of tapping mode AFM. The probe oscillates up and down as
it probes the sample surface. The cantilever has a spring constant k£ and the tip has an effective

radius R.

cylinder of radius r, thickness Ar, and Young’s modulus F, it will have a bending stiffness
B =nEriAr (3.6)

assuming that Ar < r [105]/106].

3.1.2 Atomic force microscopy for stiffness measurement

Atomic force microscopy (AFM) is a very high resolution (up to fractions of a nanometer) imaging
technique under the family of scanning probe microscopes [107,/108]. There are a number of
different modes or techniques of AFM imaging developed specifically to measure different sample
properties and surface topography [109]. This project used an AFM operating in the tapping
mode, where the AFM probe continuously oscillated up and down so that the AFM tip taps on
the sample surface with a variable force [110] as shown in

In this project, the technique used for measuring the mechanical properties of the samples
was the force-distance method [111]. In this method, the force that the AFM tip exerts on
the sample during the up and down motion is measured by the AFM system from the spring
constant of the cantilever k and its bending [112]. On the other hand, the bending of the
cantilever is measured through a photodetector that captures the intensity of the light reflected
from the reflective surface on the back of the cantilever [112]. The captured light intensity is
then converted into a deflection value using a calibrated deflection sensitivity value [113] (to
be discussed later in section . In general, the optical system is also used to measure the

deflection of the cantilever for estimating the force exerted on the sample, and also the vertical
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displacement of the AFM tip from a reference point within the AFM system [112]|. The estimated
force and displacement measurements constitute the force-distance curves. gives an

example of force-distance curves.
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Figure 3.4: Example AFM force-distance curve. The DMT model, is fitted to the
force-distance curve as the probe is withdrawn from the sample (retraction curve) around the

region marked in green.

As illustrated in AFM force-distance curves are made up of two curves: one for
showing the forces during the approach or downward motion of the probe and the other for the
retraction of the probe [112]. A full cycle starts the AFM probe approaching the sample from
the air with the force exerted on the sample F' = 0 up to when the tip touches the sample and
the cantilever starts to bend while the force F' is increased up to the maximum force (peak-
force) [111]. A plot of the force applied on the sample against the displacement of the AFM tip
gives the approach curve. Once F reaches the peak force, the AFM probe is withdrawn and the
F goes down to zero |111].

However, adhesion forces F, 4, between the AFM tip and the sample [114] still hold the AFM
cantilever to the sample, forcing it to bend downwards during retraction, until the retraction
force at the AFM tip and sample interface exceeds the adhesion forces [111]. Once the adhesion
forces have been overcome, the AFM probe moves up and the cycle is repeated. A plot of the
resultant force F' — Fqp, during retraction is called the retraction curve (red curve in .
In general, the force plotted in the force-distance curves like in is the resultant force
F — F,qp, where F, 45, = 0 during the approach. The force-distance curves are captured at every
spot the AFM probe presses on the sample and are used to retrieve mechanical properties of the
sample like the stiffness and adhesive forces |112]. The procedure is also capable of recording
surface topography by mapping all the heights across the sample surface [113].

Retrieving the elastic modulus from the force-distance curves requires the use of models that
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take into consideration of the tip geometry and surface forces. A number of models have been
developed that are applicable to different systems |[115H117]. The simplest model is based on
Hertz theory [115] which assumes that the AFM can be treated as a sphere in contact with a
hard surface. Hertz theory does not take into consideration any adhesion or surface forces, which
makes it less applicable to this study, as there are significant adhesion forces (~ 10 nN) between
cells and the AFM tip as shown in Johnson-Kendall-Roberts (JKR) theory [116]
accounts for adhesion, but only in the limit of low stiffness and large tip radii. The theory that
is most appropriate here is the Derjaguin-Muller-Toporov (DMT) model |117]. The DMT model
is similar to the Hertz model but also incorporates adhesion forces. Mathematically, it is given
as

F— Fon = %E* R(d — dy)? (3.7)
where F' — F 4 is the relationship between the applied force F' and the adhesive force between
the AFM tip and the sample Fy 4, d — dg is the indentation depth, R is the tip radius, and E* is
the reduced modulus. The model is fit to the region marked green in , where F' and
F,qn are well related. This model represents the deformation that occurs both in the sample and

the AFM tip. As such, mathematically, the reduced modulus is defined as

1—02 1-p2\ "
E*:( E’”Mr Et”t> (3.8)

where Es and E; are the sample and tip Young’s moduli, respectively, while v and v; represent
sample and tip Poisson. The Young’s modulus of the tip is assumed to be infinite [113] (tip
made from silicon) hence the second term in the brackets of can be ignored and the
equation simplifies to E* = E,/(1 — v2?). As an indentation substrate, I treat the filament as an
elastic half-space, which is an accurate approximation for spherical indentation into a cylinder
when the effective radius of the indenter is significantly (in practice, at least five-fold |118]) larger
than the radius of the cylinder [118H120]; my probe tip radius is approximately 20 nm, and the
radius of the cyanobacteria filaments is about 2200 nm. This technique can be used to measure
the elastic modulus of samples ranging from 700 kPa to 70 GPa [113|. To actually measure
the mechanical properties of a sample on an AFM, the instrument needs to be calibrated, as

described in section B.2.3

3.2 Methods

3.2.1 Culture and sample preparation

Three species of filamentous cyanobacteria were used: Kamptonema animale (SAG 1459-6),

Lyngbya lagerheimii (SAG 24.99), and Oscillatoria lutea (SAG 1459-3). Culture labels refer to
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strains held at the culture collection of algae in Gottingen (SAG) [21]. They were maintained
in a medium of BG11 broth (Sigma-Aldrich) diluted to a ratio of 1:100 with deionised water.
Following Lorentz et al. [89] they were incubated at 20 £ 1°C, with warm-white LEDs (colour
temperature of 2800 K) providing light with a photon flux of 1042 gmol m~2 s~! on a 16 h day
+ 8 h night cycle. For sampling, the material was transferred into a 100 ml glass bottle half-
filled with medium and shaken mildly so that the filaments were separated, but not otherwise

damaged. Samples were then drawn out, typically in a 0.5 ml syringe, for experimental use.

3.2.2 Bending stiffness measurement using a microfluidic flow device
Microfluidic chip preparation

The microfluidic devices (Figure 3.5) used here to measure the bending stiffness of cyanobacteria
are inspired by similar devices used for the characterisation of the elastic properties of pollen
tubes [121] and E. coli [105,/122]. The design shown in was made in CAD software,
QCAD |[61] and printed on a chrome-quartz photomask. From the mask, a master mould was
made in a UV-cured photoresist (Microresist SU-8 3025 and 3050) following the procedure given
in section Individual chips were made by pouring poly(dimethylsiloxane) (PDMS, Dow
Sylgard 184) over the template and degassing the result under vacuum before curing at 75°C
for 1 hour, a process described in detail in section The chip was then cut out and holes
were punched at the inlet and outlet points, through which tubing was connected. Finally, the
chip was primed in an oxygen plasma, together with a PDMS-coated glass slide, and these two

components were bonded together to form a complete device, as shown in [Figure 3.5(c).

The chips were designed around a simple rectangular flow channel, much wider (300 pm)
than it is tall (two designs with channel heights 72 + 2 and 134 + 3 pm), with well-separated
inlets and outlets allowing for an even flow to develop (channel length of 30 mm). The inlet was
connected to a syringe pump, while tubing from the outlet led to a beaker to collect waste. Part-
way along the channel is an injection point where a filament of cyanobacteria can be threaded
into the channel, from a syringe containing a dilute suspension of the cyanobacteria. The fluid
flow inside the microfluidic channel created can be measured, for example using techniques such
as particle image velocimetry (PIV) [123]. However, this is not practical in repeated experiments
like these where each time a new flow profile has to be measured. Instead, I used an estimated
flow profile through the channels from a known volumetric flow rate, as described and validated

in the following sections.
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30 mm

(a) (b)

Figure 3.5: A snapshot of CAD design for a flow channel used in this project. (a) The full-flow
cell design has multiple filament entry points and channels shown in white. Only the middle
injection point was used in this project and to the right is an expanded view of the flow channel
design, showing a U-bend for anchoring cyanobacteria filaments. The wedge on the right of the
expanded view was created for possible three-point testing but this method was not pursued. (b)
A snapshot of a completed microfluidic flow device with tubes connected to the flow inlet and

outlet holes, as well as the filament inlet hole.

Flow profile inside the channel

To calculate the flow profile around the filaments I make use of Boussinesq’s series solution for
Poiseuille flow in a rectangular channel [124,125]. The flow along a channel of width W and
height H, with a coordinate system centred at its midpoint, such that —W/2 < 2 < W/2 and

—H/2 < z < H/2, can be given by

AWy & (—1)(n=1/2 cosh(nmz/W)
Y = s Z < [1

n Cosh(mrH/QW)] cos(nmz/ W)) (3.9)

n=1,3,5,...
Here, Uy is the average flow speed in the channel, set by the rate of the external syringe pumps,

and k is an effective permeability given by

_W2( 192w i tanh(mHﬂW)) (3.10)

= Al
12 w5 H

n=1,35,... n®
This solution is appropriate for laminar flows. For the fastest flows in my devices Uy ~ 3 mm
s7!. Using the hydraulic diameter D, = 2WH/(W + H) to calculate the Reynolds number
Re. = pUpDy /e of the channel flow gives a maximum Re. & 0.5, well within the laminar limit.

To determine an appropriate number of terms and grid spacing to use for approximating

I first picked a representative volumetric flow rate Q flowing through a rectangular
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Figure 3.6: Convergence of the flow field series. (a) The series in converges quickly,
such that 10 terms can be used to approximate to an accuracy of over 99.9 % for
a spacing of <1 pm. (b) By truncating the series after 10 terms and varying the grid spacing it
is seen that a grid spacing < 1 um gives a total flow rate that is within 0.1% of the theoretical
value. A grid spacing of 0.1 ym and a sum of the first 10 terms of [Equation 3.9 were used to

analyse the experiments.

channel cross-section at an average speed Uy. I then computed the total flow rate Q' across
the entire cross-section using a different number of terms in but with a fixed grid
spacing of 1 pm. The calculated volumetric flow rate, summed over the whole channel, is then
compared with the representative volumetric flow rate by computing the ratio Q'/Q. Results
are plotted in a), where it can be seen that the series converges quickly and that
summing the first 10 terms in gives an error of < 0.1%. Similarly, I then fixed the
number of terms to 10 and varied the grid spacing and again computed @Q'/Q. Results shown in
Figure 3.6(b) indicate that a grid spacing of < 1 pum and a sum of up to 10 terms of
gives a flow field that is over 99.9% accurate. Therefore, a choice of grid spacing of 0.1 um and
the series sum of 10 terms in was used to approximate flow profile u, throughout

this chapter.

Validation of the flow profiles

The pump used in this project was pre-calibrated for volumetric flow rate using a 0.5 ml syringe.
The volumetric flow per step was found 9.3940.30 x 10~%uL /step (mean & SE). To be sure of the
actual flow rate through the microfluidic channel, I conducted a validation test. The validation

process involved flowing a suspension of fluorescent particles (1.9 pum in diameter) through the
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microfluidic channel at a fixed flow rate of 93.9 + 3.0 uL/h (the step motor was set to the speed
of 100000 steps/h). The motion of the microparticles along the central horizontal plane was
captured by a confocal microscope (Leica TCS SP5). For these green microparticles, 405 nm
laser light was used for excitation while a detection bandwidth of between 450 and 650 nm was
used. A resonant scanner operating at 8 kHz was employed for quick data acquisition, suitable
for particle tracking, as required in this part of the project. A frame interval of 37 milliseconds,
including exposure time, was achieved.

Images were captured via two channels, the bright field mode and the fluorescent mode.
Bright-field images were used for distance calibration while particle tracking was done using
images from the fluorescent channel. An example of images captured is shown in a).
Particle tracking was carried out using PIVlab software [126]. This Matlab-based software min-
imises the distance moved by particles in a field between two successive frames and calculates the
distance moved by particles in terms of pixel distance. By applying calibrations both in space
and time, the flow field in a region of interest can be retrieved. The flow field along the mid-
horizontal plane of the microfluidic channel, with a cross-section of 300 pm x 134 pm, is shown
in b). By taking a line profile across the width of the channel and averaging across
100 frames, the plot shown in c) was generated. There was a low-density distribution
of particles along the edges of the channel as can be seen in a). The PIVlab software
extrapolated flow velocities near the channel boundaries and this resulted in a flat region of the
velocity profile near the channel boundaries as shown in c). I, therefore, excluded the
extrapolated regions of the measured profile and fitted the first term of with Uy,
W + W, and H + H; as fit parameters. Here, W, and H, are unknown slip lengths in the width
and height of the channel respectively, while W and H are known values of channel width and
height, respectively. The resulting fit was extrapolated to cover the whole width of the channel
as shown in c) and was compared with the theoretical profile for the same average
flow rate, calculated using

As a check, I compared the known volumetric flow rate from the pump of 93.943.0 L /h (mean
+ SE) with a measured volumetric flow rate found by extrapolating the measured flow profile
shown in (b) The measured volumetric flow rate was found to be 2.60 +0.02 x 10~*!
m? 57! =93.54+0.7 uL/h (mean + SE), which is consistent with the known volumetric flow rate
and the measured mean volumetric flow rate is within 0.5 % of the known value.

The measured volumetric flow rate only validates the total flow. However, from c)7
it can be seen that the measured flow profile has the same shape as the expected flow field in
the central region of the channel but does not obey the no-slip boundary condition, rather

it displays a partial-slip nature. This is not something new in microfluidics, as the no-slip
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Figure 3.7: Validation of the flow field in a rectangular microfluidic channel. (a) Example image
showing microparticles flowing inside a flow channel. Few particles were moving close to the
channel boundaries. (b) Flow field along the mid-plane of a 300 um x 134 pum rectangular
microfluidic channel, for a flow rate of 93.9 3.0 uL/h (mean + SE), as measured using PIVlab.
(¢) Line profile along the dashed line in (b) (black), averaged over 100 frames, plotted alongside
the expected flow with a no-slip boundary assumption (red). The grey shaded area in the
measured flow profile represents the standard deviation from 100 frames and was plotted using

Matlab code, ShadedErrorBar [127]. The fit using was applied to the measured
flow profile (black plot), excluding the regions near the boundary.

boundary condition is well approximated at the macroscale, but not at the microscale .
In microfluidics, certain factors were found to contribute towards partial-slip flow. For example,
hydrophobic microfluidic walls have been found to induce a partial-slip flow, while hydrophilic
walls did not . PDMS surfaces are slightly hydrophobic in nature, therefore it is plausible
that they should induce a slip like the one seen in [Figure 3.7(c). Other factors such as surface
roughness, dissolved gas and bubbles, or shear rate are also known to affect slip (see Ref )
As shown here, it is easier to estimate the flow field from than to measure the
flows for every volumetric flow rate and for every plane inside the channel. I, therefore, used
to estimate flow fields inside the microfluidic channel for all the measurements in
this project. The justification for this choice will be given in section where I will compare
measurements made using the no-slip flow profile from [Equation 3.9/ and a measured partial-slip
flow profile using PIV.

Bending measurements

Cyanobacteria filaments were threaded into the channel, from a syringe containing a dilute

suspension of the cyanobacteria; the syringe was operated by hand until only one filament was
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Figure 3.8: Microfluidic flow cell. The sketch to the left gives a schematic of the flow cell, showing
how the components were connected. In the middle is an image of a fully fabricated microfluidic
device. The close-up view to the right highlights the interactions between a cyanobacteria fila-
ment and the flow in the channel. The filament is introduced through a narrow inlet, which has
tight corners to pin it in place and anchor it at the point along the wall where it enters into the
main channel. The view here of the chip in use is a superposition of two white-light microscopy
images of the rest and deflected configurations of a single filament, as it is pushed by a laminar

flow w travelling along the y-axis of the channel. Reproduced from .

allowed to protrude into the flow channel. In order to enter the channel, the cyanobacteria
filament had to bend around a narrow U-bend, designed to anchor it at the channel wall. A

sketch of the design, along with a snapshot of a chip in use, is given in

The setup used meant that for any experiment a single isolated strand of cyanobacteria was
under observation in the flow cell, well-anchored to one wall and crossing close to perpendicular
across most of the channel. This filament was then pushed on and deflected by a flow of water
in the channel, using average flow speeds between 0.48 and 2.59 mm s~'. A flow test consisted

of a series of alternating flowing and stopped conditions, such as those given in

In order to minimise any systematic effects of plastic deformation (as observed in e.g. for
E. coli), the sequence of flow speeds used during any experiment was randomised, and between
each condition, the flow was turned off to allow the filament to relax back to an equilibrium or
rest position as shown in For analysis, images of the filament in equilibrium and
deflected configurations were collected using a confocal laser scanning microscope (Leica TCS
SP5), as described in section m By scanning the focal plane, this method also allowed me

to measure the height at which the filament entered the channel. The images were thresholded
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Figure 3.9: Flow test sequence. Each flow test consisted of a sequence of different flow speeds, sep-
arated by stopped-flow conditions, while I tracked the deflection of a single filament of cyanobac-
teria in the channel. As shown here, the total deflection was proportional to the applied flow.

Reproduced from )

and skeletonised in Matlab, as described in section 2:2.2] in order to have the filament shapes

expressed as a set of pixel coordinates along a path s of length L, under different flow conditions.

3.2.3 Nanoindentation

The nanoindentation experiments were carried out using a Bruker AFM (Bruker Dimension Icon,
Bruker Inc.). Specifically, I used the quantitative nanomechanical mapping (QNM) mode (e.g.
see and section[3.1.2]for further details). The first decision to be made was choosing
the most appropriate AFM cantilever for the sample under study. The filamentous cyanobac-
teria’s cell wall is made up of membranes and a more rigid peptidoglycan layer, whose Young’s
modulus was anticipated to lie in the range 5-50 MPa . Therefore, the cantilever should
be able to measure elasticity of materials in this range. The best candidate amongst the avail-
able AFM cantilevers was Bruker’s RTESPA-150, with a nominal spring constant of 5 N/m, and
suitable for 5 < E, < 500 MPa . The cantilever was mounted on its holder and aligned as
instructed in the user manual .

Calibration started with the cantilever deflection sensitivity, as discussed in section [3.1.2
The cantilever deflection sensitivity is a property of the light detection system of the AFM,
which is used to measure the bending of the AFM cantilever. It is dependent on the positioning
of the AFM cantilever, such that if the cantilever or the optics are moved then the calibration
should be repeated . The cantilever tip was pressed against a very hard test surface, here

sapphire, and the deflection sensitivity was entered into the system. The spring constant of the
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Figure 3.10: Stiffness analysis using Bruker’s Nanoscope analysis software. Left: A map of the
DMT modulus retrieved automatically by fitting to each force-distance curve, at
every pixel shown in the selection. Right: part of the results window showing the mean and
standard deviation of the DMT modulus, from the selected area. The standard deviation is used

as the uncertainty of the measured modulus values that will be given in section[3.3.:2} Reproduced

from .

cantilever, k, was calibrated using the thermal tune option of the AFM. The typical value for
k for RTESPA-150 is 5 N/m but can lie in the range 1.5-10 N/m . I then employed a
relative method of measuring Young’s modulus of samples which compares the stiffness of the
sample under study to a reference sample e.g. PDMS . An alternative method of measuring
Young’s modulus is the absolute method, which requires accurate measurement of the cantilever
tip radius (usually done by scanning a rough sample) and the spring constant (done by thermal
tuning, especially for soft cantilevers) . The advantage of the absolute method is that it
does not require a reference sample, which might be affected by factors such as ageing .
The relative method, on the other hand, avoids accumulated errors from uncertainties in the tip

radius and spring constant measurements [113].

Using the reference method, a PDMS reference sample was probed to a selected indentation
depth between 25-50 nm (typically 50 nm), and the effective tip radius and/or cantilever spring
constant were adjusted to match its known Young’s modulus of 3.5 MPa. The adjustment of
either the tip radius R or the cantilever spring constant k& works here because measurement of
the Young’s modulus is influenced by the ratio k/ V/R. Therefore, the ratio of the two parameters
that yield a measurement matching the known modulus of the reference sample is important.
The choice of my indentation depth was based on the expected cell wall thicknesses of a few
tens of nm, which meant that probing to 25-50 nm should be sensitive to the elasticity of deeper
layers of the cell wall, like the peptidoglycan layer. As will be seen in section the measured
Young’s modulus across the given indentation depth range is consistent, suggesting that I was

probing the same type of material in all the indentation depths.
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Figure 3.11: Internal structure for cyanobacteria. (a) A schematic representation of the dif-
ferent layers of the cell envelope. (b) A TEM micrograph of K. animale Abbreviations: PG,
peptidoglycan layer; CM, cytoplasmic membrane; OM, outer membrane; and PM, periplasmic

membrane. Figure (b) reproduced from [91].

