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A B S T R A C T

The morphology of bacterial colonies can provide plenty of information about how the cells adapt

and overcome different changes in the environment. In this project, a novel approach to study three-

dimensional bacterial colonies by growing them in semi-solid media is proposed. The colonies are

later imaged and quantified, allowing a comparison between morphologies of multiples bacterial

strains whose main difference is the deletion of structures responsible of adhesion and motility

processes. After growing the bacterial strains in different conditions, diverse phenomena are observed

such as more elongated colony shapes as the stiffness of the media increases or the appearance of

microcolonies around a main colony for motile strains growing at 0.5% agar concentration. The later

being reproduced with a modification to the Eden growth model, known to describe the formation

of specific types of clusters such as bacterial colonies. Overall, with the experimental techniques

employed, the morphological differences observed seem to have a greater dependence with the

environmental conditions rather than with the structures deleted in the strains.
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1

I N T R O D U C T I O N

Bacteria are single celled microbes that can be found in almost every habitat on Earth. They reproduce

by binary fission, a process where a bacterium divides into two identical cells. In general, in in vitro

experiments bacteria grow on top of solid media where they form colonies, a mass of microorganisms

originating from a single or few cells. The colonies can present different forms, elevations or margins.

The colony morphology is frequently used by the scientific and clinical communities as an auxiliary

mean to identify bacterial species, because of their different and specific growth patterns [1],[2]. The

question of why the shape of the colonies changes, has been gaining attention recently because it is

thought to be an expression of how bacteria adapt to different environments [3]. However, many of the

studies focus on two-dimensional colonies. There is plenty of experimental data sets and mathematical

models about them [4].

New research lines study how this two-dimensional colonies become three-dimensional [5], since

these results can have an important impact on the understanding of biofilms. A biofilm is a complex

three-dimensional microbial association, that may be formed by multiple or single microbial species,

anchored to surfaces [6]. The cells on it are protected against many environmental stresses, such as

antibiotics, and these structures are considered to be responsible for 65% of bacterial infections [7].

Understanding how bacteria from single species form colonies in three dimensions will be an enor-

mous step in the right direction to the description of even more complex phenomena. One of the first

things that can be studied is the morphology of the colony, which is still unknown.

The aim of this thesis is to study the morphology of E.coli colonies growing in three dimensions. To

do so, an experimental data set is required. The colonies can be formed by growing single cells inside

a semi-solid media to later be imaged with a confocal microscope. Once the experimental images are

obtained parameters to quantify the differences between morphologies will be proposed.

Considering that the shape of the colony contains a lot of information, different bacterial strains will

be grown and quantified. More precisely, the bacterial strains studied present deletions of different

structures found on the bacterial surface that are related to bacterial motility and adhesion processes.

Additionally, a reproduction of the experimental results will be attempted by modifying a theoretical

framework, the Eden growth model, used to describe the growth of specific types of clusters such as

bacterial colonies [8].

1



1.1 T H E S I S O U T L I N E 2

1.1 T H E S I S O U T L I N E

This thesis starts with an overview of the biological system studied in Chapter 2. This is followed

by a briefly presentation of the imaging systems used to recollect the experimental data in Chapter 3

and a description of the parameters chosen to quantify the different colony morphologies in Chapter

4. Chapter 5 explains the experimental methods followed and the results of these are presented and

discussed in Chapter 6. Chapter 7, which gives an outline of the mathematical model used to obtain

in silico results comes next. The results of this are seen and discussed in Chapter 8. Finally the

conclusions and future work are described in Chapter 9.
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B I O L O G I C A L B A C K G R O U N D

Bacteria are prokaryotic microorganisms that appear in different sizes, usually between 0.5 µm and

5 µm, and shapes such as spheres, filaments or rods. They are the most abundant organism on Earth

and can be found almost everywhere including extreme environments as hot springs or even radioactive

waste [9]. Bacteria are important in numerous industrial processes as the production of aliments and

medicines. Even though in the human body most of the bacteria are harmless or involved in beneficial

processes, some pathogenic bacteria can cause infectious illness, in many of these infections bacteria

organise as biofilms.

