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Abstract

Biofilms are diverse microbial communities that express complex mechanisms
and structures such as the extracellular matrix. They are notorious for their
impact on many human activities. Competing bacterial strains with different
aspect ratios are known to form complex patterns and sort vertically within
such communities. However, little is known about the cell shape’s effect on
competition and horizontal biofilm expansion. In this thesis, | study how bacterial
shapes can lead to a competitive advantage in biofilm growth. | measured the
growth rates of long and short E. coli mutants in a liquid medium and found them
to be equal. Contrarily, | found that the expansion rate on a surface was more
than twice as high for the elongated cells. | performed experiments where | mixed
the two strains under various conditions to investigate how their competition
leads to pattern formation. | found and quantified that long cells always dominate
on a macroscopic scale, even when inoculated at much lower concentrations
than short ones. My timelapse-microscopy work could be used as a starting
point for studying evolutionary diversity or give insights into combating or utilizing
biofilms.
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Introduction 1

1.1 Motivation

To explain how we arrived at the starting point of my thesis, | must rst talk about
the biological background.

Bacteria are prokaryotic organisms, i.e. single-celled organisms without a
nucleus and other membrane-bound organelles. Their genetic information is
contained in a single loop of DNA. Some bacteria have additional loops of DNA
called plasmids that allow them to express additional traits.

There exist many di erent kinds of bacteria with many di erent phenotypes.
Their sizes can range from 0.5 to 5 micrometer and their shapes can vary from
the common round cocci and cylindrical bacilli to much more exotic shapes.
They exist in all habitats on Earth. This includes extremely cold, hot, acidic, and
basic environments as well as the insides and outsides of plants and animals.

Bacteria are useful in many ways. Examples of applications are sewage treat-
ment, fermentation, farming, and the production of medicine and biomolecules.
They also live in the human body, primarily in the gut, and play an important
role in our health. On the other hand, they can also be harmful parasites or
pathogens and fast growth can cause problems rapidly. [1]

1.1.1 Escherichia coli

E. coli is the bacterial species used in this project. Itis a commonly used species
because it serves as a model system in microbiology [2]. E. coli is Gram-negative,
meaning that it has an outer membrane besides its peptidoglycan layer and
plasma membrane. It is anaerobic. This independence from oxygen allows it to



live in one of its favorite habitats: the human gut. The cells are rod-shaped with
typical diameters of 0:8 1um and lengths of 2 4pum.

Populations can grow fast due to the short generation time of about twenty
minutes (in good growth conditions). This allows for many generations to be
studied in a short time. The species has low nutritional requirements and grows
optimally at 37 C. In this thesis, | use variants of the REL606 strain, a variant of
the B laboratory strain used by Delbruck and Luria in 1940 [3]. This strain has
limited motility due to its lack of agella.

1.1.2 Biolms

Under certain conditions, such as on surfaces with su cient nutrients, bacteria
can organize into communities commonly referred to as bio Ims. These bio Ims
are typically dense colonies where the cells are physically touching. Many kinds
of collaborations happen within most bio Ims. Even di erent species can coexist
within one colony, often with speci c tasks.

One example of cooperation is the production of a so-called extracellular matrix.
This is a network of brous proteins and other molecules that provides the collec-
tive with a mechanical structure and protection against environmental stresses,
predation, and antibiotics. Other examples are the sharing of nutrients and
communication between individual cells and regions of a colony. Competition
within bio Ims has also been observed and can promote evolutionary diver-
sity. Flemming et al. [4] give a more thorough review of the known emergent
properties of bio Ims' communal lifestyle.

The growth in bacterial communities is typically di erent from that in liquid media.
This is partially due to the interactions between cells and partially due to spatial
constraints. With solid media, the colonies are con ned to their starting point.
There they deplete the local supply of nutrients which is slowly replenished by
di usive processes. As the colony expands the di usion to the center becomes

less and less to the point that the lack of nutrients causes growth to come to
a halt [5]. In this case, only the edge of the colony will have enough nutrients
to grow. Thus the growth scales with the circumference of a colony. A linear
relation can then be used to describe the expansion, contrary to the exponential
relation in liquid media. In this thesis, | only use cells that can passively slide
where this linear relation hold. However, it should be noted that many bacterial
species have some form of motility that individuals can use to move beyond the
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edge of a colony. An overview of the known ways bacteria can move is given by
Jarrell and McBride [6].