Once the probe was calibrated for a given PDMS indentation depth, cyanobacteria filaments
were then deposited on a wet glass slide and probed to match the same indentation depth as
PDMS, while the cantilever scanned across an area. To ensure that the filaments remained well-
hydrated during scanning (and to prevent an artificial increase in E with time, due to drying
out |133]), scanning times were kept to less than 5 minutes, and the scanner was covered to
minimise airflow. Elastic modulus measurements were extracted by fitting the Derjaguin-Muller-
Toporov (DMT) model [117] (see to the resulting force-distance curves using the
retraction profile, as discussed in The fitting was done automatically in Bruker’s QNM
software (Nanoscope Analysis. The result was a map of the DMT modulus of the sample, which
was analysed by first selecting an area in the middle of the filament, as shown in
The statistics for the chosen area are shown on the right hand of The mean and the
standard deviation of the modulus values were recorded for each filament and the results are to

be discussed in section [3.3.2

3.2.4 Cell wall imaging

To complement my mechanical measurements of cyanobacteria filaments, I observed the internal
structure of the filaments using images captured by Transmission Electron Microscopy (TEM).
Both sample preparation and imaging were carried out by Dr. Graham Hickman of the Imaging

Suite at the School of Science and Technology at Nottingham Trent University while I conducted
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Figure 3.12: Filamentous cyanobacteria under confocal fluorescence imaging. (a) Under ideal

(a) 1 mm

conditions active gliding specimens of O. lutea appear as long thin curved filaments. (b) When
rendered inactive, for example by being briefly cooled, the same filaments adopt a more random

shape. Reproduced from [91].

the image analysis and feature measurement. Samples were prepared following methods in Ref.
[88], procedure (b). In this instance, the resin was TAAB 813 (TAAB, Aldermaston) and uranyl
acetate was substituted for EM Stain 336 (Agar Scientific Ltd., Stansted), which in both cases
was used according to the manufacturer’s instructions. Once fixed, embedded, sectioned and
stained, sections were examined with a JEM2100Plus TEM (JEOL UK, Welwyn Garden City)
operating at 120 kV. Electron micrographs were digitised using a Riol6 (Gatan UK, Abingdon)
camera operated using Digital Micrograph (3.32.2403.0) and exported to .tiff for analysis. An
example of a micrograph collected for one of the species studied is shown in and the

analysis follows later in section [3.3.2

3.2.5 Filament shape imaging

Freely gliding cyanobacteria filaments naturally adopt a curved shape, as shown in a),
whereas inactive filaments have a more irregular, meandering shape, like those shown in
(b). These shapes were quantified by measuring the curvature of over one hundred
free-gliding (active) and inactive filaments in each of the three species studied. While the focus
here is on the static curvature and how it varies between filaments, in [chapter 4] I will present
the variation of curvature with time or space, i.e. the dynamic curvature. In the case of active
filaments, dilute suspensions (~ 1 filament/mm?) were transferred to a well plate (well diameter
of 1.5 cm) and then left undisturbed in the incubator for 24 h before measurement.

For inactive filaments, the procedure was similar except that dilute suspension of the filaments
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was transferred to a medium with a temperature of 2°C and stored at this temperature for 4
hours. During imaging, ice was added to the suspension to keep the temperature low. After the
experiments, the inactivated filaments recovered their motility after warming back up.

Images were taken using a confocal microscope, as described in section and were pro-
cessed in Matlab by fitting a circle to the skeleton of the thresholded image of a filament, using
Pratt’s method [139,/140]. For each filament, the local orientation 6 and curvature x were inde-
pendently evaluated by fitting tangent vectors to each point along the thresholded image skeleton,
using a sampling window of 30 pixels (90 pum). Finally, for each species, the cross-sectional ra-

dius of at least 21 filaments was measured by manual measurements of high-magnification optical

microscope images (see example in [Figure 3.13|), using ImageJ [85] and with results shown in
[Table 3.1

25 um

Figure 3.13: Filament widths and structure in O. lutea. Under higher magnification, O. lutea is
seen to be composed of one-cell-wide strands of connected cells. The widths for O. lutea were

found to be 4.2 + 0.2 pm and were measured as indicated on the figure. Reproduced from [91].

3.3 Results

The aims of this chapter are to quantify the mechanical properties of typical species of filamen-
tous cyanobacteria and to connect these properties to the shapes they naturally take and the
forces that they can generate internally. Here, observations of their bending stiffness 3, Young’s
modulus F, the curvature of active filaments x and cross-sectional radius r will be reported. A

summary of the key results is given in and tables of all individual measurements are
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reported in individual subsections.

Table 3.1: Summary of results, showing the bending stiffness g, the reduced modulus E* and
Young’s modulus F of the cell walls, and the average active curvature k and cross-sectional radius
r of the cyanobacteria filaments. In all cases, the uncertainty range gives the standard deviation

of the measurements and the number of independent measurements is given by n.

Species B (N m?) E* (MPa) E (MPa) k (m~1) r (pm)
K. animale 4.842.9x10717 53 £ 8 40+ 6 470 £ 304 224+0.1
n=9 n=13 n=13 n=119 n=29
L. lagerheimii 6.04+5.0x 10717 27+ 6 20 +£ 4 452 + 322 22+0.1
n=9 n==8 n==8 n=98 n=23
0. lutea 2.6+1.6x10717 35+ 7 26 + 6 537 £228  21+0.1
n="7 n=10 n=10 n=154 n=21

3.3.1 Bending stiffness

The bending responses of the three species of filamentous cyanobacteria were measured using
the flow cells described in section [3.2.2] and sketched in For each test, the measured
displacement profile, §(s) = |(s) — xo(s)], gives the difference in position between the bent and
rest configurations of the filament (x and x, respectively), from where it enters the flow cell,
s =0, to its tip at s = L. To retrieve bending stiffness values in any of the experimental runs,
the following procedure was followed. First, by combining equations and we have

d’>M _ AT
ds2  log(7.4/Re

)un(5)~ (3.11)

For a cantilever beam, as assumed here, and assuming small enough deflections from the rest

configuration, [Equation 3.11| can be expressed in terms of the deflection profile 6(s) as

d*s B Ay
B a5t = Toa(ra/me) ) (3.12)

This is a fourth-order beam deflection equation, which is integrated four times numerically in
Matlab to obtain an estimate for 53(s), as explained next. On the right hand of
I start by evaluating the velocity u,(s), using [Equation 3.9l From the experiments with confocal
microscopy, the vertical position z inside the microfluidic channel was determined by scanning
the channel vertically. The width of the channel was 300 um. Therefore, could be

evaluated by approximating the series for the appropriate number of terms and grid spacing, as

discussed in section 13.2.2
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Now, uy(s) defines the normal component of the flow velocities along the bent filament. From
the experiments, the projection of the bent or deflected filament on the channel width was used
to determine the number of flow lines to be considered. The bent filament was first skeletonised
and cleaned, such that no two pixels were along the same horizontal coordinate. Due to imaging
constraints, the pixel size or the spacing between the points on the filament along the width of
the channel was larger than the grid spacing on the flow profile. As such, the flow profile u, was
sampled, such that the spacing between the flow lines matched the pixel size to give a sampled
flow profile u,(s). The points on the bent filament skeleton were used to approximate the angles
of the filament with respect to the channel, by fitting a tangent line of angle 8, to a region of a
radius of 11 points at each point along the filament. These angles were then used to calculate

un(s) as

un(s) = uy(s)cos(6y), (3.13)

at every pixel along the filament.

The Reynolds number, Re was also calculated for each point along the filament, as Re =
2pruy, /p where p, is the density of water, r the filament radius and v the dynamic viscosity of
water at standard temperature and pressure. With u,, and Re evaluated, the right-hand side of
can be computed and the result is a vector containing the list of the forces acting

along the filament, at every pixel along its skeleton.

The next step is to integrate [Equation 3.12| numerically, four times, to get 3d(s). This is

done in Matlab using the function cumtrapz(X, Y) which computes the approximate cumulative
integral of data Y via the trapezoidal method, with X as the vector of the spacing between
points in Y. I, therefore, integrated [Equation 3.12| four times over the path length s, applying, in
turn, the boundary conditions 6"/(L) = 6" (L) = 0 (corresponding to a free boundary condition,
M’'(L) = M(L) = 0, at the hanging end of the filament) and ¢’(0) = §(0) = 0 (corresponding to
clamped boundary conditions where the filament enters the flow cell). This leads to a predicted
shape of the filament deflection, d,,, up to the (yet undetermined) scale factor 3. The next step
is to find the deflection of the bent filament.

The deflection profile of the bent filament is found using the shape of the bent filament and
the shape of the filament at equilibrium before being exposed to the flow. From the experiments,
the equilibrium profile of the filament was measured by converting the filament in a stopped-flow
condition into a skeleton and dividing it into the same number of points as the bent filament.
In other words, the total path s, from 0 to L, was divided up equally into the same number of
points, in each case. By doing so, each point @y, (s) on the bent filament had a corresponding

point on the equilibrium shape @ (s) and these points were used to calculate the deflection profile
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as 6(s) = |ep(s) — xo(s)|- To find the best estimate of 8 I then performed a least-squares fit of
the predicted to observed deflection profiles, with 3 as the free parameter.

So far, this method does not account for any solid-body rotation of the filament, as it responds
to the flow. Assuming that all deflections are caused by bending, this gives a lower bound on
B. As a refined estimate, I simultaneously allowed for a small rotation, of angle «, around
the point where the filament enters the channel. Practically, this was done with the same
algorithm as described above, but performing the final fit (now of a and J) against a cost
function (&,(s) — |z(s) — Rao(s)|)?, rather than (6,(s) — d(s))?, and where R(«) is the rotation

matrix.

cosa —sina

sinaw  cosa
The result is the best-fit value of 8 and rotation angle ««. The value of the best rotational angle is
then substituted into |y (s) — Rxo(s)| to get the corrected deflection profile, i.e. that which now
excludes any rotational component of the deflections. An example is shown in [Figure 3.14{b).
Using the best-fit 3, the deflection profiles corresponding to different forces (i.e. flow profiles)
can also be plotted. Some examples are shown alongside the corrected deflection profiles in
b). Alternatively, to get a distribution of the bending stiffness values along any
filament, I calculated the bending stiffness for each flow by dividing the output of the fourth-order
integral by the corrected measured deflection profiles. This gives bending stiffness measurement
at each point along the filament for each flow test. Examples of such bending stiffness profiles
are shown in c). The bending stiffness profiles were then used to compute standard
deviations of 8 for each flow test, which were used for error propagation.

The final value of § was found in each case by calculating a weighted mean of all the flow

tests for a particular filament. This was done by applying the formula
(3.14)

where w; = 1/0? is weighting for each entry, o2 is the variance of 3;, while n is the total number
of flow tests per filament. The uncertainty in these measurements was taken as the standard
deviation of all measurements for a particular filament. The final bending stiffness value for each
species was the average of all the weighted mean values in each species with a range of values
given by the standard deviation of this distribution. For each species, seven to nine independent

strands of cyanobacteria were tested and each strand was subjected to up to six different flow

conditions. Results are reported in |[Table 3.3.1] and [Figure 3.14[d). There was considerable

variation between individuals, up to about one order of magnitude, but the average bending

stiffnesses of all three species were very similar to each other.
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Figure 3.14: Measurements of the bending stiffness of filamentous cyanobacteria. (a) Each flow
test consisted of a sequence of different flow speeds, separated by stopped-flow conditions, while
I tracked the deflection of a single filament of cyanobacteria in the channel. As shown here, the
total deflection was proportional to the applied flow. (b) Each deflection profile was fit to the
expected elastic deformation, with the magnitude of the elastic response (effectively, 5) and a
solid-body rotation, «, as fitting parameters; shown here are the fits for one example filament.
(¢) After accounting for any rotation through a global correction, a bending stiffness, 3(s), was
then extracted at every point along the filament. (d) I show the distribution of the values of
[ observed for the three species of filamentous cyanobacteria studied. In each case, results are
shown before (yellow, left) and after (blue, right) accounting for rotational effects. On the boxes,
whiskers indicate extreme points, a line gives the median and the bottom and top edges of the

box indicate the 25" and 75*" percentile, respectively. Reproduced from .

I also include in d) the results where rotational effects were neglected (i.e. assum-
ing & = 0). Since this scenario attributes all motion to bending, these results can be interpreted
as a lower bound on the bending stiffness.

The bending results were further analysed to look for evidence of plastic or nonlinear re-

sponses. For example, as the cyanobacteria filaments can change their own shape, their response
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Table 3.2: Bending stiffness measurements for three filamentous cyanobacteria species. There is
considerable variation between measurements within and between species, of up to one order of

magnitude.

Species K. animale L. lagerheimii 0. lutea

Weighted Mean Weighted Mean Weighted Mean

Sample Number + Weighted Error + Weighted Error + Weighted Error

(x10717N m?)

(x1071"N m?)

(x1071"N m?)

1 2.31£0.72 7.60 £ 1.00 1.92+£0.78
2 4.30 £ 1.00 6.28 £0.95 3.72+0.75
3 2.41+£1.00 4.97 +£2.25 1.58 £ 0.23
4 6.22 £ 0.65 3.99 £1.60 5.43 £ 1.00
5 10.70 £2.47 6.16 £ 2.40 1.35+0.36
6 7.00 £247 19.20 £ 2.74 3.04£0.71
7 5.61 £0.95 1.99 +£1.00 1.13+£0.28
8 2.59+2.11 1.568 +1.00

9 1.84 £0.70 2.85£0.43

Mean 4.78 6.07 2.60
SD 2.92 5.33 1.56
SE 0.97 1.78 0.59

to an external flow might relax over time, due to a redistribution of internally generated forces. I
tested for this effect in my data by looking for correlations between the measured bending stiffness
and the order in which flows were applied. As shown in (a), each filament was typically
subject to six different flow rates applied over a few minutes. Spearman’s rank-order correlation
test showed no significant correlation between the order in which the flows were applied and the
measured 8 (K. animale, r4(51) = —0.70,p = 0.23; L. lagerheimii, rs(41) = 0.40,p = 0.75; O.
lutea, r5(36) = 0.26,p = 0.66). I conclude that, at least over the experimental timescales, there

is no evidence of any plastic response to the shear flows.

I also performed statistical tests to check for any systematic effects of the filament length,
or flow speed, on the measured bending stiffness. The various cyanobacteria filaments extended
lengths L between 190 and 295 pm into the flow cell, but there was no significant correlation
between L and § (Pearson correlation coefficient: K. animale, r(51) = 0.07,p = 0.86; L. lager-
heimii, r(41) = 0.17,p = 0.66; O. lutea, r(36) = 0.65,p = 0.11). There is, however, a moderate

positive correlation between flow speed and 8 (K. animale, r(51) = 0.47,p < 0.01; L. lager-
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heimii, r(41) = 0.35,p = 0.02; O. lutea, r(36) = 0.63,p < 0.01). Although this correlation is
not particularly strong, it may indicate a degree of strain stiffening in the filaments, a type of

response known from a variety of biopolymers [141], for example.

Furthermore, I note that complementary three-point bending measurements of O. lutea and
K. animale were performed in parallel to this study by a collaborative group under the supervision
of Stefan Karpitschka in Gottingen, and are reported in [142]. There was an initial intent for
a stronger collaboration here, but the travel restrictions due to covid resulted in these studies
proceeding parallel in nature and more independent than planned. While broadly consistent with
the results here, they observed higher average bending stiffnesses of 1.4 £ 0.4 x 107'® N m? and
1.1£0.3x107 16 Nm? for O. lutea and K. animale, respectively. The difference between our results
could be due to the assumptions made by our collaborators in their measurement of the bending
stiffness. By pushing cyanobacteria filament against two pillars using a calibrated force P from
a thin micropipette, they measured the instantaneous deflection d of the filament. The bending
stiffness of cyanobacteria filament was retrieved by fitting the equation B = (AX3/48)0P/dd,
where AX is the distance between the pillars. In their computation, AX was assumed to be

constant.

However, as the cyanobacteria filament was being pushed against the two cylindrical pillars
as shown in the points of contact continuously moved closer, effectively decreasing
AX. Using the example shown in AX changed from about 66 ym at no deflection
to 53 pm under deflection. Accounting for this change in AX reduces the measured bending

stiffness values by half, which makes our results more similar.

Finally, recall that in section [3.2.2] I showed that the measured flow inside the microfluidic
channel did not fully follow a no-slip boundary condition. However, I decided to use a no-slip
boundary condition equation for estimating the flow profiles in my measurements because it was
easier to do so than to measure every flow profile. Here, as the last check of the accuracy of
my results, I compare the bending stiffness values measured using the no-slip and the observed
partial-slip flow profiles along the plane of the filament in the flow channel. Based on the results
shown in the partial slip-based bending stiffness profile is within 10 % of the no-slip-
based bending stiffness profile. Such a difference is largely negligible since the bending stiffness
values between filaments vary by one order of magnitude although it may represent a small

systematic error of < 10% overestimation, in the results.
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Before deflection Deflected

Figure 3.15: Example microfluidic pillars for three-point bending test, as carried out in .
(a) Before the force is applied the filament stays straight and the distance between the contact
points is roughly equal to the distance between the two pillar centres. (b) When the force is
applied the filament bends and the points of contact move closer to each other as is also shown
in (c¢), effectively reducing AX used for retrieving the bending stiffness from 66 pum to 53 pm in
this case. Adapted from .
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Figure 3.16: Comparison of partial-slip and no-slip flow-induced bending stiffness calculations.
Here, the average value for the no-slip profile is 2.75 £+ 0.3 x107'" N m?2, while that of the
partial-slip profile is 2.49 + 0.2 x107'7 N m?. These values are within 10 % of one another,
much smaller than one order of magnitude variation between measurements shown in [Figure 3.14]

showing that the no-slip assumption leads to, at most, only a relatively small systematic error.

3.3.2 Nanoindentation and cell wall properties

The bending stiffness of a slender rod, such as a filament of cyanobacteria, is directly related
to the elastic properties of its constituents. Assuming that the cytoplasm does not support a

significant load, most of the bending moment can be expected to be carried by rigid structures
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Figure 3.17: Cross-sectional images of filamentous cyanobacteria, taken using transmission elec-
tron microscopy. (a) K. animale. (b) L. lagerheimii. (c) O. lutea. Arrows indicate PG, pep-
tidoglycan layer; CM, cytoplasmic membrane; OM, outer membrane; and EL, external layer.

Reproduced from [91].

like the cell wall. Here the goal is to test this assumption and evaluate the mechanical properties
of the cell walls of my species of filamentous cyanobacteria.

The main structural component of the bacterial cell wall, as reviewed in is pepti-
doglycan, a stiff cross-linked polymer; this means that the cell wall is known to behave elas-
tically, with measurements of its Young’s modulus F typically ranging between about 5-50
MPa [133H138]. Although classed as gram-negative, cyanobacteria have particularly thick cell
walls, extending to tens of nanometres or more [143}/144]. shows examples of cross-
sectional images of the three species of filamentous cyanobacteria under study here.

Maps of the reduced modulus E* = E/(1 — v?) were collected by atomic force microscopy
using quantitative nanomechanical mapping techniques, as described in section For each
map, average values and standard deviations were calculated over an area of a cell that avoided
any imaging artefacts like scarring and focused on the centre of a filament, to minimise the effects
of surface curvature on measurements [132]. The results were converted into measurements of
Young’s modulus, F, by assuming v = 0.5, as appropriate for soft biological materials [132}
145]. Measurements from at least 8 different filaments were analysed for each species, at a fixed
indentation depth of 50 nm, as shown in

To capture the full distribution of measured values, a box plot of E is given in a).
All three species have similar Young’s moduli, with most observations in the range of 25-50
MPa, although K. animale potentially has a slightly higher modulus than the other two species.
These results are similar to those found for E. coli (35-60 MPa) [133] but noticeably higher than
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Table 3.3: Reduced modulus, F*, measurements for three species of filamentous cyanobacteria,
based on AFM force-distance measurements and giving the mean, standard deviation (SD) and

the standard error (SE) of all observations.

Species K. animale L. lagerheimii 0. lutea
Sample Number B b B
Mean + SD (MPa) Mean + SD (MPa) Mean + SD (MPa)

1 38 +£20 22+16 33+£39
2 42+5 31+9 42 £ 24
3 48 £ 4 1947 35+ 16
4 47+4 30+ 10 31+12
5 56+£5 247 45 £ 24
6 60 £19 32417 27+11
7 54+ 11 23+ 8 33+13
8 62 £ 15 34+ 18 24 £38
9 60 £ 14 46 £+ 23
10 61 £19 32+13
11 60 £ 14
12 54+ 18
13 50 £ 18
Mean 53 27 35
SD 8 6 7
SE 2 2 2

E E E
Mean 40 20 26
SD 6 4 6
SE 2 2 2

Bacillus subtilis (3 MPa) [146]. To check for any depth-dependence of E, measurements were
repeated with indentation depths of 25, 40 and 50 nm. As shown in [Figure 3.18(b), there is no
clear trend of the measured elastic modulus with indentation depth, supporting the interpretation
that the elastic properties of the cell wall were accurately probed.