Bacteria reproduce by binary fission, before dividing bacteria have to grow. They do so by a

complex process involving numerous reactions. If bacteria grow under ideal conditions, such as a

homogeneous rich medium, they can divide in the time scale of minutes. However, in heterogeneous

environments with poor nutritional levels the division is suggested to occur as slowly as years [10].

Under controlled conditions, bacteria can grow as a batch culture where they have a fixed amount

of food provided by a liquid medium. In a batch culture bacteria experience four different growth

phases. The first one is the lag phase where the growth is essentially zero, it finishes when the initial

population doubles and its length can vary. The second phase is the exponential one, cell growth is the

fastest possible. In this phase the doubling time, time it takes for a cell division to occur, of the bacteria

can be computed. When there is no net growth in the culture the stationary phase begins. In this third

phase cells still grow and divide but the number of new cells it is balanced with the number of cells

dying. The final phase of bacterial growth is the death phase, characterized by a net loss of viable cells.

Real systems do not have to follow the previous phases, figure 1. For example, bacteria growing in

colonies may compete for local resources. To know how bacteria grow in three-dimensional colonies

is one of the reasons that makes the understanding of the colony geometry relevant.

Figure 1: Bacterial growth curve in a batch culture. The four different phases can be appreciated by the
comparison between number of cells in the culture, in logarithmic scale, over time. Image from [11].

3



2.1 B AC T E R I A L M OT I L I T Y 4

2.1 B AC T E R I A L M OT I L I T Y

Bacterial motility is a process where bacteria can move by their own means by expending energy. It is

the key to the emergence of several biological phenomena such as biofilm formation. Bacteria can

move through liquids or over moist surfaces by a wide range of mechanisms [12], that can be seen in

figure 2:

• Swimming: Individual movement where planktonic bacteria rotate its helical flagella to create a

thrust force that moves them forwards in liquid media [13].

• Swarming: Multicellular and rapid movement of a bacterial population across solid or semi-

solid surfaces powered by rotating helical flagella. Leads to bacterial migration in groups of

tightly bound cells. It is dependent on the ability of surface-adhering bacteria to undergo a

differentiation process characterized by the production of specialized swarm cells [14].

• Twitching: Form of crawling bacterial motility used to move over surfaces powered by the

extension and retraction of pili. It is required to form microcolonies in young biofilms [15].

• Gliding: Movement independent of propulsive structures such as flagella or pili that involves

focal adhesion complexes. It allows bacteria to move over surfaces and along surface of low

aqueous films [16].

• Sliding: Passive surface translocation powered by the pushing force of dividing cells and

facilitated by a surfactant [17].

Figure 2: Schematic representation of the mechanisms behind bacterial motility. The direction of movement is
indicated by black arrows and the responsible structures as coloured elements.

Regardless the motility type, bacteria react to stimuli using complex sensory systems that allow them

to move to the most optimal environment. How most of the motility mechanisms work remains

unknown and most of the studies focus on bacterial movement over surfaces. On this thesis we have

the opportunity of gain some knowledge whether some of the processes will occur when colonies are

formed in a semi-solid media.



2.2 E S C H E R I C H I A C O L I 5

2.2 E S C H E R I C H I A C O L I

Escherichia coli was the bacteria chosen for this project. It is a coliform bacteria that in its natural

habitat lives in the digestive track of healthy mammals. There are pathogenic strains that colonize

healthy organisms and produce infections of different severity [18].

For growing inside solid media we work with Escherichia coli K-12 [19], that was first isolated from

the stool of a convalescent diphtheria patient in California, since it is a well studied model system.

It is usually used in laboratories because it functions well. It has a short generation time and low

nutritional requirements, making its growth robust in different media. E.coli grows optimally at 37ºC

and can live in a petri dish for several weeks. This bacterium genome is well understood, this allows

to perform modifications to it in an easy way with the help of bacteriophages or plasmids.



3

I M A G I N G T H R E E D I M E N S I O N A L C O L O N I E S

When studying biological structures three-dimensional imaging is often required for its depth informa-

tion. Optical sectioning microscopy generates two-dimensional images stacked to form a volume and

allows us to image biological systems in good physiological conditions [20]. Lightsheet microscopes

and confocal microscopes are some of the available optical sectioning devices, these provide powerful

means to eliminate the background caused by out-of-focus fluorescent light.