Pattern formation

Competition experiments are often used to study the dynamics and interactions
between species within a bio Im. In such experiments, two or more species are
mixed and cultivated together. Competition between species or strains within
a bio Im can cause segregation into multiple regions. A colony can start with
many small sectors, but this number quickly reduces as the colony expands and
one of the species outcompetes its neighbors. Each region can originate from a
single parent cell as shown by Hallatschek et al. [5]. Such sectoring of a bio Im
can reveal information about many of its features, especially when it comes to
the interaction between species and how a colony expands into new territories

[71.[8].

Figure 1.1: The cell shape a ects how cells organize in simulations of bio Im growth.
A) 2D simulations of bio Ims. Initial populations were labeled with red and
blue and grown at a 1:1 ratio. Di erent patterns emerge depending on the
elongated (long, L) or round (short, S) shapes of the cells. B) Distributions
of cell positions. P(z) is the volume-weighted histogram of cell z coordinates.
The SL mixture forms a layered structure with the long cells laying below
the short cells. This layering is absent in homogeneous mixtures (LL and
SS). Reprinted gures 2 A and B from [9].

One particular parameter is the cell shape. The e ect of cell shape in the
vertical direction was studied by Smith et al. [9]. They used an individual-based
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computational model describing how the aspect ratio a ects the organization of
cells. They show that di erent cell shapes lead to di erent patterns (Figure 1.1
A). Short cells create straight boundaries and elongated cells create fractal-like
patterns. When the two shapes are mixed they separate along the vertical axis
(Figure 1.1 B).

Figure 1.2: Experimental results of short-long competition by Smith et al. match the
simulations. A) WT (long, shown in blue) strains burrow under AK (short,
red) mutants. The top row shows a vertical slice. The bottom row show
horizontal slices taken at successive depths. Scale bars are 20um. B)
The volume fraction of AK cells as a function of depth. The AK cells are
more common at the top of the colony. C) The colony edge composition
is a ected by the cell shape. Long (WT, red) cells fully take over from the
short (AK, shown in blue) cells on the edge of the colony. The scale bar is
2mm Figures reprinted from [9]. A is Figure 5 A. B is a cutout of Figure 5
C. Cis a cutout of supplementary Figure S12.

Their simulations match the experiment they did afterwards as shown in Figure
1.2 A and B. Here they found both the fractal-like patterns and that the short
cells are biased towards the upper layers of the colony. In the supplementary
information, they show (Figure 1.2 C) that long cells completely surround the
inoculation drop. This implies that the elongated cells have an advantage over
the round cells when the colony expands. The main goal of this thesis was to
study in more detail how the cell shape gives this advantage to the long cells.

1.2 Thesis outline

In this thesis, | used the same E. coli strains as Smith et al.. These strains are
the wild-type REL606 (short notation WT) and its mutant REL606 mreB A53K
(AK). They are nearly identical apart from their shape [10]. The wild type is
much more elongated than the AK type as can be seenin gure 1.3.

Plasmids were added by Smith et al. to make imaging easier. These plasmids
cause the expression of either red (RFP) or green uorescent protein (GFP).
They are activated by and o er resistance to the antibiotic kanamycin. | note

1.2 Thesis outline
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(a) WT-G (b) AK-G

Figure 1.3: Micrographs of two strains of E. Coli REL606 mreB. The images were

taken by Liselotte Jau red while the cells were in the log phase of growth.
| upscaled the image by a factor of 10 and used an interpolation algorithm
to smoothen it. a) Wild-type. b) AK mutant.

the speci ¢ plasmids by a su x to the strain name with -R for red and -G for
green. So the four strains are then WT-R, WT-G, AK-R, and AK-G.

| took the following steps to gain an understanding of the interaction between
the two cell shapes.