From the measured Young’s moduli, one can also estimate effective cell wall thicknesses,

Ar, under the assumption that the majority of the filament stiffness comes from the cell wall.

Using the estimated wall thicknesses are 3548 nm, 90428 nm, and 3448 nm for
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Figure 3.18: Cyanobacteria elasticity was measured by nanoindentation. (a) A summary here
shows Young’s modulus measurements of the three species of filamentous cyanobacteria, probed
to 50 nm depth. On each box, the whiskers indicate extreme points while the red line is the me-
dian and the bottom and top edges of the box indicate the 25" and 75" percentiles, respectively.
The inset gives an example map of the reduced modulus E* for O. lutea. (b) Repeating the tests
for different indentation depths showed no significant effect on the measured E, over the range of

depths used. Error bars represent standard deviations of measurements. Reproduced from .

K. animale, L. lagerheimii, and O. lutea, respectively. These estimates can be compared to
direct observations of the cell wall structures using TEM, with example micrographs shown in
At least 5 different filament cross-sectional images were analysed. Thicknesses of
different layers of the cell envelope were measured by hand using ImagelJ . First, it was noted
that the thickness of the full cell envelope is 47 &+ 4 nm, 45 + 3 nm, and 69 £+ 6 nm for K.
animale, L. lagerheimii and O. lutea, respectively. Similar thicknesses, of 35 + 5 nm, can be
seen for TEM images of K. animale in Strunecky et al. . These values are comparable to the

estimated thicknesses.

However, the cell envelope in cyanobacteria is a layered structure, consisting of a thick pepti-
doglycan layer separated by inner and outer membranes , as shown in Of these,
the peptidoglycan is expected to be the stiffest layer, and if measured alone has thicknesses of
18 £ 2 nm, 14 £+ 2 nm, and 18 + 3 nm for K. animale, L. lagerheimii and O. lutea, respectively.
Thus, while the bending stiffness measurements are largely consistent with the interpretation of
the mechanical response of the cyanobacteria as a hollow cylinder, the peptidoglycan layer may
need some additional support to fully supply this role. This might come, for example, from the

walls between cells, along the length of the filament, which have not been included in this simple
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model. Practically, however, these observations show that assuming that the entire cell wall is a

uniform load-bearing layer provides a good estimate of the bacteria’s mechanical properties.

3.3.3 Filament curvature and shape

Finally, in order to relate the mechanical properties of filamentous cyanobacteria to their shape
and ability to generate forces, filaments were observed under optimal conditions (~20°C) and
when chilled to reduce metabolism and mobility (~2°C). At room temperature, the filaments
were active and glided steadily along the bottom of their containers, adopting a curved shape, as

shown in[Figure 3.12|(a). When cooled, the bacteria were inactive and displayed a more irregular,
meandering shape, as in [Figure 3.12|(b).
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Figure 3.19: Curvature analysis in filamentous cyanobacteria. (a) A plot of the orientation
angle vs. position along active filaments shows that the filament shape has a constant rate of
change of angle, i.e. a constant curvature, x = df/ds. Shown are four typical cases of O. lutea,
corresponding to the filaments shown in the upper left. There is a variation of curvature between
filaments. (b) Examples of active, gliding filamentous cyanobacteria (black) showing curved
configurations along with best-fit circles. (¢) Examples of curvature fitting in inactive filaments
show that filaments have local shape variations and an overall larger radius of curvature than

active filaments. Panels (a,b) reproduced from [91].

In the case of active filaments, their shapes were characterised by looking at how relative
orientation 6, taken from tangent vectors, varies along their length s. Each filament was skele-
tonised and subdivided into subregions of equal lengths of 90 pum (30 pixels). The orientation
of the tangent vector to each subregion was then found by fitting a first-order polynomial to
the coordinates of all of the pixels in the region and taking the arctangent of the slope. The

variation of the angle, along the filament contour, 6(s), was then measured with reference to the
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orientation of the first subregion. Four typical cases of active filaments of O. lutea are explored
in a—b)7 and the other two species behaved similarly. In a) it can be seen
that the filaments each have a relatively constant curvature, kK = df/ds, so that their shapes are
well-approximated by circular arcs. One can therefore fit circles directly to the filament shapes,
as demonstrated in [Figure 3.19(b), to measure their average curvature.

On the other hand, inactive filaments have local shape fluctuations as was shown in

ure which affects their overall shape. For comparison with the active filaments, I fitted

a circle to the whole shape of each inactive filament as shown in [Figure 3.19(c). Curvature
distributions were collected from about a hundred individual filaments for each species’ active
and inactive cases. These measurements are summarised in The actively gliding

L corresponding to

members of all three species have a preferred curvature of around 0.5 mm™
a radius of curvature of about 2 mm. For the inactive filaments, there was no preferred overall
curvature, and the measured curvature distributions instead showed a peak, or median value,
around zero. It is clear that, for the active case, internal forces within the cyanobacteria fila-
ments break the chiral symmetry, generating the pattern of compression and tension required to

maintain a curved shape. Indeed, this bias seems related to their motion, as it was also observed

that there is a strong preference for clockwise, over counter-clockwise, motion in all three species

(see [chapter 4).
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Figure 3.20: Curvature distributions in three species of filamentous cyanobacteria, as measured
by fitting the filament shape to a circular arc, as in [Figure 3.19} for (a) active gliding filaments
at 20°C and (b) inactive filaments at 2°C. Reproduced from [91].

The bending stiffness measurements in this work were made on active filaments under their
normal conditions i.e. standard room temperature. While it is understood that inactivity is
associated with the loss of smooth filament curvature, there is a knowledge gap on how the same

affects the bending stiffness of the filaments.



3.4. DISCUSSION 54

3.4 Discussion

As outlined in section[I.T] the mechanical origins of the gliding motion of filamentous cyanobacte-
ria have remained obscure, despite several alternative models being proposed [33//341371/38|/411{42].
One factor behind this has been a lack of data about the mechanical response of the bacteria,
which can be used to constrain such models. Here, I will briefly discuss how the measurements of
the stiffness and other mechanical properties of the cyanobacteria reported here can help under-
stand the forces at play inside a moving chain of cyanobacteria cells. In section [3.3.2]it was seen
that the bending stiffness of cyanobacteria can be largely attributed to a rigid cell envelope, and
this interpretation will be explored here to consider the magnitude of the internal forces needed
to sustain the curved shape of active filaments, along with an estimate of the internal bending
energy stored in this curvature. Using a similar energy scale, the disordered shape of inactive
bacteria will also be discussed, in the context of a persistence length of a randomly driven flexible
rod.

The cyanobacteria studied here move with a slow gliding motion, at speeds of 3.040.7m s~ !,
and slowly rotate as they glide, in a corkscrew-like motion [30L{41}/143,/147]. Their curved shape
does not change significantly as they advance, suggesting that the shape is dynamically main-
tained by something like a compressional wave that accompanies the rotational motion. However,
their well-defined curvature largely disappears, on average, when the cells are inactivated by low-
ering their temperature, further evidencing that their shape results from an internally generated
distribution of forces.

In any event, assuming that the filament behaves as a hollow cylinder of radius » and wall
thickness Ar, one can estimate the magnitude of the active forces needed to maintain a curvature

K as

KB

mr2Ar

=kEr. (3.15)

Og =

This follows from and gives the maximum stress that would be felt in a hollow
cylindrical beam under uniform bending (see e.g. [106,/148|), or alternatively an estimate of
the maximum internal stress in the cell wall that would be needed to give rise to the observed
curvature. Based on the empirically determined values given in[Table 3.1] I can use[Equation 3.15|
to estimate o in the three species of cyanobacteria studied here. As shown in these
internal stresses are typically of the order of tens of kPa. The energy stored in the bent shape
can also be estimated, by As shown in these internal bending energies
should reach magnitudes of a few pJ m™!, per unit length along the filament.

Although my focus here has been on the static mechanics of cyanobacteria, these axial stresses

can be linked to the various models of gliding motion. As one example, Halfen and Castenholz
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Table 3.4: Summary of derived quantities, based on results in Shown are: the cell wall

thickness Ar, estimated from [Equation 3.6} the maximum cell wall stress o, from [Equation 3.15}
and the bending energy per unit length U/, from In all cases, the uncertainty range

gives the standard error of estimates propagated from uncertainties in the quantities in [Table 5.1}

Species Ar (nm) os (kPa) U (Jm™1)

K. animale 35+8 41 +£13 5.2 £ 1.2 x10712
L. lagerheimii 90 + 28 204+9 6.1 + 2.0 x10712
0. lutea 34438 29 4+ 10 3.7+ 0.9 x10712

[41,}42] suggested that the fibril layer, which consists of helical structures lying between the
peptidoglycan layer and the outer membrane [44], contracts and in the process sends waves
in the direction opposite to that of the filament’s motion. In the framework of this model, the
measurements presented here give the magnitude of the stresses and bending energies that would
need to be generated by these contractile waves, allowing more quantitative predictions to be
developed for the origins of the gliding motion.

Finally, an alternative characterisation of the shape of filaments is through their persistence
length, P, which describes the distance over which correlations in the local filament orientation
or direction are lost [149|. This metric has been used to demonstrate that modern cyanobacteria
have a similar persistence length to fossil specimens from the Precambrian [87], for example,
or to estimate the bending stiffness of microtubules [150]. Mathematically, P can be defined
through the relation

(cos(¢)) = e~As/2P (3.16)

where ¢ = 0(s + As) — 6(s) is the change in filament orientation over a distance As along
its contour length, the factor of 2 in the exponent is appropriate for filaments confined to a
surface [150] and the angled brackets represent an average over the contour s and an ensemble
of filaments.

Persistence lengths and angular correlations for all three cyanobacteria species studied here
were extracted from the skeletonised filament images obtained in section [3:3.3] For the active
case of gliding cyanobacteria, as already shown in the filaments adopt the shape of
a circular arc, rather than a disordered shape. In this case, it is expected that ¢(As) = kAs,
instead of following Therefore, a correlation analysis of this nature would not
be appropriate. In inactive filaments, however, the persistence-length analysis is well-defined,
as the filaments are more disordered in their shape. shows the persistence length

measurements for inactive (non-motile, chilled) filaments, which are all in the range of 5-10 mm.
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This is of a similar magnitude, although slightly larger than, the values of 1.3-3.9 mm previously

measured for P in other species of Oscillatoria [87].

Interestingly, these shape fluctuations can also be linked to an energy density along the
length of the filaments. For thermally driven systems of slender filaments, such as microtubules,
P = B/kpT, where kp is Boltzmann’s constant, and T' the system temperature [87}[149L[150].
Cyanobacteria are too large to be in this limit—the persistence lengths based on the thermal
energy kpT and the measurements of § in this chapter would be several kilometres. However, an
analogous relationship may still hold, if the shape is determined by some actively generated but
incoherent distribution of forces. In this case, one would anticipate stored strain energy along a
segment of length P to be of order 3/P, or that the total strain energy density in the filament
is U ~ 3/P?. Given measurements of 3 and P presented here, this is about 1 pJ m~! for all
three species studied here, which is surprisingly similar to the bending energies of the gliding,
uniformly curved specimens. Alternatively, this means that, on average, the magnitude of the
locally-defined curvature |df/ds| is similar in both cases. A plausible interpretation of this is
that, when the filaments are not moving, the cells maintain some degree of the internal stresses
that would otherwise be coordinated into e.g. a contractile wave, but these forces are instead

uncoordinated.
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Figure 3.21: Measured persistence length in inactive filaments of K. animale, L. lagerheimii and
0. lutea, evaluated by analysing 164, 162 and 79 filaments for each species, respectively. Fits for

the persistence length use The shaded region represents extreme points of the
distributions (using shadedErrorBar function ). Reproduced from
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3.5 Conclusions

In this chapter the mechanical properties of three related species of filamentous cyanobacteria,
namely K. animale, L. lagerheimii, and O. lutea have been quantified. These species all belong
to the order Oscillatoriales and are of similar size and motile behaviour. This allows for robust
validation of the internal consistency of the methods employed in this chapter. In later chap-
ters, the study will focus on single-species observations, but the results here suggest that the
subsequent measurements will be similarly general in nature. As a further consistency check,
the measurements presented in this chapter can be compared with contemporaneous observa-
tions using three-point bending tests from a collaborating lab [142] at the Max Planck Institute
for Dynamics and Self-organisation (MIPDS) in Géttingen. The collaborating lab used a thin
micropipette to bend a cyanobacteria filament against two pillars. With a calibrated force, and
observing deflections of the filament, they were able to measure the bending stiffness of two out
of the three species studied in this project. Both labs found consistent measurements, although
the other lab’s measurements were higher on average than mine. Taking into account the moving
points of contact between the filament and pillars may partially explain the difference between
the results reported there, and those in this work. Apart from measuring the bending stiffness,

the collaborating lab also estimated the forces involved in the self-buckling of the filaments [142].

The observations in this chapter focused on quantifying and understanding the source of the
bending stiffness or flexural rigidity in filamentous cyanobacteria, as well as looking at their
implications on the shape and motion of these organisms. It was found that the mechanical
responses of all three species were similar to each other. Indeed, for many measurements, there
was just as much variation between filaments of the same species as there was between species.
The average bending stiffness ranged between 2.6-6.0x107!7 N m?, as measured by monitoring
the bending of filaments under flow in a custom-built microfluidic flow cell. These observations
were complemented by measurements of the elastic modulus of the cell wall, through AFM
techniques, and measurements of the thickness of the cell wall and its component layers, through
TEM. By comparing the bending stiffness to that expected from a hollow rigid cylinder, it was
shown that the resistance of filamentous cyanobacteria to bending is largely due to the mechanical

stiffness of their characteristically thick cell walls.

To link the bending stiffness to the shape and motion of the cyanobacteria, I performed a
characterisation of the shapes of filaments when they were actively gliding at room temperature,
and when their motion was halted by reducing the temperature of their environment. While
active, isolated filaments adopted a uniformly curved shape, like circular arcs. The curvature

distributions were shifted noticeably away from zero, with mean curvatures of about 0.5 mm™!
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in all cases. This bias seems to be connected to their motion, which shows a strong preference
for clockwise over counter-clockwise rotation, as the filaments glide. A more detailed study of
the dynamics of filament motion will follow shortly in

Finally, exploring these results in line with one of the theories of gliding motion, which
suggests that shape fluctuations or internally generated waves drive filaments in a gliding motion,
the bending energy and maximum axial stress in the cell walls of the filaments were estimated.
The results in this chapter show that activity in filamentous cyanobacteria can induce axial
stresses of up to tens of kPa in the cell wall. These results are applicable to the wide range of areas
where mechanical properties of filamentous cyanobacteria are needed, such as modelling biofilm

self-organisation [47] and in the design of scaffolds for microbial fuel cells bio-reactors |964(97].



Chapter 4

Dynamic properties of single

cyanobacteria filaments

4.1 Introduction

Motility in filamentous cyanobacteria is still one of the unresolved mysteries of locomotion in
microorganisms [39}/151]. Motile filamentous cyanobacteria are known to move by gliding [30],
a type of locomotion whereby filaments move along surfaces without the aid of any physical
appendages like cilia or flagella. This type of locomotion has been investigated for some time but
the story is still incomplete, with different theories proposed to describe the mechanisms behind
gliding motion in filamentous cyanobacteria, as described in section For example, one theory
suggests that gliding motion is mediated by the continuous secretion of polysaccharides through
pores on individual cells [33135], while another theory suggests that gliding motion involves
the use of type IV pili [37-39] which are short, hair-like appendages found the surface of many
bacteria and archaea [152154]. There are five classes of pili, based on protein structure, [155]
including chaperone—usher pili, type IV pili, type IV secretion pili, type V pili, and curli fibres.
The type IV pili class is widely known for its role in bacteria motility, especially twitching
behaviour in E. coli |156}/157]. Other scholars have suggested that surface waves generated by
the contraction of a fibril layer in the cyanobacteria cell wall act as the mechanism behind the
gliding motion in cyanobacteria [41/[42]. This fibril layer has been found to have helical structures
and is thought to influence corkscrew-like motion, as these filaments are seen to rotate as they

glide on substrates [44]. [Figure 4.1| shows a helical fibril layer in Oscillatoria sp.

Cyanobacteria rely on light to power their bodies through photosynthesis. To optimally utilise
light energy in their environment, cyanobacteria developed mechanisms to move towards or away
from light sources, commonly referred to as phototaxis [158]|. As will be demonstrated in this
chapter, cyanobacteria locomotion, especially their tendency to reverse their motion, is affected
by light gradients. In it was shown that single active isolated filaments take on the

shapes of circular arcs. As shown later in this chapter, the curvature of single filaments varies

99
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Figure 4.1: Electron micrograph of a fragmented single cell of Oscillatoria sp. filament showing
the fibril layer as parallel corrugations on the cell surface, running at an angle to the long
filament axis. The contraction of such grooves is thought to induce gliding motion and rotation

of filaments along their main axis. Figure adapted from [44]. Scale bar: 500 nm.

around a non-zero mean value.

In this chapter, I will investigate the motion and shape dynamics of single cyanobacteria
filaments. The presentation here is a continuation from but now with a focus on the
dynamical properties of single filaments instead of the static ones. In line with the main goal of
the thesis, this chapter identifies the key features of cyanobacteria filament motion, which are
intended to guide the development of a numerical model for the self-organisation of filamentous
cyanobacteria, a complementary work being carried out by collaborators (Dr. Marco G. Mazza
and Jan Cammann) at the University of Loughborough, UK. The findings in this chapter will be
applied in for example, where the key behavioural features of cyanobacteria filaments
are used to describe collective self-organisation. While this chapter does not directly resolve the
mysteries around locomotion in filamentous cyanobacteria, the details presented will support

some of the existing theories of gliding motion, thereby opening doors for further studies.

Here, I also focus on one particular species, Oscillatoria lutea, allowing for a more detailed
and rigorous study of its dynamics. Specific questions to be answered in this chapter are: How
does an isolated filament of filamentous cyanobacteria move? How does the shape of the filaments
vary with time and space? And, how often do filaments reverse their motion? These questions
will be answered by monitoring the motion of single isolated filaments over a period of time, and
the information sought will be found by analysing the behaviour of the filaments, as is described

in the next section. Results from this chapter have been published |159].
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500 um

Figure 4.2: Example images of single filaments of cyanobacteria (O. lutea). (a) A bright field

image, and (b) an inverted confocal image of the same filament.

4.2 Methodology

The behaviour of isolated filaments was studied by observing single filaments gliding on a flat
substrate with no interactions with walls or other filaments. For this, a dilute suspension of
filaments of O. lutea was first transferred into a six-well plate dish whose wells had a diameter of
3.4 cm, with a filament density of approximately 1 filament per mm? or less. Once transferred,
filaments were allowed to stay for 24 hours in an incubator with controlled lighting and temper-
ature, as described in section 2:3] After 24 hours, filaments were moved into an imaging suite
and tracked by taking bright-field and fluorescence images of each filament using a confocal laser
microscope, as described in section 2:2.1] for periods ranging between 20 minutes and 3 hours.
Example images are shown in [Figure 4.2

The fluorescence images had a very high signal-to-noise ratio, which is a good condition for
thresholding. On the other hand, the bright-field images were used to confirm that the filament
was well away from non-fluorescent objects, such as walls. The aim was to study the filament
while it was not being disturbed by external factors. As such, once the filament was in contact
with any wall or other filament, tracking of the filament was aborted. Images were taken at
temporal and spatial resolutions of 1.29 seconds and 3 um, respectively. The maximum width
for a single captured image was 1.55 mm, and only filaments with lengths less than the image
width were tracked.

Tracking a filament was achieved by moving the X-Y stage of the confocal laser microscope
to ensure that the whole filament was inside the field of view. The X-Y stage could only be
moved while data capture was stopped. As such, data for each filament consisted of streams of

images for each fixed X-Y position of the sample stage, separated by brief breaks in the data
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as the microscope stage was moved. For each fixed position, the confocal microscope software
(LAS AF) provided the X-Y coordinates of the microscope stage, as well the start and end
times of capture of the stream of images. This information was used to stitch all the images
taken at different X-Y positions into one series of images with consolidated X-Y positions and
times as demonstrated in The stitching process started with finding the extreme
values of the stage coordinates, [Xnin, Xmaz] a0d [Yomin, Yimaz], from the coordinates of all the
imaging points. These extreme coordinates were used to construct a larger image (large red box
in into which all the individual images were copied, according to their respective
coordinates, as demonstrated in The result was a series of images, each showing the
filament position in the consolidated image. The times for the images were also consolidated,
such that the first image was assigned a time of zero seconds based on the timestamps provided
by the confocal software.