3.1 F L U O R E S C E N C E I M AG I N G

Fluorescence microscopy is based on a variety of fluorescent probes that specifically target molecules

or cells. Fluorescence emission occurs when a fluorescent molecule absorbs light of a certain excita-

tion wavelength [21]. This light absorption excites the fluoropohore to an unstable state and when it

decays back to its ground state a fluorescent light of a specific wavelength is emitted.

This process can be visualized via a Jablonski diagram in figure 3A. A photon of a certain energy,

hν, excites electrons from their ground molecular orbital state to a higher unoccupied molecular

orbital. After absorbing energy from the excitation light, the electron is first relaxed by a non-radiative

process to one of the lower vibrational sublevels. Then, the electron relaxes back to its ground state by

emitting a photon of a certain energy hν′. This emitted light is what is called fluorescence. Due to

the dissipation of energy the emitted photon has a lower energy than the incident photon (hν > hν′)

producing a shift in the wavelength that allows the use of fluorescence to image different systems.

Therefore, a fluorescent molecule has two important spectra, illustrated in figure 3B. Its emission

spectra gives the probability a molecule will emit a certain wavelength and the excitation spectra gives

the probability that a molecule will be excited by a light of specific wavelength. Both spectra present

an absolute maximum and the distance between them is known as Stokes shift. To make the detection

of fluorescence easier it is important to work with fluorophores with a big enough Stokes shift .

A common problem of fluorescence microscopy is photo bleaching, an alteration of a fluorophore

molecule such that it can no longer be detected because it is unable to fluoresce permanently. It can

happen due to long exposure of a sample or exposition to a very high intensity light.

6



3.2 C O N F O C A L M I C RO S C O P Y 7

Figure 3: (a) Jablonski diagram illustrating the energy state transitions leading to a non-radiative decay and
the subsequent emission of fluorescence. (b) Example of excitation and emission spectra for a
fluorophore. The excitation range can be seen in blue and the emission in green. The Stokes shift
between maximums it is also included.

3.2 C O N F O C A L M I C RO S C O P Y

Confocal microscopy is an excellent tool for making measurements in cells, when used appropriately

allows fluorescence quantification with high spatial precision.

Confocal microscopes aim to overcome limitations of traditional wide-field fluorescence microscopes.

It uses point illumination and a pinhole to eliminate out-of-focus signal [22]. Since only fluorescence

really close to the focal plane can be detected the image’s optical resolution increases at cost of a

decreased signal intensity.

The confocal features are shown in figure 4. A coherent light emitted by the laser system acts as

the excitation source. This laser passes through a pinhole aperture situated in a confocal plane with

a second pinhole in front of the detector and a scanning point on the specimen. Then, the light is

reflected by a dichromatic mirror and scanned across the sample in a certain focal plane. A secondary

fluorescence emitted from points on the specimen pass back through the dichromatic mirror and are

focused as a confocal point at the detector pinhole aperture creating a two-dimensional image [23].

Scanning through a range of focal planes allows for the reconstruction of a three dimensional image.

In this thesis the bacterial colonies are imaged with confocal microscopy techniques. These were

chosen after considering relevant factors in the obtainment of images.

The objective lens used determines the overall resolution of the system. Resolution in optical systems

is commonly accepted to be the minimum separation distance between two sample features that

enables them to be distinguished as separate in the final image. It can be quantified as a function

of the light wavelength (λ) and the numerical aperture (NA) of the optical system. The numerical

aperture is defined as the half angle of the cone of light focused or collected by the objective (θ) and

the refractive index n of the mounting medium:

NA = n · sin(θ) (1)
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Figure 4: Schematics of the elements in Confocal Laser Scanning Microscopes. The laser beam passing through
a light source aperture can be seen. This is then focused into a small area on the surface of the sample
by an objective lens. The images of are built up pixel-by pixel by collecting the photons emitted from
the sample fluorophores. Image from [24].