A

N

A

A

At rst | discuss how we reproduced that the growth in liquid media was
identical for the four di erent strains as reported by Smith et al. [9] and

Monds et al. [10]. On top of that, we quanti ed the growth in our speci c

experiment.

Secondly | discuss how | measured the expansion rates on a surface. |
did this for the wild-type and AK mutant independently to see how they
compare without interaction.

After that | explain the main part of the thesis: the competition experiments.

Here | show my reproduction and quanti cation of the pattern formation
as shown by Smith et al.. | expanded on this by studying how variations in
the initial cell concentration and the ratio between strains a ect the pattern
formation.

Finally | share my conclusions and give recommendations for future work.

There is an appendix at the end of the document with recipes and additional
gures. High-resolution versions of gures can be downloaded from https:
/Isid.erda.dk/sharelink/f2hHPZUpz6

1.2 Thesis outline

5



Growth rate

In this chapter, | study the growth rate of our E. coli strains. In the literature, it
has been shown that the growth rates in liquid media are practically identical for
both strains, although the lag times are shorter for the AK strain [10].

We wanted to reproduce this result and also con rm that the red and green
uorescent labels did not cause a competitive di erence. On top of that, we
guanti ed new aspects of the bacterial cells we work with. We measured three
di erent aspects of the growth: the optical density, the cell concentration, and the
cell shape and size. The experiments in this chapter were done in collaboration
with fellow student Trang Nguyen.

| start this chapter with the necessary theoretical background. This is followed by
the experimental methods we used. The last part is dedicated to the measured
growth rates and cell shapes.

2.1 Bacterial growth

Bacteria reproduce through a process called binary ssion. In this process
they rst duplicate their DNA, then the cell elongates and nally splits into two
identical daughter cells. A controlled, closed, liquid environment is a well-studied
example of such growth. In such cell cultures, the population goes through four
distinct growth phases as shown in gure 2.1.

Figure 2.1: Diagram of bacterial growth phases in a closed environment. Reproduced
from [11].

The rst phase is the lag phase. This is the start-up time during which the
bacteria adjust to their new environment and prepare for fast growth. This fast



growth happens in the exponential or log phase where the number of bacteria
increases at a xed growth rate. The name comes from the exponential relation
for the population size N:

N = Ny €' (2.2)

where N- is the quantity at the start of the experiment, t is the time, and r is the
growth rate. In the third phase, the environment has changed to the point that the
population size becomes stationary. This is caused by either nutrient depletion
or toxi cation from waste produced by the bacteria. The nal phase is the death
phase where large-scale bacterial death ensues, but without replacement from
new cells. The population decrease is also exponential but at a much lower rate
than the growth rate.

Measuring population size

Figure 2.2: A diagrammatic view of the CFU method. A) Place a drop of cell culture
of a given size and dilution factor on a plate. B) Use a cell spreader to
homogenously cover the surface. C) Incubate until the single cells have
grown into visible colonies. D) Count the number of colony-forming units.

In this section, | describe two commonly used methods of estimating bacterial
population sizes. The rst method counts so-called colony-forming units (CFUS).
This is visually explained in gure 2.2. It works by spreading a drop of diluted

cell culture onto a petri dish with a nutrient-rich substrate. The viable cells on
the substrate are left to grow until they form clearly visible colonies. Counting
the number of colonies then gives the number of cells in the diluted drop. The
concentration of cells in the culture can be calculated from the drop volume,
dilution factor, and number of colony-forming units. It is crucial that culture is
diluted far enough before spreading to ensure that colonies don't overlap and
will be miscounted as only one CFU. The number of cells per petri dish should

2.1 Bacterial growth
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be Poisson distributed because the deposition of each cell is an independent
event if diluted correctly.

Another way of estimating the population size is by measuring the optical density
of a culture. The cell concentration and absorption of light are related through
the Beer-Lambert law [12]:

OD = Iogll—: c | (2.2)
0

Here OD is the optical density, 1o and | are the incident and transmitted light
intensities respectively. is the attenuation coe cient. It is a media and cell-
type speci c constant. cis the concentration and | is the pathlength of the
light. The linear relation between the cell concentration and optical density
makes this method easy to use. It is also much faster to execute than counting
colony-forming units. A downside is the necessity of determining the attenuation
coe cient for the speci ¢ bacterial strain of interest if an exact cell count is
desired.