The stitched series of images, therefore, had small gaps in time (15 to 30 seconds) accounting
for the time required to move the stage and restart image acquisition. For quantities such as
speed or angular drift, the gaps did not have any significant effect, since the changes in distance
and angle were mostly linear with time. However, quantities that needed continuous data, such as
the rotation frequency of the filament, were quantified using portions of the series of images that
had no temporal gaps. Also, I noticed a negligible position hysteresis error of ~ 3 pm, which
might have been caused by magnetic hysteresis and/or mechanical friction in the microscope
stage stepper motor [160].

The consolidated series of images were processed in Matlab, where each image was converted
to binary using the imbinarize(I, T) function, where [ is the image and T is the threshold value,
here 0.25. This leaves the bright cyanobacteria highlighted as white pixels on a black background
on a black-and-white image, BW. Recall that images presented here are mostly inverted, for
easier viewing. Any smaller bits of cyanobacteria or fluorescent material that were not part of
the filament under study were removed from the image by applying the bwareaopen(BW, P)
function, and setting the area of objects to be removed P to be less than the area covered by
the filament of interest. The bwareaopen function calculates the area of groups of joined or
connected white pixels. All groups, also known as objects, with pixel areas less than or equal to
the area P size are removed from the image, by setting the pixel values to zero. Again, mostly
the filament of interest was the only visible object in the image space, and this was achieved by
using a very dilute suspension of filaments. The binary image was then skeletonised using the
bwmorph function and the operation skel, applying it repeatedly until the filament was just a
single pixel wide, producing a skeleton of the original shape.

The endpoints of the filament were identified using the same bwmorph function and the
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Figure 4.3: Example image stitching process. First, extreme coordinate values (from the image
centres) were found from the coordinates of all the images and these were used to construct a
consolidated frame of reference for the images (small red box). The size of the consolidated image
(large red box) was found by extending the border of this box by half the captured image width.
Later, each image was copied into this template according to its X-Y coordinates, to generate
a consolidated time series of images. Here, I show a superposition of three images, showing the
positions of the filament at the start of image acquisition ¢y, an intermediate stage t; and the

final image .

operation endpoints. The midpoint of the filament was identified as the point on the filament
with an equal contour length to either endpoint along the filament skeleton. The coordinates of
the two endpoints and the midpoint were all tracked for the entire series of images collected. The
filament shape or the skeleton was also divided into three portions: the middle part and two tails,
for further analysis, as demonstrated in [Figure 4.4(b). The middle part of the filament was taken
as half the length of the filament and was centred at the midpoint. The average orientation of
the filament was based on the orientation of this middle part of the filament. The two tips were
each defined as a quarter of the length of the filament, as measured from the endpoints. These

tips were used to quantify the angular drift or the rotation behaviour of the cyanobacteria. The
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Figure 4.4: Image processing for single filaments. (a) Inverted confocal image of a filament,
and (b) a binary skeleton of the confocal image showing the endpoints and the midpoint of the

filament (red dots), and the segments used to quantify the tip and overall filament dynamics.

coordinates of the whole filament skeleton were also stored for each frame for further analysis,
including measuring filament curvature, as described in the next section. Finally, for purposes of
visualisation, images could be inverted to show black filaments on a white background, as shown

in |Figure 4.4

4.3 Results

Having turned each series of images into skeletons where the endpoints and the midpoint are
marked, I used the resulting images to quantify the behaviour of each filament by tracking the
filament trajectories. In particular, I measured parameters such as speed, angular drift, and
reversal rates of the filaments. In the next subsections, I will present these measured filament

behaviours in detail.

4.3.1 Isolated filaments move in circular clockwise motion

It was observed that isolated cyanobacteria filaments moved consistently in a nearly circular
motion, with a preference for clockwise over counter-clockwise motion. Similar motions have
been observed previously in Phormidium species [30,/143], while the counter-clockwise motion
was observed in Oscillatoria princeps and Lyngbya aeruginosa [30,/143|. Indeed, this observation
is thought to be influenced by the presence of helical structures on the fibril layer of Oscillatoria,
as observed in Ref. [44,|161], which would the chiral break symmetry as the filament rotates in a

corkscrew motion, as also observed in this project. shows an example of a track made
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by one O. lutea filament. This type of behaviour was consistent across all observations made
in this project, including all 23 tracked filaments. In the next sections, I will demonstrate the
quantitative analysis of the behaviour of these filaments, using the track shown in

and then give a summary of the results from all 23 filaments observed.
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Figure 4.5: Cyanobacteria filament midpoint track, showing that the motion is clockwise and
nearly circular. This behaviour was consistent in all the observed isolated filaments. Adapted

from [159].

4.3.2 Gliding speed is roughly constant

The gliding speed of the filaments was quantified by tracking the midpoint of each filament, both
in time and space. The midpoint of the filament was defined as a point that was equidistant from
both ends of the filament along the filament contour. The total distance travelled was calculated
cumulatively, as shown in [Figure 4.6(a). The overall shape of the cumulative distance profile is
roughly linear with time, as demonstrated by the linear fit in a). This suggests that
the gliding speed in O. lutea is constant over long times. This outcome of a roughly constant
gliding speed was consistent across all the observed filaments.

As an additional check, I looked at whether filament speed was dependent on filament length.
The lengths of the filament studied varied between 0.5 and 1.5 mm. It was found that there was
no significant correlation between speed and filament length in this range (Pearson correlation:
r(23) = 0.37,p = 0.08). A plot of the measured speeds against filament lengths is shown in
Higure 4.7

However, a closer look at the cumulative distance profile shows that there are local periodic
variations, demonstrated by the meandering shape of the plot in [Figure 4.6[a). This suggests

that filaments accelerate and decelerate periodically, around their average speed. To capture
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Figure 4.6: Cyanobacteria filament speed as measured by tracking the midpoint of a filament.
(a) Cumulative distance is roughly linear and filament speed, calculated by finding the instanta-
neous slope of the cumulative distance profile, is roughly constant but shows periodic variations,
as highlighted when the instantaneous speed is plotted (right axis). The cumulative distance
was measured by tracking the midpoint of the filament. (b) A distribution of an ensemble of
instantaneous speed measurements from 23 filaments of speed measurements is shown. The av-

erage speed from all the measurements was 3.01 £ 0.70 pum s~! (mean + standard deviation).
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Figure 4.7: Filament speed vs filament length. The distribution of the data points shows a
moderate positive correlation, but it is not significant (Pearson correlation: r(23) = 0.37,p =

0.08). The bars on the data points represent the standard deviation of each measurement.

these oscillations in speed, I computed the instantaneous slope of the cumulative distance profile

shown in [Figure 4.6{(a), using a sliding window of 40 data points, which was equivalent to a period
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of about 52 seconds. The computed speed profile is also shown in a), which clearly
shows the periodic pattern of the gliding speed. The procedure was repeated in all 23 observed
filaments and the distribution of the instantaneous speeds from all the filaments is shown in
Figure 4.6(b). The average speed from this ensemble was found to be 3.01 £ 0.70 um s~! (mean
+ SD). The measured speed is similar to that observed in Oscillatoria sp. (3-4 pym s=%) [162]
but higher than that observed in Pseudanabaena (1.3 pm s~1) [45]. However, to my knowledge,
there has never been a record of the periodic behaviour observed here in other observations of
filamentous cyanobacteria.

Going back to the computation of the instantaneous speed, the choice of the sliding window
size was based on testing different sizes and then choosing a window size with the smoothest
profile while confirming that the results were robust and consistent for a range of window sizes.
The tests were conducted by trying to increase window sizes of 6, 10, 20, 30 and 40 points. As
can be seen from all the window sizes captured the periodic pattern of the gliding
speed of the filament around the same average. As expected, the wider the window, the lower
the noise in the computed profile, as shown in although the computed profile does
not improve much between the window sizes of 20 and 40 points. I, therefore, chose a sliding

window size of 40 points for computing instantaneous gliding speeds.

Window size (points)

0 2000 4000 6000
Time (s)
Figure 4.8: Effect of sliding window size on the computed speed. The computed profile becomes
smoother with increasing window size. A window size of 40 points was used for the computations

made in the rest of this chapter. Each point or step corresponded to a time of 1.2 seconds.

The gliding speed could also be calculated by tracking the translation of the endpoints of
the filament. However, as shown in filaments wiggle their ends as they glide and
rotate in a corkscrew fashion. The wiggling behaviour forces the cumulative distance moved

by an endpoint to be greater than the actual translation of the filament. Consequently, if the
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speed was to be quantified based on the translation of the endpoints, then the values would be
higher on average, compared with the average speed of the midpoint of the filament.
demonstrates this, where is shown that the profiles of speed based on the movement of either
endpoint of the filament are higher than the speed profile measured by tracking the midpoint of

the filament.

Figure 4.9: Filamentous cyanobacteria rotate as they glide in a corkscrew-like motion. Rotations
are most visible at the endpoints, which are seen to oscillate as shown by the closeup views of
the traces left by the filament endpoints. The trace by the midpoint of the filament is smoother
and does not show oscillations. The yellow lines are drawn to highlight the path taken by the

points traced. The leading end usually oscillates with larger amplitudes than the trailing end.

Another analysis made was to determine the frequency of the oscillations in speed. The
oscillations in speed, as shown in (a), have a period of about 900 seconds. To determine
the dominant frequency of the oscillations I used Fourier analysis, specifically by computing the
Fourier transform of the speed profile. Before computing the Fourier transform, the time series
was flattened by detrending the data, subtracting a best-fit linear profile. The original and
detrended data are shown in a). The Fourier transform of the flattened signal F'(w)
was then computed in Matlab using the function ff¢ and the power spectrum computed as |F(w)]|?.

The dominant frequency for the example shown in [Figure 4.11f was 0.0012 Hz (corresponding to

a period of about 13.9 minutes) at a frequency resolution of 0.00017 Hz. In general, the period of
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Figure 4.10: Comparing cyanobacteria filament speed measurement approaches. Speed measured
by tracking the endpoint (tip) of the filament is higher than that measured by tracking the
midpoint (centre) of the filament. This is due to the wiggling behaviour of the endpoints of the

filament. Cyanobacteria speed was therefore measured by tracking the midpoint of the filament.

oscillation in speed ranged between 5 and 55 minutes, with the majority between 5 and 24 minutes
(15 4 11 minutes, mean + SD), as shown by an insert in b). To my knowledge, there
are no known processes in cyanobacteria that have similar time scales or that these variations can
be attributed to. By comparing the observed periods of speed oscillation with other characteristic
time scales of filament behaviour, I note that the time taken to complete an average filament
length of 1.5 + 1 mm is 8 £ 6 minutes, which overlaps with the observed periods of oscillation
in speed (15 4+ 11 minutes). However, the time a filament takes to complete a circle is longer
than the observed periods of oscillation in speed. Based on the filament curvature of 537 4 228
m~! as reported in [Table 3.1] active O. lutea filaments complete a circle in 65 + 28 minutes, on

average, longer than 15 £+ 11 minutes of oscillation period in speed observed.

4.3.3 Angular drift is roughly constant

The behaviour of isolated filaments moving persistently in a clockwise motion means that any
filament changes its orientation with time. The variation of the filament orientation with time
or distance travelled is what I call angular drift. In this section, the angular drift was calculated
in the same manner as the speed of the filament in section [£:3.2] i.e. by using a sliding window
of 40 points. In section [£.2] it was stated that each filament was divided into three portions:
two tails and the middle part, as illustrated in The orientation of each portion, the
angle 6, was measured by fitting a straight line to the coordinates of each portion and then

calculating the arctangent of the slope. The final list of angles was expressed with reference to
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Figure 4.11: Analysis of filament speed periodic behaviour in O. lutea. (a) The filament speed
profile was flattened before frequency analysis by subtracting its mean, which here was found by
fitting a straight line. (b) The flattened profile was analysed by computing its Fourier transform
using the fft function in Matlab. The dominant frequency for this signal, i.e. the peak, is
0.0012 Hz, corresponding to a period of about 13.9 minutes. The insert shows a summary of the
measured periods of speed oscillation the majority of the measurements fell between 5 and 24
minutes. On the box, whiskers indicate extreme points, a line gives the median, and the bottom

and top edges of the box indicate the 25" and 75" percentile, respectively.

the initial orientation, where a decreasing series meant that the filament was rotating clockwise
while increasing angles represented a counter-clockwise rotation. Angles for the two tails and
the middle part of the filament were all recorded. In this section, I only used the orientation of
the middle part of the filament, which represented the average orientation of the filament at a
particular time. The angular variation of the filament with respect to time, df/dt, is periodic
as shown [Figure 4.12|(a) and in agreement with the periodic behaviour of the speed, as seen in
section

One can reconcile these observations of periodic behaviour by instead considering the angular
drift with respect to distance travelled, df/ds. As shown in [Figure 4.12|b), this metric does not
show a periodic pattern, demonstrating that the periodic pattern observed in df/dt originates
from the velocity variation since df/dt = df/ds - ds/dt = kv. Here, it can be further shown
that angular drift with respect to time, df/dt is comparable to the product of the mean filament
curvature measured in and the mean velocity measured in this chapter i.e. df/ds =
(537m~1t x3.01)x107ms™! = 1.6 x 1073 rad s~ !, which matches with the mean of the angular

drift profile shown in[Figure 4.12f(a). Similarly, I can also show that the angular drift with respect
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to the path df/ds is similar to the curvature of the filament, as illustrated in [Figure 4.12(b). In
general, df/ds is the curvature of the path traced by the filament. The change in path curvature

should help the filament to explore different areas of its environment.
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Figure 4.12: Angular drift in O. lutea. (a) Angle data for a filament moving in a clockwise motion
(decreasing angle), based on data in The rate of change of angle df/dt is roughly
constant, but has a periodic component, as expected from the periodic behaviour of filament
speed seen in section [£.3.2] (b) The angular variation with distance travelled df/ds, measured
by tracking the midpoint, does not show this periodic term, demonstrating that it results from

the velocity variations only. However, df/ds does closely match the curvature of the filament .

4.3.4 Filament rotation and tip motion

In section [£:3:2] I mentioned that the tails or the ends of a gliding filament of O. lutea were
observed to wiggle periodically through the corkscrew rotational behaviour of the filaments.
The frequency of this wiggling behaviour can be used to measure the frequency of rotation of
the filaments. In this section, I will quantify the frequency of these rotations. To capture the
rotation of the filament, I compared the orientation of the middle part of the filament with the
leading end of the filament. The choice is based on an observation given earlier, which showed
that the leading tip oscillates with a larger amplitude than the trailing end, thereby making its
oscillations data easier to analyse.

Since the orientation of the middle part of the filament represented the average orientation of
the filament, the fluctuations in the orientation of the leading end can be found by subtracting the
orientation angle of the middle part of the filament from that of the leading end, i.e. Ojcqding end —

Omiddie- Usually, the data captured had gaps accounting for the time to move the microscope
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stage. For high-frequency oscillations like the ones investigated here, such gaps in the data can
affect the output of the computations. For this reason, I divided my data into pieces of continuous

data sets and analysed each part separately. shows an example of a piece of data for
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Figure 4.13: Cyanobacteria filament rotation analysis. (a) The wiggling behaviour of the filament
is captured by comparing the orientations of the middle part of the filament and the leading end
of the filament. Data is broken down into series of continuous data, one of which is shown here
and detrended to flatten it as shown. (b) Fourier transform of the detrended signal was computed
using the fft function in Matlab to produce the power spectrum shown. The frequency spectrum
shows that the dominant frequency is 0.101 Hz, which corresponds to a period of about 9.9
seconds. Such periods were averaged for each filament and the insert shows a summary of the
measured periods of filament rotation from 23 different filaments, which range between 8 and 14
seconds. On the box, whiskers indicate extreme points, a line gives the median, and the bottom

and top edges of the box indicate the 25" and 75" percentile, respectively.

To determine the frequency of the rotation, I employed Fourier analysis. First, the signal
was detrended as shown in [Figure 4.13(a) and the result was then computed for the dominant
frequencies using the Fourier transform function fft in Matlab, generating a frequency power
spectrum as shown in [Figure 4.13(b). The frequency spectrum in [Figure 4.13(b) shows that
the dominant frequency is 0.101 Hz, which corresponds to a period of about 9.9 seconds. Such
dominant frequencies were computed for all other pieces of data for a given filament and then
averaged. The insert in b) shows a summary of the measured average periods of
filament rotation from 23 filaments, which range between 8 and 14 seconds (10 4 2 seconds,

mean + SD), much lower than the period of oscillation in speed measured earlier.
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4.3.5 Curvature fluctuations have a correlation time

In section [4.3.3] it was shown that the curvature of the path taken by single gliding filaments
changes with time. It was further suggested that this mechanism can be biologically important
for the filament to explore different areas of its environment, rather than moving in one circular
loop. In I also showed that the isolated filaments attain a well-defined curved shape.
There, the curvature of the isolated active filaments was quantified by fitting a circle to the
filament skeleton and the results showed that the curvature distribution is centred away from
zero. The measured curvature in was a static curvature because the observations were
made without time variation. In this section, I analyse the dynamic curvature of single filaments,
and the variation of the curvature of the path the filaments took, given by df/ds. T analyse these

by measuring their persistence time or their correlation time.

To begin with, [Figure 4.14((a) shows two curvature signals: filament curvature r; and the
curvature of the path df/ds. Filament curvature was measured by fitting a circle to the shape
of the filament, after converting it to a skeleton, as discussed in section and tracking the
variations of this through time. On the other hand, the curvature of the path taken by the
filament was measured by looking at the change of the orientation of the filament (taken from
the orientation of the middle part of the filament, as discussed in section with the distance
travelled. This is equivalent to analysing the variation of the tangent vectors along the path of
the filament. Furthermore, filament curvature was assigned a negative sign when the filament
was moving in a clockwise motion and a positive sign when moving counter-clockwise. This

meant that both the values and the signs of the filament curvature and path curvature were

comparable, as shown in [Figure 4.14{(a).
As can be seen from [Figure 4.14{(a), the two signals have some local variations which should be

smoothed out to remain with only the long-term evolution of the curvatures. The local variations
of the curvature signal were filtered out using the Savitzky-Golay [163,|164] filter as has been
done for e.g. analysing similar behaviour in microtubules [165]. Savitzky-Golay data filtering
is based on a local least-squares polynomial approximation. By fitting a polynomial to a set
of input samples and evaluating the resulting polynomial at a single point within the interval,
a Savitzky-Golay filter acts like a low-pass filter, depending on the choice of the order of the
polynomial and the frame length or the sliding window size. The data shown in [Figure 4.14|(a)
was smoothed in Matlab using sgolayfilt algorithm employing a third-order polynomial with a
frame length of 1501 points. The choice of the order of the polynomial and frame length was
based on finding a filtering algorithm that matched the path curvature profile with the filament

curvature profile. Usually, the path curvature data was noisy due to the way it was computed
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Figure 4.14: Filamentous cyanobacteria dynamic curvature. (a) Example filament curvature
ks and path curvature df/ds data plotted alongside corresponding filtered signals, using the
Savitzky-Golay filter. (b) Example autocorrelation analysis for path and filament curvatures
shown in (a), with fitted exponential function e~7/7. The distribution of curvature persistence
time 71y for 23 different filaments is shown in the figure insert with mean values of 9 + 5 minutes
and 8 £+ 5 minutes (mean + SD) for filament curvature and path curvature, respectively. On
the boxes, whiskers indicate extreme points, a line gives the median, and the bottom and top

edges of the box indicate the 25" and 75" percentile, respectively. Part of the figure is adapted

from .

via numerical derivatives. The filter removed these weak local fluctuations so that the analysis

should focus on long-term variations.

The filtered signal for curvature data was used to quantify curvature correlation time by
calculating the autocorrelation of the signal. Autocorrelation of a signal measures the degree
of similarity between a given time series y(7) and a lagged version of itself y(7 + L) where L
is the lag . The autocorrelation of the signal was computed in Matlab using the autocorr
function. Fitting the result with an exponential function e~7/7, I found the autocorrelation time
of curvature, 79, to be in the range 1.7-22 minutes (9 + 5 minutes, mean + SD) and 1.6-19.7
minutes (8 + 5 minutes, mean + SD) for filament curvature and path curvature, respectively.
[Figure 4.14(b) shows an example of the computed autocorrelation profiles together with the
exponential fit. An insert in b) shows the distribution of the measured curvature
autocorrelation times in the form of a box plot. The autocorrelation time for curvature is one
of the key parameters for describing the behaviour of active nematic filaments like

filamentous cyanobacteria, as will be discussed in section [£:4]
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4.3.6 Filaments reverse their motion randomly but maintain clockwise

motion

Being autotrophs, cyanobacteria rely on light to photosynthesize. Therefore, cyanobacteria are
known to have developed mechanisms of seeking or moving away from certain lighting conditions,
a behaviour known as phototaxis [168-170]. Cyanobacteria are also able to respond to chemical
gradients [171]. In all these responses, motile cyanobacteria tend to move towards favourable
conditions in their environment. To easily explore different regions in their environment, some
species of cyanobacteria, such as O. lutea, employ a reversal motion where the polarity of the
head or tail changes. The frequency at which filamentous cyanobacteria reverse their motion is
reported to be relatively random, and the average value in the literature range between minutes
to hours [168L[172].