The Rayleigh criterion is a rule of thumb to estimate the smallest lateral resolution [22]. It considers

two identical points to be barely discernible when they are separated by:

d = 1.22 · λ

2 · NA
(2)

Another important factor is the penetration depth. It is a measure of how deep light or any electromag-

netic radiation can penetrate into a material. Due to absorption and scattering, penetration depth is

generally limited to 50–100 µm for confocal microscopes.

Resolution and penetration depth are magnitudes dependent on each other since a higher numerical

aperture increases the resolution of the system but at the same time limits the depth at which the

sample can be imaged. That is because a bigger NA decreases the distance from the objective lens to

the surface of the plate of the sample.

Confocal microscopy provides a better resolution and penetration depth compared to other optical

sectioning techniques, but it is slower, making it less suitable to live-cell imaging. In this study we

focus in the morphology of bacterial colonies, and this is not likely to change during the pixel-by-pixel

image reconstruction, so CLSM is the best option for this project.



4

C O L O N Y Q U A N T I F I C AT I O N

Multiple parameters can be extracted from experimental data. To quantify the colonies formed in

semi-solid media I considered some three dimensional structural parameters commonly used to

classify other biological data sets such as biofilms [25]. Although the definition of the quantities is

relatively straight forward interpret the results of those is not trivial.

The parameters can be classified in two categories, Textural or Volumetric parameters [26].

4.1 T E X T U R A L PA R A M E T E R S

The texture is defined as the appearance, or consistency of a surface or substance. In an image, can

be described as a repeating pattern of local variations in its intensity and provides information about

spatial distribution of intensity levels in a vicinity.

Textural parameters quantify the structure of the colony by comparing visual components, all of them

are obtained from the grey level co-occurrence matrix (GLCM) [27]. GLCM is a matrix with number

of rows and columns equal to the number of grey levels, in 8-bit images goes from (0, 255), and

shows how often pairs of pixels with specific values and in a specified spatial relationship occur in an

image. In three dimensions the GLCM is obtained from the spatial dependence matrix in each of the

directions. In the X direction the spatial dependence matrix is defined as:

PX = {Px(a, b)} =


Px(0, 0) Px(0, 1) . . . Px(0, 255)
Px(1, 0) Px(1, 1) . . . Px(1, 255)

...
...

. . .
...

Px(255, 0) Px(255, 1) . . . Px(255, 255)

 (3)

Where Px(a, b) is the number of times the grey level changes from a→ b in the X direction between

neighboring pixels for all the image stacks. In the Y and Z directions the spatial dependence matrix is

computed in an equivalent way.

PY = {PY(a, b)} =


PY(0, 0) PY(0, 1) . . . PY(0, 255)
PY(1, 0) PY(1, 1) . . . PY(1, 255)

...
...

. . .
...

PY(255, 0) PY(255, 1) . . . PY(255, 255)

 (4)

9
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PZ = {PZ(a, b)} =


PZ(0, 0) PZ(0, 1) . . . PZ(0, 255)
PZ(1, 0) PZ(1, 1) . . . PZ(1, 255)

...
...

. . .
...

PZ(255, 0) PZ(255, 1) . . . PZ(255, 255)

 (5)

The GLCM is computed by normalizing the spatial dependence matrix, which is a sum of the three

dependence matrix directions PXYZ = PX + PY + Pz, by dividing it by the sum of all the counts:

[ GLCM] =
[ PXYZ]

∑ PXYZ
= [ PN ] (6)

In this study three textural parameters will be computed from the GLCM.

4.1.1 Homogeneity

The textural homogeneity measures similarity of image structures that are close in space. It is

normalized with respect to the distance between changes in texture. The bigger the value the more

homogeneous is the image structure. Can be computed as:

H =
Na

∑
1

Nb

∑
1

1
1 + (a− b)2 · PN(a, b) (7)

From the expression we can see that changes in neighbouring pixels with big differences in its grey

level number contribute less to it than changes in neighbouring pixels with smaller transitions in their

grey level values.

4.1.2 Textural Entropy

The textural entropy is a measure of randomness in the grey scale values of the image. The higher the

textural entropy, the more heterogeneous is the image. Can be computed as:

TE = −
Na

∑
1

Nb

∑
1

PN(a, b) · ln(PN(a, b)) (8)

For completely uniform images the textural entropy becomes zero.