2.2 Methods

Some preparation steps needed to be taken before the interesting experiments
could be done In the rst step, we made a streak plate for each strain with cells
from the frozen stock. We took the cells from the stock in the 80 C freezer
with the tip of a wooden stick. After that, we streaked them onto minimal media
plates in a zigzag pattern as shown in gure 2.3 A. Such plates consisted of
minimal media (M63 salt + glucose, recipe in supplementary section 7.2.1) and
were solidi ed with 1.5% agar. It should be noted that all media in this thesis
had 30pm=ml kanamycin in them to prevent contamination and to promote the
expression of the plasmids in our strains. Then | placed the plate in an incubator
at 37 Cfor one night, such that the colonies formed by single cells were visible
to the eye. In the end, | placed the plates in a fridge for storage, so they could
be used for multiple experiments afterwards.

The next step was to start overnight cultures with the required cell types. We

did this by selecting a single colony from a streak plate from the previous step.

These cells were then placed in a falcon tube containing 1 ml of minimal media
as shown in gure 2.3. We incubated the culture overnight at 37 Cto ensure
there were enough cells to perform an experiment with and to have all of these

2.2 Methods
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Figure 2.3: Overnight culture preparation. A) Streak pattern from frozen stock to grow
monoclonal colonies to dilute the cells to the point that a single cell can
form a monoclonal colony. B) Pick one monoclonal colony after the cells
on the steak plate have grown into visible colonies. C) Place the cells in a
Falcon tube with liquid media. Let the new cell culture grow overnight.

cells in the stationary phase. The tubes were rotated in the incubator to prevent
the formation of unwanted bio Ims.

In Figure 2.4 | show how we used this overnight culture in our practical imple-
mentation of the steps required to measure the parameters of interest. We
made a new culture by diluting the overnight cultures by a factor of 100 to a
nal volume of 5ml. l.e. we pipetted 50ul of overnight culture into 4:95ml of
minimal media. After that, we placed this new culture in the incubator and
measured the aforementioned quantities at regular intervals. However, for the
shape parameters, we only collected a single time point in the log phase and
another in the stationary phase.

Optical density

The optical density was measured with the IMPLEN NanoPhotometer C40
spectrometer. This device measures the OD at 600nm. For the rst time step,
we took a sample from the overnight culture. For all time steps after that, we
took samples from the new culture.

Colony forming units

In the CFU counting part of our experiment, we aimed for a dilution factor and

volume such that the number of cells in the drop was on the order of one hundred.

This way the colonies were su ciently far apart to grow independently, but the
count was high enough for an accurate concentration estimation.

2.2 Methods
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Figure 2.4: A schematic depiction of the experiment. One culture was prepared for
all three measurements. Samples were taken from this culture at regular
intervals to measure the cell shape, optical density, and number of colony-
forming units to determine the concentration.

To achieve this at each measurement time, we took a sample out of each culture
and diluted these samples on the order of 10* to 10° (exact factor depending
on cell size and OD). We then spread drops of 100ul onto solid minimal media
plates (1.5% agar) and left them in the incubator overnight. This was repeated
on three plates for each strain and time to account for random uctuations in the
cell count. Afterwards, we took pictures of the plates and counted the number
of colonies. An example plate is shown in Figure 2.5. Finally, we calculated
the cell concentration C = \',“ D 'where N is the average CFU count, D is the

drop !

dilution factor, and Vyyp is the drop volume.

2.2 Methods
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Figure 2.5: An example plate with colony forming units. The medium was minimal
media (M63 salt + glucose, 1.5% agar). The strain was wild-type with
plasmids expressing red uorescent protein. The number of colony-forming
units was counted as 142.