In this study, the goal was to quantify the reversal frequency of O. lutea in their normal
setting. However, it is difficult to avoid the influence of light on the observed behaviour of light-
dependent species like O. lutea, especially when observations are made under light microscopy. I
investigated the reversal behaviour of filaments using fluorescence light microscopy (Leica TCS
SP5) with excitation light at 543 nm. A total number of 23 filaments were investigated. Some
filaments were seen to sense lighting gradients by reversing their motion at, or "bouncing off",
the field of view boundary. Such observations were excluded from this analysis. Filaments were
manually tracked for reversal, by playing a series of images in ImageJ software [85] while taking
note of the times the filament reversed its motion. There were up to three records made per
data set: the period of time from the start of observation to the first point of reversal ¢;, the
period of time between two reversal instances (observed reversal period) to, and the period of
time between the last reversal instance and the end of the observation t3. The distribution of
the observed reversal period is shown in c).

The distribution presented in c) consists of all observed periods in all the 23
filaments studied. However, within a given filament the reversal periods were mainly random.
For example, one filament had reversal periods of 9.4, 24, and 22 minutes, in that order. Also,
as pointed out earlier, some filaments appeared to respond to the lighting gradient as they could
be seen bouncing off at the boundary of the field of view. Such light-motivated reversals were
excluded from the scatter plot shown in Figures|4.15(c) and (d) and often had very short reversal
times. In general, the reversal periods ranged between minutes to a few hours, similar to what

was observed in other cyanobacteria species [168,/172].
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Figure 4.15: Filament motion reversal analysis in O. lutea. (a) An example motion track of the

midpoint of an isolated filament of O. lutea showing 4 reversal events. The filament maintains

a clockwise motion even after reversing its direction. The points of reversals are marked in

their order. (b) During a reversal, the curvature is disrupted but returns to similar values after

negotiating the reversal. Here the curvature of the filament for the track in (a) is shown alongside

numbers marking the positions of reversal. (¢) The distribution of reversal periods starting with

the period of time from the start of observation to the first point of reversal t1, the period of time

between two reversal instances (observed reversal period) t5 and the period of time between the

last reversal instance and the end of the observation t3. From the colour codes, which indicate

sample numbers, it is noted that a single filament can have varied reversal periods. (d) Survival

distribution of the period of time between two reversal instances (observed reversal period) ts.

The distribution shows that half of the observed reversal periods were 20 minutes and above.
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4.4 Discussion

Quantification of the key behavioural features of active systems contributes in a fundamental
way to understanding their collective behaviour. In modelling the collective behaviour of active
nematic particles, a class of systems that filamentous cyanobacteria belong to, the dynamic
properties of the particles such as speed and angular variation, and the interactions between the
particles are considered the key features [165,/173|. For example, Sumino et al. [165] developed a
model for the collective organisation of microtubules where the position X; of a particle ¢ changes

with respect to a constant speed vy and orientation 6; as

dX;
dt

= vo(ey cosb; + e, sinb;) (4.1)

In the case of filamentous cyanobacteria, the speed of the filaments would be 3.01 + 0.70 gm s~ 1.

In Sumino et al. [165], the orientation of the particle varies according to an Ornstein-Uhlenbeck
process
de;

o .
—r=wit d jz sin2(6; — 6;) (4.2)

where the last term in is the change in the orientation due to the interaction
between particle ¢ and any nearby particles within a defined interaction range. The parameter
« defines the strength of the interaction and can be varied. The strength of interactions or
the probability of one cyanobacteria filament aligning with another after the collision will be
investigated in Sumino et al. complete their model by arguing that the rate of change

of the orientation of microtubules w; in evolves as

i — ) + €00) (1.3

where w; fluctuates around a preferred non-zero angular velocity wg = vgkg induced by the mean
curvature of the filaments, . The correlation time for w; is given as 79, while £(¢) is a Gaussian
white noise source with zero mean. In this chapter, I have found the correlation time for the
path curvature as 8 + 5 minutes. The preferred curvature of isolated cyanobacteria filaments was
quantified in where it was found that active O. lutea filaments preferred a curvature
of 537 + 228 m~!. However, as shall be seen in the next chapter, this preferred curvature is
lost significantly when filaments interact, such that a mean curvature of zero, with some random
variations, could well describe the shape of cyanobacteria filaments in a denser colony.

Similar models of active nematic particles [165,[173] have been applied to other studies such
as C. elegans |167] and Pseudanabaena sp. |174]. My collaborators at the University of Lough-
borough, Dr. Marco G. Mazza and Jan Cammann have also developed a modified model suitable

for the numerical study of collective behaviour in filamentous cyanobacteria based in good part

on the observations in this chapter and Their model is described in
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4.5 Conclusion

In this chapter, the dynamic properties of isolated gliding cyanobacteria filaments were quantified.
Focusing on O. lutea, the chapter revealed that isolated filaments of glide with a speed of 3.0 + 0.7
pum s~1. It was further shown that the speed has weaker periodic fluctuations around this average
value, with a period of 15 + 11 minutes. Filaments were found to move in approximately circular
paths, with a preference for a clockwise motion. The clockwise motion has been attributed to the
presence of helical structures on the surface of these species by Read et al. [44]. The curvature of
the paths taken by the filaments had an autocorrelation time of 8 + 5 minutes. As cyanobacteria
filaments glide on a substrate, they also change their shape with an autocorrelation time of 9
4+ 5 minutes, similar to the change of the curvature of the paths they take. Such results can
be used as inputs or constraints to model the collective behaviour of filamentous cyanobacteria
by treating cyanobacteria filaments as active nematic particles [165/173]. In a model
developed by my collaborators at Loughborough University, following the parameters quantified
in this chapter and[chapter 5| will be presented and its results will be compared with experimental

observations of collective behaviour.

Following earlier observations that filamentous cyanobacteria such as O. lutea rotate along
their long axis as they glide [44], T measured the periods of filament rotation by tracking the
wiggling pattern of the leading end of the filament. Results showed that O. lutea filaments rotate
with a period of 10 £ 2 seconds (mean £ SD). This information, although not directly linked to
the rest of the chapter, provides insights into the gliding behaviour of filamentous cyanobacteria,

a means of locomotion that is not fully understood.

Furthermore, it was confirmed that the reversal rates in O. lutea were relatively random within
a filament and ranged between a few minutes to hours. It was also noted that some filaments
responded to the lighting in the imaging window, influencing their behaviour and causing them to
reverse more frequently than they normally might. This was determined by the tendency of such
filaments to bounce off the boundary of the imaging area. Knowledge of reversal frequency in
active nematic systems is important, especially for cyanobacteria confined to a 2D space where
they have difficulty in crossing each other [175]. The study of cyanobacteria in 2D confined
spaces is beyond the scope of this thesis, but the measured reversal frequencies could be useful
to future collaborators who would be interested in further studies on cyanobacteria filaments in
2D confined spaces.

Finally, models of active nematic particles suitable for describing the collective behaviour of

the filaments build on the isolated behaviour reported here but also have an interaction term

in them. In the behaviour of cyanobacteria filaments when they interact with each
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other or with walls will be investigated. The results from this chapter and will form
the basis for the model to be presented in



Chapter 5

Cyanobacteria filament interaction

with walls and other filaments

5.1 Introduction

In I presented my findings on the behaviour of isolated filaments, which included
speed, angular drift, and reversal frequency. However, cyanobacteria filaments do not live in
isolation but rather in groups or colonies [45,[176L/177]. In these colonies, individual filaments
are in constant motion and interact with other filaments and boundaries. Through filament-to-
filament interactions, cyanobacteria colonies can exhibit self-organised patterns that are easily
observable at scales larger than the size of individual filaments [45,/47]. An example of a self-

organised pattern observed in Oscillatoria lutea is shown in

Figure 5.1: Example collective structure in O. lutea. (a) Through collective interaction, macro-
scopic structures like these are formed in filamentous cyanobacteria. (b) Close-up of a bundle
of filaments showing the texture of the filaments. (c) High magnification view of the individual

filaments forming part of the bundle. Adapted from [159].

Cyanobacteria are just one of the many living systems that exhibit self-organisation, an

emergence of order based on local interactions of the members without any central authority.

80
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Other systems that display self-organisation include flocks of birds [178l179], schools of fish [180],
and herds of animals [181]. Numerical models of self-organised systems both in biology [182]
and physics [183] have shown that simple rules of interaction between individuals are enough
to reproduce collective behaviour seen in such self-organised systems. However, the rules of
interaction may differ between different groups of living systems, depending on their nature
and the environments they live in. In this chapter, the rules of interaction between pairs of

cyanobacteria filaments will be studied.

Cyanobacteria colonies are also found in different geometries, for example where they interact
with the environment such as at walls or barriers. The presence of boundaries may affect the
behaviour of a microorganism. For example, studies of the interaction between the single-celled
green alga Chlamydomonas and walls [184] found that there was a preferential angle of scattering
independent of the angle of incidence of the green alga as it hits a barrier. Chlamydomonas, as
single-celled organisms, are morphologically different from the filamentous cyanobacteria being
studied here. Their means of locomotion are also different, where Chlamydomonas are swimmers
and filamentous cyanobacteria glide on substrates. Here, I will first quantify the interactions
between cyanobacteria filaments in space by looking at the probability of filament alignment
after a collision to understand how filaments might behave when they interact in their colonies.
I will then study the interactions between a cyanobacteria filament and a wall or boundary, to
understand how filaments might behave when placed in confinements. Experimental studies on
the results of these interactions and their implications on filamentous cyanobacteria collective
structure formation in an open space and in confinements are presented in chapters |§| and

respectively.

The filamentous cyanobacteria species studied in this thesis are among those associated with
mat-forming [45] and closely aligned with those in stromatolites |2]. They also have potential
applications in bioreactors [58}/59], where knowledge of the interaction between filaments and
boundaries might help in designing advanced biofuel cells. In general, the goal of this chapter is
to get a set of rules of interaction among filaments and between filaments and their surroundings.
These rules, together with the rules obtained in[chapter 4] will form a complete set of observations
that can be used to build a model of self-organisation of filamentous cyanobacteria, either in an
open space or in confined geometries. Such model building is being done in collaboration with
a theoretical group (Dr. Marco G. Mazza and Jan Cammann) at Loughborough University. So
far, the group has developed a model for collective behaviour in filamentous cyanobacteria that
will be described in[f] Just as in I will focus on a single species, Oscillatoria lutea, for

an in-depth investigation. Results from this chapter have been published [159).
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5.2 Methodology

5.2.1 Cyanobacteria filaments pair-wise interaction

To quantify pair-wise interactions, moderately dense suspensions of filaments (about 10 filaments
per mm?) were transferred into well plates of diameter 3.4 cm and were stored in an incubator
with controlled light and temperature as described in section [2:3] This density was suitable for
observing frequent filament interactions as well as for being able to physically track individual
filaments. After 24 hours, the sample was imaged using a confocal microscope (Leica TCS SP5)
with imaging conditions as described in section [2:2] A section at the centre of the well was used
to take a time series of images as filaments moved around and interacted with one another. The
centre of the well was chosen to ensure that the behaviour of the filaments under study was not
influenced by boundaries, but only by the other filaments. Both bright-field and confocal images

were captured, as in the previous chapter, but only bright-field images were used for analysis.

An example frame of the images collected is shown in [Figure 5.2|(a).

Alignment
No alighment

(crossing)

Figure 5.2: Quantification of filament interaction behaviour. (a) A snapshot of filaments moving
in space, showing pairing or bundles (top). When they interact, two filaments can align, or cross,
as shown. (b) An illustration of how the angle of interaction between filaments was measured.
The angle was measured at the point of contact, tangent to the filament being crossed, in the

direction of its motion, as demonstrated.

The series of images collected were analysed in ImageJ software by manually counting the

number of observed interaction events between filaments and recording the interaction outcomes.
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For each interaction event, there were two possible outcomes: an alignment or no alignment
(crossing). The angle of incidence was measured at the point of contact, tangent to the filament
being crossed or aligned, in the direction of its motion, as demonstrated in|[Figure 5.2(b). Results

are presented and discussed in section |5.3.1

5.2.2 Cyanobacteria filament and wall interactions

The interaction between filaments and walls was quantified to understand how filaments would
behave when in contact with boundaries e.g. when in confinement. Here, filaments were placed
in a microfluidic channel (widths between 300 and 600 pm), as shown in and observed
as they moved and collided with the walls. The widths of the channels were chosen to be less
than the observed filament diameter of curvature ~ 1 mm so that all filaments should bounce
off the two side walls of the channel as they move in the channel. This increased the number of
interactions observed. Observations were made under a confocal microscope (Leica TCS SP5)
with settings as described in section 2.2] Both bright-field and confocal images were captured
for analysis. Examples of images showing a cyanobacteria filament interacting with walls are
shown in The angle of incidence was measured as the angle between the wall and
the tangent to the convex side of the filament end that is colliding with the wall as illustrated
in insert of The degree of alignment with the wall was quantified by measuring the
distance that the filament travelled along the wall as shown on the right of Results

are presented in section |5.3.2

5.2.3 Variation of filament curvature with filament density

In section [3:3.3] it was observed that isolated free-gliding cyanobacteria filaments take a curved
shape as they glide on surfaces. However, further observations in this project showed that
filaments lose their well-defined curvature as filament density increases. In this chapter, the
variation of curvature with density will be quantified. Since filaments in a given colony are
in constant motion, the variation of filament curvature with density can also be thought of as
the variation of curvature with filament interaction, where higher density means more filament
interactions per unit time.

To quantify curvature variation with density, I measured the curvature of individual filaments
in multiple cyanobacteria densities, some of which are shown in (a—c). Filament cur-
vature was measured as described in section but here the procedure started with isolating
each filament from the colony and then applying the method of measuring the curvature i.e.

fitting a circle to the filament shape. To isolate a filament from a colony, I used Matlab’s polyline
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t=6 min

Wall alignment

\ distance

500 um

Figure 5.3: Quantification of filament-wall interactions. Left to right: Sequence of snapshots of
a microfluidic channel (diagonal lines) showing the positions and the shape of a cyanobacteria
filament (red) and tangents to the direction of travel (arrows). The middle panel shows how the
angle of interaction was measured and that is highlighted by the insert figure at the bottom. The
angle of interaction was measured as the angle between the wall and the tangent to the convex
side of the filament end that is colliding with the wall. The right panel shows the distance that

the filament travelled along the boundary as marked.

function to draw a segmented line 6 pixels wide (wider than the filament width of 2 pixels) along
the contour of the filament of interest by hand. The area along the segmented line became a
region of interest. I then converted the region of interest into a mask that was used to isolate the
filament of interest from the rest. The resulting isolated filament was then converted to binary
using a threshold of 0.4. The binary filament was then skeletonised to generate a filament back-
bone of one pixel wide to which a circle was fitted, as described in section [3:2.5] The procedure
was repeated for all other filaments in the image and for images of different filament densities.

The traces for each filament measured in a colony are plotted over the original filaments in green,

in [Figure 5.4{d-e).

5.2.4 Motion of filaments in bundles

When a dense colony of cyanobacteria filaments is left to stand for hours to days, polygon-like
patterns like those shown in [Figure 5.5, and also observed in Ref. [45], are formed. I wanted to

understand how filaments move in these emergent bundles that are formed. Filaments in bundles
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Figure 5.4: Quantification of filament curvature with filament density. (a)-(c) Raw images of
some of the different filament density systems used to quantify curvature change with density.
((d)-(e) Raw images shown in (a)-(c) superimposed with traces of individual filaments that were

used for curvature analysis.

are highly aligned, as shown in But the question is: how do filaments in bundles
move? Do they all move in the same direction, or is the ordering into bundles independent of
the direction of motion?

To answer the above questions, I studied the motion of filaments along the bundle shown
in b—c). A series of images were collected at the points marked in along
a bundle of filaments. Images for each point were saved as a video and played in ImagelJ
software to measure the direction of the filaments captured moving inside the bundle. Since all
the observations were made on the same bundle and the measured directions were correlated, the
measurements from all the points marked in were combined, and statistical measures

were made as discussed in section [5.3.41
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Figure 5.5: Measurement of the direction of motion of filaments in bundles. (a) A series of images
was captured at the marked points in the figure and images were saved as videos. The saved
videos were played in ImagelJ software for analysis of the direction of motion as discussed in
section [5.3.4} (b) A closeup view of filaments at one spot in the bundle and their directions of

motions marked. Adapted from [159].

5.3 Results

5.3.1 Cyanobacteria filaments pair-wise interaction

One behaviour that will contribute to the collective behaviour of filamentous cyanobacteria is
the outcome after one filament collides with another as they glide on a substrate. When one
filament collides with another filament, there were only two outcomes: crossing and continuing
on with its initial direction of motion, or changing its direction and aligning with the filament it
has collided into. By alignment here I mean moving either parallel or antiparallel to the direction
of motion of the other filament.

As described in section observations were made of filaments interacting in space, and
the outcomes of their interactions were recorded as either ‘alignment’ or ‘no alignment’ for cases
where the colliding filament aligns its direction with the impacted filament and when the colliding
filament crosses the impacted filament, respectively. There were no cases of partial alignment,
it was either a full alignment or crossing to continue with the initial direction of motion. The
angle of interaction just before each collision occurred was also measured, as described in section
[£.2.1] Here I present and discuss the results of such observations.

From a total number of 400 filament interactions that were observed, only 16 interactions

resulted in filament alignment. This represents a probability of alignment of 0.04. This shows
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that filaments mainly ignore each other when they meet in space, with a strong preference for
continuing with their direction of motion rather than moving parallel to another filament. The
interaction events that ended in alignment were further analysed in terms of the distribution
of angles of incidence. This distribution is shown in [Figure 5.6] where it is seen that filaments
are more likely to align when they meet at angles closer to 0 or 7 radians. In other words,
filaments aligned when they were already nearly aligned in their directions of motion. It can
also be seen that filaments completely ignore each other when they meet at angles close to
7/2 radians. Additionally, the alignment probability seems symmetric around alignment angle

0 = 7/2 radians, evidence of nematic interactions between the filaments.
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Figure 5.6: Cyanobacteria filament to filament alignment. (a) The probability of filament align-
ment is based on the angle of interaction between two filaments measured, where the error bars
are standard errors. Also shown is a distribution of all the observed interactions. (b) Distribution
of the distance or length of filament to filament alignment. The average alignment distance is

427 + 197 pm (mean + SD).

One other aspect of filament interactions is the breakup rate of pairs or bundles of filaments.
To quantify the breakup rate of filaments from pairs or bundles, I measured the distance that
a filament travelled along another filament after pairing. I call this the alignment distance.
Alignment distances from the 16 alignment events observed in my data are shown in b).
Based on the distribution of data in[Figure 5.6|(b), the breakup rate seems to be independent of
the angle of interaction. To confirm this observation statistically, I performed a statistical test to
check if the breakup rate was dependent on the angle of interaction and found that there was a
weak positive correlation (Pearson correlation coefficient: r(16) = 0.20,p < 0.45), although the

number of observations was limited. The mean value of the alignment distances is 427 4+ 197
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pm (mean + SD). The breakup rate of filaments from pairs or bundles should be the inverse of
the time a filament takes to cover the alignment distance i.e. vy/427 ym or ~ 0.007 & 0.004 s~!
(mean + SD). Here, vg = 3.01 & 0.70 um s~! (mean + SD) is the average speed of the filament
as measured in section In the next section, I will show that the breakup rate of filament
in pairs or bundles is similar to the dissociation rate of filaments from walls, supporting the idea
that the interactions between the cyanobacteria filaments studied here are mainly influenced by
physical factors. The calculated breakup rate of filaments in pairs or bundles will be useful in
chapter 6] where I will use it to estimate the critical density for the collective organisation in

colonies.

5.3.2 Cyanobacteria filament and wall interactions

Filamentous cyanobacteria are also found in environments where they continuously interact with
boundaries, such as on rock surfaces [185], or rock pores where they can invade and cause dam-
age |186|. In applications such as the production of algae-based biofuel [58[59], cyanobacteria are
kept in fuel cells with walls or boundaries. It is therefore important to investigate how bound-
aries affect the behaviour of cyanobacteria filaments. Here the interactions between filamentous
cyanobacteria and walls are quantified by specifically looking at how long filaments travel along
the walls after colliding into them. Alternatively, the length over which a filament glides along
the walls after a collision can also be taken as a measure of how much filaments like to stick to
walls or boundaries.

As discussed in section the interactions between filaments and walls were analysed
by measuring the distance that each filament travelled along the wall after a collision, which I
call here the wall-hugging distance. The angle of collision between the filament and the wall
was also measured, as explained in section The distribution of the wall-hugging distance
with respect to the angle of collision is shown in [Figure 5.7(a). Here, the distribution of the
data points shows that there is no clear strong dependence of the wall-hugging distance on the
angle of collision. To confirm this observation statistically, I performed a statistical test to
check if the wall-hugging distance was dependent on the angle of collision and found that there
was a weak positive correlation (Pearson correlation coefficient: r(106) = 0.28,p < 0.01). This
weak positive correlation could be attributed to the need for filaments to change their curvature
significantly when they collide with walls at angles greater than 7/2 radians (see an illustration
in [Figaze 53(0).