4.1.3 Energy

The textural energy is a measure of regularity in patterns of pixels and it is sensitive to the similarity of

their shapes and the orientation of the clusters. A small energy value indicates that repeated patters of

pixels clusters are frequent while a higher value means a more homogeneous image without repeated

patterns. Can be computed as:

E =
Na

∑
1

Nb

∑
1

PN(a, b)2 (9)
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4.1.4 Example

All this parameters can be better understood with a simple example. In the figure 5A, we have a

completely white image meaning that the textural entropy will equal zero and both the energy and

homogeneity equal one. In an image with a single element, 5B, the entropy increases and both the

energy and homogeneity start decreasing. Since the definitions of energy and homogeneity are quite

similar the difference between them can be clearly seen when looking at figures 5C and 5D. Image

5C incorporates an additional cluster shifted vertically, consequently there is a pattern of repeating

clusters in the vertical direction but the shapes of the two clusters are the same, meaning that the

energy will decrease more than the homogeneity. This same effect happens in figure 5D where the

decrease in energy is again bigger than the one in homogeneity because is produced by directional

changes in the pattern of pixel clusters.

Figure 5: Images to describe how the textural parameters behave. The more circles the images include the
bigger the entropy, oppositely the energy and homogeneity decrease. The energy takes into account
directions, so if the circles are placed regularly it decreases faster than the homogeneity.

Image Homogeneity Textural Entropy Energy

A 1 0 1
B 0.99 0.17 0.95
C 0.98 0.26 0.92
D 0.94 1.59 0.44

Table 1: Numerical results of the textural parameters computed for figure 5. The difference between energy and
homogeneity becomes more clear in the values of the last image.

4.2 VO L U M E T R I C PA R A M E T E R S

Volumetric parameters are related to the shape of the colony and describe the morphology of it. So,

to compute them we need images where the cell colony is clearly differentiated from the void. This

is done by image segmentation, specifically by thresholding, where all the pixels below a chosen

value become zero (void) and all the pixels above the threshold become one (biomass). In this project

we worked with three volumetric parameters: Averages run lengths (in X,Y and Z), aspect ratio and

fractal dimension.
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4.2.1 Average run length

The average run length can be computed for each direction and it is defined as the average number of

cell pixels found consecutively in the image. It can be found by dividing the total number of pixels

over the total number of runs. In our system it will give an insight of the dimension of the colony.

4.2.2 Aspect ratio

The aspect ratio in three dimensions is defined as the relation between the average run lengths in the

X (AXRL) and the Y (AYRL) direction. In this project if the measured aspect ratio is around one

the colony is symmetric in X and Y. When the quantification of colonies is performed the X and Y

directions are defined randomly, therefore the aspect ratio is computed placing the higher average run

length on the numerator. Hence, all the aspect ratios will be bigger than one.

if AXRL > AYRL→ AR =
AXRL
AYRL

; if AYRL > AXRL→ AR =
AYRL
AXRL

(10)

4.2.3 Fractal dimension

In fractal geometry, a fractal dimension is a ratio providing a statistical index of complexity comparing

how detail in a pattern changes with the scale at which it is measured [28]. In our system the fractal

dimension will measure the roughness of the colony boundaries. Since we work in a three dimensional

system its value should vary from one to three, the closer we got to three the more irregular the colony

surface is.

There are many ways to compute it but we will use box-counting method, also known as the Minkowski-

Bouligand dimension [29]. This determines the fractal dimension of a set S in a Euclidean space Rn

by lying the object on an evenly spaced grid and counting how many boxes are required to cover the

set. The dimension is obtained by seeing how this number of boxes changes as the grid becomes finer:

dimbox(S) = lim
ε→0

log N(ε)

log(1/ε)
(11)

Where N(ε) is the number of boxes of side length ε required to cover the set.

4.3 S TAT I S T I C A L A N A LY S I S

A correct statistical analysis allows to compare differences between parameters quantified from

colonies belonging to different strains.

Having a certain data set of N elements there are several ways of defining a typical value from it, but

the best estimator is the mean, µ̂.