Cell shapes

For characterizing the cell shapes, Professor Liselotte Jau red took microscope
images of the cells in the log phase and in the stationary phase. She took
uorescence microscope images of the green strains because only the GFP has
a bright enough emission to resolve single cells and their shape. For this, she
used the Nikon ECLIPSE Ti-timelapse microscope with a 100x magni cation oil
objective. Images were taken after three hours when the cells were in the log
phase and after the second overnight when they were in the stationary phase.

Figure 2.6: A schematic depiction of how | approximate the E. Coli cell shape. Itis a
cylinder with spherical caps of a given width and length.

I manually measured the length and width (as de ned in gure 2.6) of a cell by

placing the line tool in Fiji ImageJ along its length or width. The measure button
then gives the length of this line. | used these shape parameters to calculate the
aspect ratio and volume of each measured cell. The aspect ratio is de ned here
as the length divided by the width. The volume was calculated by approximating
the cells as cylinders with spherical caps as in gure 2.6. This cell volume is

2.2 Methods
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then given by Veen = 5 (3W)*+ (3W)2(I  w), where w is the width and | is the
length.

2.3 Concentration results

Figure 2.7: The optical density and concentration of the four strains WT-R, WT.G, AK-R,
and AK-G as a function of time. Main gure) A semi-log plot of the OD of
each strain. The solid lines are exponential ts to the data they overlap with.
See Table 2.1 for t parameter results. The dashed parts of the lines are
extensions of the ts. Inset) The concentration of each strain, as calculated
from the average number of CFUs of three plates per time point. The error
bars are standard deviations. The t results are again shown in Table 2.1.

I show the results for the optical density and concentration parts of the experiment
in gure 2.7. In both experiments, the four strains (WT-R, WT-G, AK-R, and AK-
G) started at similar OD values and concentrations, although the wild-type strains
had slightly lower values. In the log phase, there were noticeable di erences
between the wild type and AK strains. After the log phase, the strains again had
similar OD values and concentrations.

We measured the growth rates in the log phase by making exponential ts for
both experiments. The used t function was of the form Air; expt r, where
Ai=o Is the quantity at the start of the experiment, t is the time, and r is the growth
rate. See table 2.1 for the t results. The solid part of the lines corresponds to

2.3 Concentration results 12



Strain | ODwo [rop (W ") [ Cizo (Ml ) [ repu (h 1)
WT-R | 11 102| 064 | 25 10 0:71
WT-G | 13 102| 066 | 23 10 0:90
AKR |20 102| 064 | 09 10 0:96
AKG |22 102| 064 | 26 10 0:80

Table 2.1: Fit results for the exponential phase of the optical density and concentration
measurements. OD= and Ci=o are the optical density and concentration,
respectively, at the start of the experiment. rop and rcgy are the corre-
sponding growth rates.

the data used for the ts. The dashed parts are extensions of the t results that
highlight the longer lag time of the wild-type cells (compared to the AK mutants)
but also that both strains grew equally long to reach the stationary phase.

In the OD measurements, the growth rates were practically the same. However,
the starting values were quite far apart. The dashed lines show that the short
cells entered the log phase almost immediately after pipetting into the new
culture, whereas the wild type had a much longer lag time. Of the second
overnight culture, only the OD result is shown. The optical density stayed
practically constant during this overnight, so we can safely conclude that the
culture was in the stationary phase.

The concentration data (inset in gure 2.7) told a more ambiguous story. All
strains also showed exponential relations, the t results are again shown in table
2.1. But there was much more variation and no clear pattern between strains
due to large variations in CFU counts.

The relation between OD and concentration is shown in supplementary gure 7.1.
It is potentially useful for setting up future experiments but shows no particularly
interesting results.

2.4 Cell shape results

Example images of cell shapes in two di erent growth phases are shown in
gure 2.8. Itis clear to see that both strains had smaller cell sizes at the later
time step. The di erence in the number of cells per picture is simply a re ection
of the di erence in culture concentration. Some of the cells were partially out of
focus due to not being aligned with the focal plane. These cells were excluded
from the analysis. | quanti ed the di erences in size and shape by measuring

2.4 Cell shape results
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