The results found here could also be useful when answering the question: how frequently do

filaments break away from walls? The wall-hugging distance data shown in a) has
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Figure 5.7: Filament-wall alignment results. The wall-hugging distance was the distance a
filament travelled while in contact with the wall after a collision. An angle of the interaction of
greater than 7/2 means the filament was forced to flip its curvature (e.g. see [Figure 5.3). (a)
Shows a weak positive correlation between wall-hugging distance and the angle of the collision
or the incidence angle (Pearson correlation coefficient: r(106) = 0.28,p < 0.01). (b) A survival
plot showing the probability of observing a filament with a wall-hugging distance greater than
the indicated wall-hugging times. Here, the observed wall-hugging times were between 150 and

1500 pm with a mean value of 520 + 277 ym (mean + SD).

a mean value of 520 £+ 277 pm (mean + SD). Similar to how I computed the breakup rate for
filaments in pairs or bundles in the previous section, the dissociation rate of filaments from walls
can be related to the inverse of the time a filament takes to travel through the wall-hugging
distance i.e. v9/520 ym or ~ 0.006 £ 0.003 s~ (mean £ SD). Again, for this conversion, vy =
3.01 & 0.70 pm s~! (mean + SD) is the average speed of the filament as measured in section
The computed filament dissociation rate from walls and the breakup rate of filaments from
pairs or bundles are similar, which supports the experimental observations that the interactions
between filaments in O. [utea are mainly influenced by physical factors.

I also analysed the distribution of data in (a) in terms of survival analysis. Here I
computed the probability of observing wall-hugging distances greater than any particular values.
The computed probability profile is shown in b) and it is seen that less than half of

the observations had wall-hugging distances > 500 pm.

5.3.3 Effect of interactions on filament curvature

In section [3.3.3] it was shown that O. lutea filaments tend to acquire a smooth curved shape
when they glide on surfaces. However, in my experimental observations, I noted that when
multiple filaments are put together and interact, individual filaments tend to lose their curvature,

especially as the density of the filaments increases. At higher densities, one could rarely see
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perfectly curved filaments, like those seen in sparsely populated colonies. Filaments in high-
density systems are instead seen with either lower curvatures or a more disordered shape. As
described in section [5.2.3] curvatures of individual filaments were measured at multiple filament

densities. The distribution of curvatures in these different densities is shown in
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Figure 5.8: Curvature distribution in colonies of different densities.

Curvature, |x| (m™)

Filament curvature, |x| (m'1)

At a very low filament

density in (a), the distribution of filament curvature appears to be centred away from zero. A
slight increase in density in (b) and (c) forces the peak of the distribution to move to around zero.
This is maintained in higher densities (d) to (f). The curvature was measured as an absolute

value. Results published in |159].

From the curvature distributions shown in it is seen that in low-density colonies
Figure 5.8(a), the peak of the distribution is away from zero, similar to the distribution of
curvatures for isolated filaments shown in Above the density of 2 filaments per mm?,
the peak of the distribution of the filament curvatures shifts towards zero. The distributions
still appear to have their peaks around zero in higher densities shown in [Figure 5.8(d)-(f). As
a summary for these distributions, a plot of the average filament curvature against density is
shown in

The standard deviation of filament curvature J,, is one of the parameters for constraining
a model for the behaviour of active nematics like filamentous cyanobacteria . To quantify
the standard deviation of filament curvatures in colonies, I used the measurements from the
top three distributions shown in These densities were chosen because they repre-
sent the range of filament densities in both my experiments and the simulations. All curvature
measurements shown in are absolute values. Therefore, having the peak of the distri-
bution around zero as shown in c)—(f) means that the distribution of signed curvatures

should be centred around zero. I, therefore, fitted a half-normal distribution function in Matlab

using the function fitdist(curvature, ‘halfnormal’) to the ensemble of all filament curvatures from
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Figure 5.9: Effect of interactions on filament curvature. Filaments straighten as the interaction

rate or density of filaments increases. Error bars are the standard deviations of the measurements.

Adapted from [159].

Figure 5.8(d)-(f). The fitted half-normal function gave the standard deviation of the distribu-
tion as d, = 340 £ 40 m~!. This value of J, estimated here was used by my collaborators in

Loughborough to constrain their model as will be discussed in

5.3.4 Filaments in a bundle move equally in both directions

The directions of motion of filaments in a bundle were measured as described in section 524 A
total of 417 filaments were observed and their directions of motion were measured. An example
snapshot of filaments and their directions of motion is shown in [Figure 5.10a). Here, filaments
are highly ordered and their directions of motion point almost equally in both directions of the
local director i.e. the average orientation. This observation is supported by the ensemble of
all orientations from multiple points along the bundle as shown in b). Here the
polar histogram shows that filaments travel in either direction of the average orientation in

approximately equal fractions (241 versus 176 filaments).
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Figure 5.10: Direction of motion of filament in bundles. (a) An example snapshot of filaments
in a bundle and their directions of motion (red arrows). Observations were made at multiple
positions along a given bundle and videos of the images obtained were measured in ImageJ
to measure the directions of the filaments with respect to the local director. (b) A summary of
the orientation angles of filaments in one bundle is shown as a polar histogram. The distribution
shows that filaments move almost equally in both directions of the bundle and their directions

are more aligned. Adapted from [159].

5.4 Conclusion

In conclusion, in this chapter, I have studied the basic interactions between filaments and walls
or boundaries. First, found that individual filaments of O. lutea tend to ignore each other when
they collide while gliding on a substrate. By studying 400 collisions between filaments gliding
on a substrate, it was found that only 4 % of the collisions resulted in a filament aligning with
another. By further studying the collisions that resulted in alignment, it was shown that filament
alignment depended significantly on the angle of collision. Filaments completely ignored each
other when they met at close to right angles and the probability of alignment increased with
collision angles away from 7/2 radians. This strongly favours alignment only for the case of
collisions with angles of interactions near parallel or anti-parallel. It was also found that filaments
travelled for a distance of 427 £+ 197 pum (mean + SD) while aligning with another filament. This
observation was used to estimate the breakup rate of filaments at 0.007 £ 0.004 s~! (mean +
SD), which is equivalent to a survival time of 142 + 66 s (mean + SD). This breakup rate is
important for dynamics of clustering or pairing and will be used in to estimate the
critical density for the transition between disorder and order in a cyanobacteria colony.

It was also shown that when filaments collided with walls, the wall-hugging distance at most
weakly depends on the angle of collision. There was a slight increase in the wall-hugging distance

when a collision forced a filament to change (flip) its curvature. Since the collision angles were
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measured between the convex side of the filament and the wall, the collision angles were higher
when the wall forced the filament to straighten its shape, thereby slightly increasing the time
spent by the filament moving along the wall. The mean wall-hugging distance was found to be
520 £ 277 pm (mean £ SD). This result can be used to model the interaction between filaments
and walls, especially for filaments in confined geometries, whose experimental observations are
presented in[chapter 7] Furthermore, I estimated the dissociation rate of filaments from the walls
and found it to be ~ 0.006 & 0.003 s~! (mean & SD), equivalent to a survival time of 173 & 92 s
(mean + SD). This result is similar to the breakup rate of filaments in bundles or pairs reported
in the previous paragraph, which supports the experimental observations that the interactions
between filaments in O. [utea are mainly influenced by physical factors.

Furthermore, it was shown that although isolated filaments take a curved shape when gliding
on a substrate, the curvature significantly diminishes with increasing interactions or filament
density. Curvatures of individual filaments in different densities were measured and the distribu-
tion of the measured curvatures with densities clearly showed a sharp decrease in the mean value

between densities of 1 and 10 filaments per mm?

. Curvatures of filaments in higher densities
remained low, with the peak of their distributions around zero. To quantify the distribution,
I computed the standard deviation of the filament curvature distribution as 6, = 336 m~!.
The standard deviation of filament curvature is one of the parameters for constraining a model
of self-organisation in active nematics [165]. In the next chapter, I will describe a model that
my collaborators in Loughborough developed, which used this parameter among many other
parameters measured in this project.

Finally, in this chapter, I also investigated the motion of cyanobacteria filaments in bundles.
By measuring the directions of motion of filaments in a bundle, it was found that filaments move
equally in both directions of the bundle, with their directions more aligned. In general, these
findings together with results of form a set of basic rules of filament behaviour that will
be used to model self-organisation in filamentous cyanobacteria, as will be presented in the next
chapter, along with my observations of the emergent structures seen in colonies of filamentous

cyanobacteria.



Chapter 6

Cyanobacteria self-organisation in

an open space

6.1 Introduction

Filamentous cyanobacteria are capable of self-organising into spatially differentiated structures
when sufficiently dense filaments interact while gliding on a surface [45,/47]. The patterns that
filamentous cyanobacteria form have been found to be similar to those found in fossilised stro-
matolites [45]. Indeed filamentous cyanobacteria, with their simple chains of connected cells, sit
at the boundary between single-celled and multicellular organisms [187]. By understanding their

behaviour, we could have insights into the evolution and complexity of life [18§].

Previous experimental studies on self-organisation in filamentous cyanobacteria have been
less quantitative [45], with models based on these studies [47] relying on rough estimates of some
of the key parameters for their simulations. For example, the bending stiffness of filamentous
cyanobacteria used in the model by Tamulonis et al [47] was based on estimated bending stiffness
from Ref. [45], which in turn was based on persistence length measurements of their shape.

Therefore a proper quantification of the bending stiffness of filamentous cyanobacteria is required,

as done in [chapter 3| for more accurate modelling.

Active nematic particles or filaments such as filamentous cyanobacteria could also be modeled
by focusing on their nematic interactions, as demonstrated by the class of models of active
nematic particles [165|[173], which have been applied to the models of C. elegans [167] and
Pseudanabaena sp. [174]. Motivated by these models, my collaborators, Dr. Marco G. Mazza and
Jan Cammann at the University of Loughborough, UK, have used my results from chapters [d and
to develop a model of self-organisation of filamentous cyanobacteria which I will briefly present
in the next section, before moving on to showing how it compares to my observations of pattern

formation in dense cyanobacteria colonies. Results from this chapter have been published [159].

94
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6.1.1 Model of self-organisation of filamentous cyanobacteria

Briefly, the model developed by Jan Cammann and Dr. Marco G. Mazza discretises a continuous
filament into a series of connected beads or nodes. The head of the ith filament moves at constant
speed vg ;. Here v ; is drawn from a normal distribution with (vg) = 3 pm s~! and standard

! parameters that match my observations of isolated filaments of O. lutea

deviation 0.7 pm s~
in All filaments are set to a fixed length of £ = 1500 ym, which is the mean filament
length of O. lutea measured here. The beads on each filament are separated by a distance vy ; At,
where At is the time step of the simulation. The rest of the filament glides along the path laid
by the head, which advances at an orientation 6;(t). Numerically, this is accomplished easily by
removing at each time step the bead at its tail and attaching a new head bead.

Inspired by models of active nematic particles |165}/173] that have also been applied to the
modelling of the behaviour of C. elegans |167] and Pseudanabaena sp. |174], the model includes
a set of interactions appropriate to the observed behaviour of filamentous cyanobacteria from

my thesis. The angle 0;, governing the orientation of the filaments head, evolves according to an

Ornstein—Uhlenbeck process

dw; do;
Y S 2Dg () (6.1)

dt dt
del « 0
Ut g 26, o520 = 6;)] (6.2)

where v = 1/7, with 7 =480 s the curvature autocorrelation time, as measured in the
orientational diffusion coefficient D, = v(vg)?0k? with curvature spread dx = 200m~?, similar
to the standard deviation of filament curvature in colonies as measured in &(t) is
a Gaussian white noise source with zero mean and unit variance. N; denotes the number of
filaments currently within the interaction range d = 5 ym of the i-th filament’s head, where d is
based on the diameter of the filaments of 4.2 pym, as measured in accounting for the
presence of a thin extracellular polymeric substances (EPS) sheath of <1 pm. The sum }, .
in denotes a summation over all neighboring filaments of orientation ; following a
nematic Lebwohl-Lasher potential with interaction strength oy = 0.006s~!'. The choice of the

value for oy was based on the parameter value that produced results similar to the experimental

observations as it is difficult to retrieve this value from experimental observations. The model

factors are sketched in

6.1.2 Prediction of the phase transition point

It is evident from the studies in Refs [45)47] that the self-organisation of filaments of cyanobacteria

is dependent on filament density. However, the density at which order emerges in a filamentous
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Figure 6.1: Schematic depiction of the filament-filament interaction in simulations. When the
tip of a filament comes within a distance d of another filament, the angle of its advancing head
will change according to the interaction potential U = — cos [2(0; — 6;)], where 0; is the angle of
the incident filaments head and 6; is the local angle of the other filament. Figure provided by

Jan Cammann. Adapted from [159)].

cyanobacteria colony has never been experimentally quantified. Here, based on the measured
parameters of the behaviour of filaments from chapters[4 and [5 I will predict the point at which
the interaction between filaments will become important and estimate when the transition be-
tween order and disorder should occur. For simplicity, I will consider a ‘gas’ of weakly interacting
straight filaments of density p moving at constant speed vg. If the filaments are oriented ran-
domly as illustrated in [Figure 6.2} on average they present to each other a cross-sectional length
of

1 /" 2
L= (Lsing) = f/ Lsin6do = > 1 (6.3)
T™Jo 7T

As one filament advances, it will therefore cross over other filaments at an average frequency
f = Lpvy = 2Lpvy/n. Experimentally, most filament crossings have no effect, but a small
fraction « results in the crossing filaments aligning nematically. The rate of filament ordering
should therefore scale as af. In contrast, I noted that aligned filaments would occasionally
split up, a process that can be assumed as randomly occurring with the rate 5. Under these
simplistic but representative assumptions, the ordering interactions should become important
when af ~ 3, and this cross-over can be used to define a characteristic density

mf

- 20cLvg’

pe (6.4)

with a value of p. ~ 52 & 19 filaments mm~2, given the parameters in [Table 6.1l A random
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Figure 6.2: An illustration of a gas of filaments of cross-sectional length L, moving at speed vy,

and interacting with a probability a@ when they cross each other.

Table 6.1: A summary of the parameters used for the prediction of the phase transition point as

quantified in Chapters [3] to

Parameter L (mm) a vo (pm s™1h) B (s71)

Value 1.5+1 0.04 + 0.01 3.0 £0.7 0.006 £ 0.003

disordered gas of filaments would be expected for densities p < p., with ordering behaviour
expected at densities p =~ p. or above.

In general, this chapter presents the experimental study of self-organisation in filamentous
cyanobacteria, focusing on one species, Oscillatoria lutea. Experimental results will be compared
with the numerical results later in this chapter. In the following section, the methodology followed

in conducting the experiments will be given.

6.2 Methodology

6.2.1 Sample preparation

Samples of O. lutea were cultured following the conditions given in section[2:3] A dense culture of
the sample was transferred into a 50 ml glass tube and shaken to disentangle the filaments. Later,
the shaken contents were transferred into a standard 3 x 2 well plate (each well with a diameter of
3.4 cm) filled with a BG 11 broth media diluted with deionised water to a ratio of 1:100. Different
amounts of the sample were added to different wells, simply by varying the number of drops of the

sample suspension. Up to 50 different setups (wells) were prepared and these were stored before
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Figure 6.3: The experimental setup for structure formation in filamentous cyanobacteria growing

in an open space showing a six-well plate dish with well diameter of 3.4 cm.

further use for 72 hours in the incubator used for storing the culture, as described in section [2:3]
Usually, filamentous cyanobacteria are able to self-organise into their preferred patterns within
12 to 24 hours after being disturbed or transferred into a new media. However, in this
project, when a suspension of filaments was transferred into a well plate, the filaments initially
clumped together as they settled on the base of the well plate. Individual filaments then spread
throughout the chamber from these clumps to achieve a homogeneous distribution. The length
of time to achieve a homogeneous distribution of filaments increased with the density of filaments
in the chamber. Overall, it was observed that for all the filament densities studied in this project,
a period of 48 hours was enough to achieve a uniform distribution. To this period, I added 24
hours to allow filaments to self-organise , taking the total period of time between sample
transfer and observation to 72 hours. An example of a setup is shown in

6.2.2 Sample imaging

The samples described in section were then imaged using confocal laser microscopy (Leica
TCS SP5) with imaging settings as described in section In brief, I took advantage of
the presence of chlorophyll-a [83] in cyanobacteria to use 514 nm laser light for excitation and
observed the resulting emission through a bandpass filter from 620 to 780 nm. The pinhole of
the confocal microscope was set to the maximum width, thereby achieving a maximum depth of
field of 81 pum. This ensured that filaments at different depths were captured in one focal plane.
However, in certain cases, images were captured at different focal planes and later combined to
form a single 2D image. This usually happened when the base of the well plate was not quite
perpendicular to the objective lens, or when the layer of the filaments was thicker than the depth

resolution.
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5mm

Figure 6.4: Example full well image of filamentous cyanobacteria collective structure. A region
of 1.7 cm x 1.7 cm (right) was cropped at the centre of the image for analysis. Panel (a) adapted

from [159].

A single confocal image covered a 1.55 mm x 1.55 mm area. Therefore, to capture the whole
well of diameter 3.4 cm, the tile imaging feature of the confocal microscope was utilised, as
described in section 2:2.I} An example of a full well capture is shown in To analyse
the self-organisation of cyanobacteria filaments in an open space, I looked at the structure in the
middle of the well, away from the effects of the boundary. For this reason, I cropped a 1.7 cm x
1.7 cm region at the centre of each well, as illustrated in [Figure 6.4} and used the cropped image

for further analysis.

6.2.3 Measuring filament density

Quantifying filament density started by getting a black-and-white image of the filament structure.
To get such a binary image, I used Matlab function imbinarize(Image, T), where T is the intensity
threshold value that ranges between 0 and 1. The imbinarize(Image, T) function converts all
pixels whose relative intensity is greater than or equal to the threshold to a pixel value of 1 and
all other pixels to 0. For images with uniform brightness, a fixed threshold value also called the
global threshold value, is often enough. However, for images with a more variable brightness or
illumination, an adaptive threshold is required. An adaptive threshold applies different threshold
values to different parts of the image ensuring that features in areas with low brightness are also

captured, in a consistent way with features in brighter parts of the image.
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In this project, I used the adaptthresh(Image, sensitivity) Matlab function to compute the
appropriate threshold values for each region or pixel in an image. The function provides an
option to choose the size of the neighbourhood to be used for computing the local statistics. I
left this to the default value of 2% floor(size(I)/16)+ 1, which sets the neighbourhood size to 1/8
of the image size. The sensitivity value in the adaptthresh(Image, sensitivity) function ranges
between 0 and 1, similar to the threshold value in imbinarize(Image, T) function. However,
unlike the parameter T, a high sensitivity value in adaptthresh(Image, sensitivity) gives more
consideration to pixels with low-intensity values in a given region while a low sensitivity value
gives less consideration. Low sensitivity values are good for images with low density of bright
pixels i.e. with fewer features, as this helps the threshold algorithm to remove noise, which mostly
happens to be pixels with low-intensity values. However, when the density of bright pixels is
high, i.e. where there are more features or filaments, the low-intensity pixels in a given region
might not be noise but filaments that are just not as bright as the majority of the bright pixels.
Therefore, a more sensitive value for the threshold would be needed to include the low-intensity
features as well.

For the reasons stated above, it is clear that if one is thresholding multiple images with
different pixel densities or filament densities, as in my case, the sensitivity value of the adaptive
threshold function should be variable. I have already indicated that high-density images will need
a high sensitivity value for the adaptthresh(Image, sensitivity) function and that a low sensitivity
value is appropriate for low-pixel-density images. Therefore, I decided that the best way to
automate this process and to ensure uniformity in all the processes was to set the sensitivity
value equal to a rough pixel density of each image. The rough pixel density of an image was
computed by converting the image into binary using imbinarize(Image, T), where T was set at
0.04. The choice of the threshold value here was based on the observation of the histograms
for the images processed. The majority of intensities of pixels away from filaments had pixel
intensities of less than 10. I, therefore, set the value of T' = 10/255 ~ 0.04. From the resulting
binary image, I computed the pixel density ppize; by dividing the total number of white pixels by
the total number of all pixels in the image. The inputs to the thresholding function, therefore,
were adaptthresh(Image,ppize;) and the output was passed on to the function imbinarize(Image,
T) as the parameter T to generate a binary image. demonstrates the importance
of varying the sensitivity value with the density using example low and high filament density
images.

This approach of image thresholding allowed the sensitivity value to respond to different image
densities and provided a robust way of converting various images to binary while minimising

human bias. From the resulting binary image, I removed all particles or small bits of filaments
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Original image — Sensitivity —

p =25

p =43

Figure 6.5: Demonstration of adaptive image threshold. Two images with different filament
densities (a) and (d) are shown to illustrate the effect of fixed and variable sensitivity values in
adaptthresh(Image, sensitivity) function on the resulting binary image. (a) is an original image
and has a filament density of 25 filaments mm~2 with a shadowing effect on the left. Using
a sensitivity value equal to its rough pixel density (= 0.4) in adaptthresh(Image, sensitivity)
function, a binary image (b) is produced. (c) is the same as (b) with the sensitivity value fixed
at 0.4 to act as a control for testing the effect of a fixed sensitivity value on other densities. (d)
is an original image with a filament density of 43 filaments mm~=2. In (e), (d) is converted to
binary using a sensitivity value based on its pixel density while in (f) a fixed sensitivity value
similar to that used for a low-density image (¢) was used to generate that binary image. It is
clear that (f) looks less dense than the original image (d) while (e) closely matches its original
image, showing that variable sensitivity based on rough pixel density used in the project provides

reasonable outputs.

that occupied an area of fewer than 20 pixels using the function bwareaopen. From the resulting

image, I computed the filament density py as

N
pf_N()A

where N is the number of white pixels in an image, Ny is the average number of pixels in one
filament and A is the area of the image. On average, each filament was 2 pixels wide and the
pixel size was 3 um. The average filament length was taken to be 1.5 mm, making Ny = 990

pixels. To check that the method was accurately quantifying filament density, I tested it on the
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image shown in [Figure 6.6(a) and picked 6 random 1 mm? regions across the image and counted

2 area was 12+

the number of filaments in them. The average number of the filaments in a 1 mm
1 filaments, while the computed filament density was 13 filaments per mm~?2, showing that the

method of measuring filament density was working properly.

(a)

Figure 6.6: Verification of filament density measurement. The measured filament density using

2

the process described in this section for the image in (a) is 13 filaments mm~2. The average

2 areas from the same image was 12

number of manually counted filaments from 6 random 1 mm
+ 1 filaments (mean 4+ SD). This showed that the method of filament density measurement was
working as expected. An example of a 1 mm? region is shown in (b). Here there are about 13
filaments with lengths > 500 pm (marked). All the smaller filaments contribute to the average

length. The actual measurements were based on pixel counting rather than counting the exact

number of filaments in an area.

6.3 Results

6.3.1 Emergence of nematic order

To investigate the emergence of order in a filamentous cyanobacteria colony, I analysed the
orientation distribution of filaments using the GTfiber app [189], which is Matlab-based fibre
analysis software. The app converts a given filament structure image into a skeleton network
where each filament is represented by a series of pixels defining a single-pixel wide line through
its centre. Later, the skeletonised image structure was used to calculate the orientation of each

filament at each and every pixel, as described in [189]. The output of this computation was an
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angle map of size equal to the skeletonised image, but with additional information associated
with every pixel on the skeleton, giving its angle relative to the horizontal. All other pixels on
the skeletonised image were replaced with NANs on the angle map, allowing angle information

to be displayed virtually through colour, as shown in
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Figure 6.7: Generation of an angle map from a filament structure image. (a) An example of
a raw image of a filamentous cyanobacteria structure is shown with an increased contrast for
better visibility. (b) An angle map made from the image in (a), showing the orientation of each

filament at the pixel level.

To quantify the nematic order of the filaments, the orientational order parameter, Syp, some-
times referred to as the Hermans orientation factor [189H192|, was employed. This parameter

measures the degree of alignment of filaments and is mathematically defined as
Sop = 2{(cos?0,,) — 1 = (cos(26,,)) (6.5)

where 0,, is the angle between a pixel on an individual fibre and the overall director 7 i.e. the
average orientation, in an image or sub-image and the angled brackets represent an average over
all relevant pixels on the skeleton. Here, Sop varies between 0 and 1. In a scenario where the
filaments are randomly oriented, (cos? f,,) gives a value of 1/2, yielding an Sap value of 0. When
the filaments are perfectly aligned with each other, (cos?6,,) gives a value of 1, thereby yielding
an Sop value of 1. The overall director or the average direction of the filaments in a given

image or sub-image was found by computing the structure tensor of the angles at each pixel and
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averaging as

N .

i=1 |cos@;sinb; sin” 6;
for the IV pixels in a given image or sub-image. The highest eigenvalue for Jyyerage corresponds
to the order parameter, Sop, and the corresponding eigenvector indicates the orientation of
the average direction of the angles. However, there is a shortcut for computing the 2D order
parameter Sap, as given in Ref. [193]. Instead of first computing the average orientation of all
angles in the image, the 2D order parameter can be computed directly from the angles using the

formula

Sap = (2A — 1)2 +4B2 (67)

where

1 XN
— 20,
A= I ;:1 cos” 0;,

1N
B = N§cosﬁi sin 6;.

GTFiber app [189] uses this version for calculating the order parameter but it is mathematically
equivalent to

In general, the 2D order parameter is calculated at different length scales of the image to
generate a curve that shows how Ssp changes with the size of the domain used. To achieve this,
each image is divided into boxes or tiles of a given size d and the order parameter is computed
for each box. Later, an average value of the order parameter is calculated, for that specific box
size. Sampled frames that do not have filaments in them are excluded from averaging, as the
order parameter is not well-defined in that case. illustrates the process of computing
the Sap(d) curve.

In order to compare the ordering of filaments from different images, I fixed the frame size d
to 1 mm for computing Sep in all the 50 images studied in this experiment. This length scale
was chosen to the measure local order parameter so that I can characterise how the transition
from disorder to order occurs with increasing density. By plotting the Sop values of each image
at the frame size of 1 mm against filament density, as shown in I observed a phase
transition at filament densities between 40 and 50 filaments per mm? between a disordered "gas"
of filaments and a well-ordered state. The phase transition occurs at densities close to those
predicted in section [6.1.2} Results from the numerical model also show a striking resemblance
both in the structure of the patterns and in the ordering transition, as shown in
These results show that the self-organisation in filamentous cyanobacteria can be well-captured

by a simple model, based on the collective nematic interactions of the filaments.
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(a)

(b)

4 6
Frame size, d (mm)

Figure 6.8: Calculation of Sap from a skeletonised image. (a) Illustration showing how each
skeletonised image was partitioned into boxes of different frame sizes. For each frame size, the
Sop was calculated in each box and the average and the standard deviation of the Syp for all
the boxes were calculated. (b) Closeup of a 1 mm x 1 mm frame showing the orientation of
filaments in that frame. (c) The polar distribution of the directions of the filaments in panel (a)
was measured at the pixel level. (d) S2p plot with respect to frame size, for the image in (a).
The error bars are the standard deviations of the Syp for that particular frame size. The red
line indicates the 1 mm length scale for sampling Sop variation with filament density. Adapted

from [159].

6.3.2 Structure size in filamentous cyanobacteria patterns

Beyond some critical density, filamentous cyanobacteria self-organise into patterns characterised
by ridges that form reticulate patterns as seen in e.g. and I measured the
size of these structures in two ways: first using the Syp profiles as shown in [Figure 6.8(d)
and comparing the result with manual measurement of feature sizes. Using the Sop profiles, I
measured a characteristic size by making a log-log plot of the Syp vs the region of interest (ROI)

size or the area d? [194]. The plot shown in |[Figure 6.10(a) reveals the characteristic length

(or area) at which correlation in structure ends. This appears at the higher filament density
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Figure 6.9: Phase transition in filamentous cyanobacteria. Experimental observations of the
structure of filamentous cyanobacteria colonies at selected filament densities (a to d) compared
with the structure of the filaments from simulations (e to h) at comparable densities. The nematic
order of the filament structure at the frame size of 1 mm? is shown in panel (i). The dots and
error bars for the experiments represent the average Sop and the standard deviation respectively.
Similarly, the solid line and the shaded region represent the average and the standard deviation
for the simulations. The faint brown shaded area indicates the predicted region of phase transition
from a disordered "gas" to an ordered state, based on a balance between the interaction and
dissociation rates. Both experimental and simulation results show an ordering transition close

to the expected value (vertical brown line). Adapted from [159].

profiles in as a shoulder at a length scale of about a centimetre. Above this scale,
order drops, as the ROI averages over features with dissimilar orientation, whereas below this
scale, the pattern order is relatively insensitive to d. Results from simulations, [Figure 6.10|b),
also show a similar characteristic length, further strengthening the predictions of the simple, yet

powerful model.

Direct measurements of feature sizes were made by manually fitting a circle to the vortices

or reticulate patterns shown in [Figure 6.10|c)and (d) in ImageJ [85]. The average diameter of

the features was found to be 8 £ 1 mm (mean £+ SD), quite similar to results from both the
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experiments and simulations in (a—b). My collaborators have also shown how feature
sizes vary with different parameters e.g the variation in filament curvature. (e) shows
that the size of the features [* increases with the inverse of the standard deviation in filament
curvature 1/§, = vo(DwT)’lm. From 1/6,; ~ 3 mm from the experiments, and the size

of the features from experiments was found to be ~4 mm (radius of vortices). This experimental

result is also shown in [Figure 6.10|e).

6.3.3 Ordering behaviour in naturally multiplying colonies

Up to this point, the experiments discussed have been those where the density was controlled
manually, and the observation time was fixed to 72 hours after setting up a sample or colony. It
has been observed that the critical density for self-organisation of O. lutea under these settings
is about 50 filaments per mm?. I wanted to understand if the ordering behaviour in a naturally
multiplying colony is similar to the manually changed colony studied here. To do this, I prepared
a very dilute suspension of filaments and poured it into a rectangular flask of base area =~ 20
cm?, with an initial filament density of about 5 filaments per mm?. The flask was stored in the
incubator described in section [2.3]and was taken out every 48 hours for imaging using a confocal
laser microscope for a period of 40 days. Images were analysed for nematic order in the same
way as the short-term experiments and the results in show that order emerges in
a naturally growing cyanobacteria colony when the filament density is around 20 filaments per
mm?. It is interesting to note that the ordering in a naturally increasing O. lutea colony occurred
in a similar way, but at a lower transition point, compared to the manually changed filament
density, as shown in

Another difference between the two data sets is that in long-term experiments, the order of the
filaments falls slightly at higher densities. There was no definitive explanation for the differences
observed. However, I suspect the ageing of the colony and gradual buildup of e.g. extracellular
polymeric substances (EPS) to be some of the factors since the main difference between the two
experiments is the time of observation. Finally, the results from naturally growing colony were

only possible in a single setting, owing to the continuous long-term observations

6.3.4 Topological defects in O. lutea colonies

In the self-organisation of elongated particles or filaments, such as liquid crystals, one of the
key features is the formation of topological defects. These are effective singularities in the
nematic director, where the order is undefined [195//196]. Topological defects are classified by the

topological charge or the winding number which defines the number of rotations of the nematic



6.3. RESULTS 108

w . . 100
; i
= |
\1 80
3
Y
NN o
A\ 60
1 \ €
|3 £
1 Q
I}
:3 40
Ic
]
= 20
1
12
1=
T T 0
10! 103
d?/mm?
80
70
" 60
A HAA
50
4 ate ]
'l 40 §
Q
30
—_— " =v(D,T)" 1
n # p=69/mm? 20
A p=76/mm? 10
B p=83mm?
' ® exp.
0 T 0

0.0 2:5 5.0 45 10.0
Vo(DyT)"Y2/mm

Figure 6.10: Size of structures in dense systems. (a) and (b) show log-log plots of the average
nematic order parameter Sop in experiments and simulations, respectively, calculated within
regions of interest of size d x d. At low density, the order parameter decays monotonically with
d? indicating an isotropic state, whereas the emergence of structures at high density is marked by
a plateau followed by a change in slope once d reaches the size of the emerging structures. The
broken lines in (a) and (b) mark the radius of the structures in experiments and simulations,
respectively. The size of the measured structures indeed coincides with the shoulder of the
plateau. (c) and (d) show examples of reticulate patterns formed in a culture bottle and in a
well plate, respectively, with sizes (some marked with red circles) similar to that captured by the
plots in (a) and (b). (e) shows the size of the patterns {* for different parameter values and the

result from the experiments. All simulation results were provided by Jan Cammann. Adapted

from [159].

director in any closed loop around the singular point m Mathematically, the winding number
is defined as
1

k=5 §(0—00)ds (6.8)
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Figure 6.11: Comparing the ordering transition between long and short-term cyanobacteria
colonies. The long-term colony was a self-replicating setup with observations made every two
days on the same sample. The short-term setup consists of different samples and observations
were made 72 hours after setup. The phase transition point for the long-term experiment is lower

(~ 20 filaments per mm~2) while that of short-term experiments is higher.

For example, moving along the red circle in an anticlockwise direction in [Figure 6.12] the nematic
director rotates through 7 radians, which gives a winding number or a defect charge of +1/2,

according to [Equation 6.8] Other examples of defects in liquid crystal are shown in [Figure 6.13

Figure 6.12: Classification of topological defect charge. The total rotation of the nematic director

around any closed loop, like the red circle, is proportional to the charge, as in[Equation 6.8} Here
the angle of rotation is 7 giving k = 7/2m = 4+1/2. Figure adapted from [196].
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Figure 6.13: Examples of defects in a 2D nematic liquid crystal. Red arrows indicate the defect

orientation. Figures adapted from [196].

Topological defects in active nematic systems are known to affect the dynamics of the system.
For example, the emergence of +1/2 defects in a monolayer of epithelial cells was found to act
as hotspots of compressive stress, leading to a higher probability of cell apoptosis (a normal and
controlled cell death) and extrusion . Furthermore, a study on the migration of a dense
system of Pseudomonas aeruginosa on a surface found that the collision of comet-like defects
slowed down fast-moving mutant cells as they rotated and got trapped . On the other hand,
wild-type cells avoided being trapped by moving slowly and migrating faster , suggesting
that bacteria might have evolved mechanisms of moving in crowds while avoiding getting trapped.

In this work, I observed two kinds of topological defect charges, +1/2 and —1/2, from colonies
of O. lutea in long-term experiments, as shown in [Figure 6.14] Images of the filament structure
taken days apart showed a slow movement of +1/2 defects, while —1/2 defects remained relatively
stationary. An in-depth study of these defects is required for a better understanding of defect
dynamics, for example, to investigate how the emergence of the topological defects affects the
motion of filaments and if there is a correlation between their positions and the emergence of

filament bundles.
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Figure 6.14: Defect formation in filamentous cyanobacteria structure. A series of images of a
filamentous cyanobacteria (O. lutea) structure showing the evolution of defects. The orientations
of filaments are marked by colour as indicated in the legend on the top right corner. +1/2 defects
are shown by a line, and —1/2 defects as a threefold junction. Over several days the +1/2 defects

move across the field of view, but the —1/2 defect remains relatively stationary.

6.4 Conclusion

In this chapter, the dynamics of self-organisation in filamentous cyanobacteria have been quan-
tified. While focusing on one species of O. lutea, it was found that filaments self-organise into
an ordered state when the density reaches some critical point around 40-50 filaments per mm?,
in colonies that were homogenised and stored for 72 hours. These results were also in agreement
with a prediction of the ordering transition point based on the measured dynamical properties

of individual filaments, which emphasized the balance between rates of interaction and rates of

filament breakup.

However, it was also observed that when a single colony of filamentous cyanobacteria was
grown from low to high density, which I called long-term experiments, the ordering transition
point between the disordered "gas" phase and ordered state was around ~ 20 filaments per mm?,
below that of short-term experiments. There was no definitive explanation for this difference but
I suspect that the ageing of the colony could influence the interactions of the filaments, for

example, due to the buildup of extracellular substances. More studies would be required for

long-term experiments to find out exactly what encourages filaments to order so quickly.
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Within the chapter, a simple numerical model of self-organisation of filamentous cyanobacte-
ria, designed by my collaborators, was briefly introduced. By focusing on nematic interactions of
the filaments as observed in my experiments, the model was able to capture strikingly resembling
patterns in the structure of the cyanobacteria colonies. These results proved that although the
dynamics of the filamentous cyanobacteria are complicated, the key collective behaviours can be
described by a simple model, informed in all respects by experimentally motivated parameters.

Beyond the transition point from disorder to order, filamentous cyanobacteria form patterns
characterised by polygon-like structures, also called reticulate patterns. The sizes of these struc-
tures were measured by looking at the correlation of filament order and by manual measurement
of their diameters. The analysis of data from both the experiments and simulations showed that
the size of these structures was about 1 ¢m which was supported by physical observations.

Finally, just as in liquid crystals, the nematic or polar interactions of filamentous cyanobac-
teria cultured for a long period of time gives rise to the emergence of nematic topological defects,
mainly the +1/2 and -1/2 topological charges. The study of topological defects was not intensive,
due to the limited data and time constraints to repeat the long-term experiments. Further stud-
ies would therefore be needed to understand the dynamics of topological defects in filamentous
cyanobacteria colonies.

The study of self-organisation of filamentous cyanobacteria could have applications in the
design of artificial active filaments and in other applications such as the design of biofuel cells

[58l59].



Chapter 7

Cyanobacteria self-organisation in

confinement

7.1 Introduction

The ubiquity of cyanobacteria comes with the ability of these microorganisms to adapt to different
environments [199]. For example, filamentous cyanobacteria have been found to thrive in confined
spaces such as the pores of rocks [200-202]. The invasion of microorganisms in rock sculptures
causes cosmetic, chemical as well as mechanical damage [53]. Understanding the formation of

biofilms in confined spaces could help in the control of biofouling of porous structures.

One of the industrial applications of cyanobacteria is the production of biofuel, which involves
the growth of cyanobacteria in specialised fuel cells that turn light energy into bioethanol [203).
To achieve maximum photosynthetic efficiency, cyanobacteria require enough exposure to light
[204]. However, self-shading of filaments in dense biofilms limits light exposure to other fila-
ments in the biofilm, thereby reducing the efficiency of bioreactors [205]. Therefore, one way of
maximising the efficiency of these fuel cells is to increase light exposure by, for example, limiting
the thickness of the biofilm layer. However, there is a need to understand how such confinement
would affect the collective structure of cyanobacteria. This is what this chapter tries to explore.
The study of cyanobacteria in confinement could therefore help in the design of more efficient

biofuel cells of the future.

This chapter will highlight the experimental work I have carried out in order to understand
the distribution and collective structure of filamentous cyanobacteria in confined spaces. The
work presented here is intended to be matched by numerical analysis from my collaborators in
Loughborough, which will follow after the submission of this thesis. The major question that I
am trying to answer here is: how does the size or geometry of confinement affect the distribution
and collective structure of filamentous cyanobacteria? To answer it I designed and fabricated
microfluidic chambers of four different geometries, as described in the next section. This intro-

duces a new length scale, and I explore examples of strong and weak confinement, where this
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scale is smaller or larger than the average filament size, respectively. Each confinement geometry
had chambers of varying sizes to explore the effect of the size of confinement on the filamentous
cyanobacteria collective structure and distribution. Similarly, the four different geometries will
help to explore how cyanobacteria filament structure and distribution can be affected by the
shape of the confinement. As in the preceding chapters, the focus here will be on one species of

filamentous cyanobacteria, Oscillatoria lutea, one of the more well-studied cyanobacteria species.

7.2 Methodology

In order to study the structure formation of filamentous cyanobacteria in confinement, I designed
a microfluidic device around four different types of confining shapes, each with varying sizes,
as shown in The dimensions of the chambers ranged between 3 mm and 15 mm in
diameter for the circular chambers and all other shapes had similar dimensions (side lengths were
matched with the diameter of a corresponding circular chamber). The choice of the minimum
chamber size was influenced by the lengths of the filaments, which ranged between 1 mm and 3
mm, with a mean size of 1.5 mm as shown in

On the other hand, the choice of the maximum chamber size was motivated by the size of
the vortices observed in the study of filamentous cyanobacteria self-organisation, in
The diameters of the vortices were typically around 6 mm. Therefore, the idea was to have
confinement chambers that could at least hold one or two vortices, if they can form in confinement.
For this reason, the maximum size of the chamber size was set to 1.5 cm. On practical limitations,
I wanted uniformity in height across all chambers. The easiest way to achieve this was to make
all PDMS chips from the same master mould. Therefore, the choice of chamber sizes in my
experiments allowed all the designs to be made from a single wafer 10 cm in diameter. Another
potential limitation of the chamber sizes is the need to avoid the collapse of wider chambers due
to self-loading. This was not a concern in my designs as the expected deflection of the largest
chambers due to self-loading in the air [206] was found to be < 1 pm for a chamber width of 1.5
cm. The deflection should be much lower for a PDMS chip submerged in water, as was the case
in these experiments.

As described in[chapter 2] the designs were made in QCAD software [61] and were sent to JD
Photodata which manufactured a photomask. The photomask was used to fabricate a master
mould using photolithography, as described in section [2.1.1] The height of the raised surfaces on
the wafer was 39.1 & 0.6 pum, as measured by OCT (see section . The master mould was
then used to make PDMS chips using the soft lithography method given in section 2.1.2]

To fabricate the complete microfluidic device, the PDMS chip was first perforated to allow for
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Figure 7.1: A snapshot of confinement design in QCAD software. The white areas were the
regions that became transparent on the photomask. This allowed light to go through and cross-
link the SU-8 to form raised surfaces on the master mould. PDMS chips made out of the master

mould then had channels of the regions on the master mould with raised surfaces. See sections

and for the photolithography techniques employed.

easy diffusion of nutrients and gases in and out of the chambers, while restricting the movement
of filaments out of the confinement. The perforation was done using a 500 pm diameter puncher,
often described as a “biopsy punch”, as shown in M(b) This hand-operated device was
used to punch 500 pym wide holes about 1 mm apart across the whole area of the chamber,
as shown in The perforated PDMS chips were then primed in an oxygen plasma
cleaner alongside the base (a PDMS-coated well plate prepared as the PDMS chip, see
for details), to activate the surface for bonding. The primed PDMS chip and the base were
then bonded together by applying light pressure while avoiding contact between the walls of the
chambers and the substrate. This formed a complete microfluidic device, ready for experimental

use.

A solution of the culture media was then added to the well plate containing the microfluidic
device until the PDMS chip was completely submerged. The well plate was then placed in a
vacuum chamber for about 10 minutes to displace air out of the chambers, leaving the chambers
filled with culture media. The well plate was then taken out of the vacuum chamber and a

shaken suspension of filamentous cyanobacteria was added to each confinement chamber using
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a 0.5 ml syringe fitted with a needle with a diameter of 400 um. The well plate containing the

confinement chambers was covered and placed in an incubator before imaging. An example of a

complete device with cyanobacteria inside is shown in

(@

Figure 7.2: Filamentous cyanobacteria in confinement chambers. (a) Completed microfluidic
device with confinement chambers loaded with filamentous cyanobacteria (O. lutea). The con-
finement chambers were all submerged in culture media throughout the experiments to avoid
drying out of the samples. (b) The chambers were perforated by a PDMS puncher shown on the

right for easy diffusion of nutrients and gases.

The experiment was carried out in two different ways, which depended on how the samples
were stored. In the first experiment, a very dilute suspension of filaments was added to the
chambers and the chips were stored for 25 days while imaging the samples every 48 hours using
a confocal laser scanning microscope (Leica TCS SP5). This allowed the investigation of the
structure formation of filamentous cyanobacteria in confinement, where the density changed
through the natural growth of the biofilm. I called this a long-term experiment, consistent with
the naming in the previous chapter. The second experiment involved changing the density of
the filaments manually by sucking samples out of the chambers using a syringe before loading
new samples. Every setup was imaged after 72 hours using a confocal laser scanning microscope
(Leica TCS SP5), and then the chip was available to be emptied and reused. As in I
called this experiment a short-term experiment.

The loading of fresh samples helped to avoid the possible effects of ageing on structure
formation such as a gradual buildup of extracellular polymeric substances (EPS) and the creation
of nutrient concentration gradients. For example, for long-term storage of cyanobacteria in

chambers, the concentration of nutrients inside the chambers could go down with time, thereby
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creating a chemical or nutrient gradient. Such gradients may influence the behaviour of the
filaments in the chambers by, for example, causing them to accumulate around the perforations, as
I observed in a preliminary version of this experimental setup. Before deciding to drill uniformly
distributed and closely spaced holes, I had prepared confinement chambers with just four holes,
but cyanobacteria filaments accumulated at the holes, which I believe was triggered by nutrient
or oxygen gradients. To solve this problem, I drilled the holes as close as possible with a spacing
of about 1 mm and saw that the filaments did not accumulate around the holes anymore, but

rather spread out throughout the chamber.

7.3 Results

7.3.1 Filaments accumulate at the walls in circular confinement

In section [5.3.2] it was noted that isolated O. lutea filaments like to stick to straight boundaries,
hugging the walls for an average distance of about 500 pum before separating again. Again, in
section [3.3.3] it was found that these filaments have a preferred curvature of 0.5 mm~" when
they glide in isolation. If multiple filaments in confined chambers were to behave as they do
in isolation, and when individually interacting with walls, then I would expect to see filaments
confined to walls more when the radius of confinement for circular chambers is less than 2 mm,
equivalent to the lower bound of the measured radius of filament curvature in The
circular chambers in these experiments had radii of 1.5, 2.25, 3, 3.75, 4.5, 6, and 7.5 mm. I
hypothesised that filaments in the first two chambers would find it difficult to escape the walls,
thereby spending their time gliding along the walls. Filaments would then find it easy to escape
the boundaries and move between the walls and the central part of the chambers with a larger
radius than the observed radius of filament curvature.

Results from section [5.3.3] indicated that individual cyanobacteria filaments lose their pre-
ferred curvature when they interact with other filaments, thereby becoming more straight. This
behaviour, therefore, suggests that filaments in dense colonies could still be trapped along the
boundaries of the circular chambers even if the radius of the chamber was larger than the ob-
served radius of filament curvature of the isolated filaments. Indeed, this is what was observed
in my experiments, as shown in Here, the density of the filaments is higher along the
boundaries than at any other point in the chamber, for all the chamber sizes. In other words,
there is a significant wall-hugging effect seen in all cases.

To quantify the distribution of filaments inside the circular chambers, I calculated the density

of filaments at the pixel level, by computing the ratio of white pixels to the total number of pixels
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within a neighbourhood of 30 x 30 pixels. For filaments with a width of 2 pixels, a ratio of 1
corresponded to about 15 filaments per 8100 ym?. The average filament density within the
chamber was also computed by calculating the ratio of all the white pixels within the chamber
to the total number of pixels in the chamber. The average density was presented in filaments
per mm? as shown in It is noted that these density computations underestimate the
density of filaments where there are crossings and overlay of filaments but represent a reasonable

measure of the densities.
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Figure 7.3: Wall hugging effect of O. lutea in confinement. The density of filaments near the
boundaries is higher than in the interior of the chamber. Top rows: Graphs of radially averaged,
filament density against position along the radius of the chamber in short-term experiments show
that the density of the filaments is highest near the walls, even for larger confinement chambers.
The selected graphs are for circular chamber radii of 1.5, 3, 4.5, and 7.5 mm, as indicated on
top of the figure. Below the graphs are example images of the filament structure in respective
confinement sizes. Bottom rows: similar analysis but for long-term experiments. Here, at higher
chamber filament densities a ring forms as shown by insert images and as pointed by the arrow
in the plots. Also, there is a clear phase separation between the centre of the chamber and the
regions near the boundaries. Similar can be seen in the short-term experiments, but they were

not as distinct.

One interesting observation from the results in is the phase separation generated
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at higher filament densities. Here, especially in long-term experiments, I see the formation of a
bundle of filaments near but noticeably away from the walls. T also observed a nematic ordering of
filaments at the centre of the chamber, which later forced the filaments ringing the chamber into

a deformed shape (see |[Figure 7.4)), topology similar to that seen in confined microtubules [207].

It would be interesting to see if such results would be replicated by a simple numerical model,

like what my collaborators have done with the open-space experiments in the previous chapter.

Figure 7.4: Depletion and ordering of filaments at the centre of a circular confinement. The
ordering of the filaments around the centre of the chamber at high densities forces the ring into

a deformed shape. Similar topology has been observed in confined microtubules [207].

7.3.2 Filament structure in other confinement geometries

As highlighted in section [7.2] the study of filamentous cyanobacteria structure formation in
confinement was carried out in four different geometries, namely circular, square, triangular, and
negative curvature chambers, as shown in [Figure 7.5} The experiments in all the geometries were
carried out in the same way i.e. long-term experiments where filaments were grown in chambers
for 40 days while imaging the structure every 48 hours and short-term experiments where the
filaments were stored for 72 hours before imaging the structure formed and then being emptied
out for further experiments. There were 21 observations for each chamber size in the short-term
experiments, with varying filament densities. Here, I will highlight key the qualitative differences

observed in the structures formed in these four geometries. As shown in both the
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circular and square confinements have a clear spatial variation of filament density, with more
filaments seen closer to the walls than at the centre of the chamber. In both cases of confinement,
the walls effectively capture the cyanobacteria filaments. The formation of the bundles near the
walls could also be a result of the clogging of the filaments. However, in triangular and negative
curvature confinements, the structure is different, as the distribution of filaments there is fairly
uniform. More especially in the triangular confinement, filaments look almost evenly distributed.
A more quantitative analysis of these structures could be developed alongside some numerical

studies of the same phenomena together with my collaborators in Loughborough as future work.

(a) (b)

6 mm

(c) (d)

Figure 7.5: Comparing filament structure formation in four different confinement geometries.
In (a) and (b), more filaments are seen close to the walls than at the centre of the chamber,
suggesting that confinement walls of these shapes are good at capturing filaments or promoting
clogging of the filaments. There is also clear phase separation between a sparse internal phase of
filaments, and the dense wall-bound filaments in these two shapes. In (¢) and (d), filamentous
cyanobacteria filaments are fairly evenly distributed, which suggests that the walls of these shapes

either repel the filament or do not influence clogging near the walls.

7.4 Conclusion

In conclusion, this chapter highlighted some of the observations of the structure formation of
O. lutea in confinement. It was noted that some geometries force filaments to spend more time
closer to the walls than others. For example, in circular confinement, there was a higher density

of filaments near the walls than at the centre of the chamber. This generated a phase separation
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between a sparse internal phase of filaments and a denser condensation of wall-bound filaments or
the formation of a bundle of filaments near but slightly removed from the walls. The accumulation
of the filaments near the walls and the formation of a bundle of filaments near the walls of the
circular confinements could also be due to the clogging of the filaments that might be influenced
by the nature of the walls. The distribution of filaments in square confinements was similar
to that of circular confinements. However, in triangular and negative curvature confinements,
filaments were distributed almost evenly inside the chambers.

Therefore, through this simple qualitative analysis, the results have indicated that the shape
and shape of the confinement do affect the structure formed by filamentous cyanobacteria. Re-
sults from this study could be used in the design of micro-biofuel cells [58}|59,(208-210] especially
those aimed at ensuring uniform distribution of filaments across the chamber. In this regard,
one would design microchannels with either negative curvature or sharper internal boundaries.

The results presented in this chapter were limited as the analysis of the data is still under-
way and may continue beyond this thesis in the context of the studies of my collaborators at
Loughborough. From the comprehensive data collected from this study, more questions could be
answered later on. For example, one could want to understand how the size of the confinement
affects structure formation and generation of phase separation. Also, at low densities, the distri-
bution of filaments in the circular and square confinements was fairly uniform hence one could
also want to understand the critical density at which the phase separation occurs and how that
changes with confinement size. Such questions could be answered with further analysis of the

data collected, or with more experiments conducted.



Chapter 8

Summary and Outlook

This thesis has revealed a number of fascinating behaviours of filamentous cyanobacteria from the
single filament to collective interactions. In line with the goals of the project, these behaviours
have been quantified in different ways, revealing information which lays the groundwork for
further lines of investigation of filamentous cyanobacteria as active polymers. Here, I will present
the main new results from this thesis and explain the relevance of these results, both scientifically
and in practice. I will then conclude with some of the research questions that could be investigated

in the future.

8.1 Summary

8.1.1 Structural and mechanical properties of filamentous cyanobacte-
ria

In the mechanical properties of three related species of filamentous cyanobacteria,
namely K. animale, L. lagerheimii, and O. lutea were quantified. These species all belong to
the order Oscillatoriales and are of similar size and motile behaviour. This allowed for robust
validation of the internal consistency of my methods. I found that the mechanical responses
of all three species were similar to each other. The average bending stiffness ranged between
2.6-6.0x107'7 N m?, as measured by monitoring the bending of filaments under fluid flow in
a custom-built microfluidic flow cell. These observations were complemented by measurements
of the elastic modulus of the cell wall, through AFM techniques, and by measurements of the
thickness of the cell wall and its component layers, through TEM. By comparing the bending
stiffness to that expected from a hollow rigid cylinder, I showed that the resistance of filamentous
cyanobacteria to bending is largely due to the mechanical stiffness of their characteristically thick
cell walls.

These results were consistent with parallel measurements using a different method by my
collaborators at the Max Planck Institute for Dynamics and Self-organisation (MPIDS) [142].

The bending stiffness of filamentous cyanobacteria can be used to predict the variation of its shape
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under known forces and for modelling its behaviour and collective organisation, as demonstrated
by Ref [47]. It can also be used for the design of porous biofuel cells similar to those described
in 96,(97] that trap filaments while allowing the exchange of gases and nutrients between the

system and its surrounding.

Also in this chapter, it was demonstrated that isolated gliding cyanobacteria filaments take
on a well-defined circular shape. I measured the curvature of the gliding filaments by fitting
a circle to their shapes and found that, on average, the curvature of the filaments is about

0.5 mm~1!.

On the other hand, inactive cyanobacteria filaments, whose motion was halted by
reducing the temperature of their environment, were found to have irregular shapes, suggesting

that the smooth curvature of their natural state arises from the active forces within the filaments.

Finally, by considering one of the theories of the gliding motion of filamentous cyanobacteria,
which suggests that compressional forces in the fibril layer generate travelling waves that propel
the filament in the opposite direction [41}/42], T estimated the range of forces that could be
generated, based on the local curvature of the filaments. I, therefore, computed the maximum
axial stress in the cell wall of the filament and found values in the order of tens of kPa which
appear to be actively maintained by an internal distribution of forces as the bacteria move. These
results provide further insights into the understanding of the mechanical properties of filamentous
behaviour which could help uncover the exact mechanisms behind their gliding motion. The

majority of the work described in this chapter is published in Ref. [91].

8.1.2 Isolated cyanobacteria filaments motion

In I investigated the behaviour of isolated cyanobacteria filaments. The goal was to
identify features that are critical for modelling the behaviour of cyanobacteria filaments. Here,
I studied filaments gliding in isolation on the base of large well plates. Dynamic properties of
the filaments, such as the speed, angular drift rate, filament curvature, the curvature of the path
traced by the filament and the reversal frequency were quantified. I focused on one of the three
species studied in to ensure the depth of analysis.

Key results from this chapter were that O. lutea filaments tend to move in a clockwise motion
when they are in isolation and not disturbed by obstacles or boundaries. The speed of their gliding
motion was found to be 3.0 £ 0.7um s—!, while the curvature of the path varied with time. The
curvature of the filaments was similar to the instantaneous curvature of the path they traced.
Filamentous cyanobacteria are known for reversing their direction of motion [168}/172] and the
reversal frequency was analysed here by measuring the time between reversals. I observed 140

reversals during the combined 29 h of observations, representing an average of one reversal every
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12 minutes. Due to their preference for clockwise motion, O. lutea filaments maintained this type
of motion even after reversing their motion, rapidly readjusting their configuration to match their
curvature prior to reversing.

The results from this chapter can be used as building blocks for models of gliding motion or
collective behaviour of filamentous cyanobacteria, although some of the observed behaviours, in
particular the preferred filament curvature, were later found to change with filament density or

collective interaction, as found in [chapter 5

8.1.3 Collective interaction between filaments.

In the collective behaviours of O. lutea filaments were quantified. First, I looked at
how likely cyanobacteria filaments were to align with one another when they meet while gliding
on a substrate. Here, I observed a total of 400 interactions between filaments, and only 16 of these
resulted in alignment or anti-alignment of the filament motion. This represented a probability
of pairing up of only 0.04. The rest of the interactions saw filaments ignoring one another. This
behaviour is similar to other active polymers like microtubules [167] but shows a much weaker
level of interaction.

Focusing on the filament interaction events that lead to alignment, I measured the distance
through which the filaments travelled while aligned, which was found to be 427 4+ 197 pum (mean
+ SD). From the alignment distance, I was able to estimate the breakup rate of pairs or bundles
which was found to be 0.007 £ 0.004 s~ (mean + SD), representing a survival time of ~ 142
seconds. The breakup rate of the filaments was later used to predict the critical point for the
phase transition between a disordered "gas" colony of filamentous cyanobacteria and the well-
ordered state, in

T also investigated how filaments behaved when they interact with walls or boundaries. Here, I
measured the length over which cyanobacteria filaments glided along the walls after the collision.
It was found that, on average, filaments glided along the walls for a length of ~ 500 pym after
aligning. This distance was used to calculate the dissociation rate of filaments from the walls
and I estimated that, on average, filaments detach from walls at the rate of 0.006 & 0.003 s—!
(mean £ SD), representing a survival time of ~ 167 seconds. These results were similar to the
breakup rate of filaments in pairs or bundles.

Also, in chapters [3] and [] it was found that cyanobacteria filaments maintained a circular
shape as they glided on a substrate. However, this behaviour diminished with an increase in
filament density or rate of interactions, as observed in[chapter 5| There, I measured the curvature

of filaments in colonies of cyanobacteria with different filament densities and found that the
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mean curvature decreased with an increase in filament density. Indeed, physical observations in
higher-density structures showed that the filaments had generally lost their curvatures and their
preference for clockwise over counter-clockwise motion above densities of only ~ 10 filaments
per mm?. The distribution of the measured curvatures in dense systems showed a peak around
zero and this led to the modification of the numerical model developed by my collaborators
in Loughborough, where the preferred circular shape was dropped and a straight equilibrium

filament configuration was used.

8.1.4 Collective organisation in filamentous cyanobacteria

Having identified and quantified the key behavioural aspects of cyanobacteria filaments both
in isolation and collectively, the next step was to observe how collective interaction leads to
structure formation. In [chapter 6] I studied the structure formed by filamentous cyanobacteria
(O. lutea) in an open space by choosing an area in the middle of a well plate whose filaments’
behaviour was less likely affected by the far boundaries. I measured the orientational order of
the filaments in the central region of the plates in colonies with densities between about 1 and
100 filaments per mm? and found that the colony structure changes from a disordered "gas" to
an ordered nematic phase at densities between 40 and 55 filaments per mm?.

The conditions of the observed phase transition were in agreement with the predicted value
of a critical density of about 52 filaments per mm?, which corresponds to a density when the
rate of structure formation from interactions should exceed the rate at which order is lost by the
breakup of bundles. Furthermore, results from a simple numerical model using the parameters
measured in this thesis agreed with experimental observations. Various measurable parameters,
such as the size of the vortices in the collective structure, matched well between the experiments
and the simulations. For example, both the experiments and simulations showed that the sizes
of the vortices formed by filamentous cyanobacteria were about 1 cm in diameter. These results
were considerably advanced compared with previous studies [47]. The results from this chapter
tell us that the collective behaviour of cyanobacteria filaments could be predicted accurately by
a simple numerical model informed directly by the individual and pairwise interactions of the

bacteria directly measured under the microscope.

8.1.5 Cyanobacteria in confinement.

In preliminary results on the study of filamentous cyanobacteria in confinement were
presented. Unlike in where filaments were free to move in and out of the region of

interest, here the filaments were restricted to confinement chambers of four different geometries;
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circular, square, triangular and negative curvature.

The circular and square confinements forced more filaments to glide near the walls than the
middle part of the chamber. This differential filament density created a phase separation where
the region at the centre of these chamber shapes was sparsely populated but with filaments that
tended to still be well-aligned with each other, locally. In contrast, the region near the walls was
densely populated, forming a ring around the edge of the confinement chamber.

In triangular and negative curvature confinements, filaments were fairly evenly distributed
inside the chamber, at densities comparable to those that resulted in phase separation in circular
and square confinements. The conclusion here was that geometry affects cyanobacteria colony
growth patterns, and different confinement chambers can be used to achieve certain preferred
distributions of filaments in chambers. For example, when designing micro-biofuel cells [208-210]
as in [211] but using filamentous cyanobacteria, with the goal of ensuring uniform distribution
of the filaments, triangular or negative curvature confinement may be preferable. Uniform dis-
tributions of filaments in such chambers would reduce self-shading [205] thereby improving light

exposure and photosynthetic efficiency of biofuel cells.

8.2 Future outlook

This thesis has presented some interesting results on the mechanics, behaviour, order and self-
organisation of filamentous cyanobacteria. While the research has been extensive, there are still
some research questions to be answered. For example, in[chapter 3|the structural and mechanical
properties of filamentous cyanobacteria were measured and these were connected with the forces
that the filaments would generate leading to their gliding motion. However, gliding motion in
filamentous cyanobacteria is still not fully understood. Further research is required to have a
solid understanding of how filamentous cyanobacteria achieve gliding motion.

In I looked at the behaviour of isolated O. lutea filaments and found that their
speed is oscillatory in nature on a timescale that is long compared to e.g. filament rotation. One
biological question that could be asked is why they move in such a manner.

While investigating structure formation in I noted the formation of topological
defects but I did not study them fully, due to limited data and time. It could be interesting
to see if the topological defects formed by filamentous cyanobacteria have similar properties to
those that are formed by liquid crystals [212}213] or microtubules [214].

Finally, in confinement studies, the confinement chambers in this thesis only varied in width
while the height remained constant. It would be interesting to see how varying chamber height

would affect the distribution of filaments. The data gathered also has the potential for more
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detailed analysis.
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