µ̂ =
1
N ∑

i
xi = x̄ (12)
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The uncertainty of the mean, σ̂µ, can be computed as:

σ̂µ =
σ̂√
N

; σ̂ =

√
1

N − 1 ∑
i
(x1 − µ)2 (13)

Where σ̂ is the standard deviation of the data set.

If two data sets want to be compared a Student T-test can be used to analyze differences among means

[30]. A T-test allows us to compare the average values of the two data sets and determine if they came

from the same population. This technique can be applied if the data collected comes from independent

observations, each sample should belong to only one group, there are not significant outliers in the

data sets and the data for each group is approximately normally distributed. To perform a T-test three

numerical values from each data set are needed:

• The mean of each data set, µ1 and µ2.

• The standard deviation of each population, σ1 and σ2 .

• The number of samples of each group, n1 and n2.

If the groups that want to be compared have a different number of total samples the Tval is computed

as:

Tval =
µ1 − µ2√
σ2

1
n1

+
σ2

2
n2

(14)

The previous expression it is also known as Welch’s t-test [31]. The null hypothesis is that all

populations means are exactly equal, when the null hypothesis is true Tval is exactly zero. Higher

values of Tval indicate that a large difference exists between the two sample sets.

Even though the Tval gives an idea whether the data sets are equal, to determine if these are statistically

different needs to be accompanied with the number of degrees of freedom D f reed:

D f reed =

(
σ2

1
n1

+
σ2

2
n2

)2

(
σ2

1
n1

)2

n1 − 1
+

(
σ2

2
n2

)2

n2 − 1

(15)

The number of degrees of freedom gives the specific T-distribution followed, in our case a two tailed

distribution, and allows to compute a pval . The pval represents the probability of observation under the

null hypothesis, and can be compared to a common significance level, α. In this study the significance

is set to α = 0.05. If the pval is smaller than α it can be said that the distributions are statistically

different and the null hypothesis is false.



5

E X P E R I M E N TA L S T U D Y

5.1 B AC T E R I A L S T R A I N S

The bacterial strains utilized in this project are mutants of MG1655, known as the strain chosen for

the first published sequence of a wild-type laboratory strain of E.coli K-12 [32]. MG1655 has been

maintained as a laboratory strain with minimal genetic manipulation.

A total of five strains, listed in table 2 were studied in this thesis. Four of them are strains with specific

deletions in genes encoding various bacterial surface structures that are important, among other things,

for bacterial motility and adhesion processes [33].

Name, Relevant Characteristics Reference

MS613 MG1655 K-12 reference (F-lambda- ilvG- rfb-50 rph-1) strain [19]

MS428 MG1655 ∆fim [34]

MS427 MG1655 ∆flu [35]

MS528 MG1655 ∆flu∆fim [34]

NM109 MG1655fliC::kan appendix B

Table 2: List of the strains used in the thesis. All of them are mutants of E.coli K-12. The table includes their
relevant characteristics and reference.

Since MG1655, MS613, is the least genetic manipulated strain available from now on we refer to it

as wild type or WT.

MG1655∆ f lu, MS427, is a strain which carries a deletion in the gene encoding the auto-transporter

protein antigen 43. Antigen 43 is a handshake protein that confers characteristic surface properties

such as autoaggregation and a frizzy colony morphology [36]. It is important for cell–cell aggregation

and cellular chain formation. Large amounts of this protein are expressed, approximately 50,000

copies per cell, in the outer membrane of various bacterial species including E. coli.

The MG1655∆ f im, MS428, strain does not express pili, also known as type I fimbriae. Pili are

filamentous adhesive organelles of 1− 2 µm long found in the surface of bacteria [37]. They are

important for cell-surface and cell-cell adhesion. Its expression is essential for the pathogenicity of

gram-negative bacteria. A double mutant MG1655 ∆ flu∆ fim, MS528, that does not express pili nor

antigen 43 was also available.

Lastly the strain MG1655fliC::kan, NM109, is presented. This strain does not express flagella.

14
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Bacterial flagella are helically shaped structures containing the protein flagellin that are involved in

numerous locomotion processes [38] briefly introduced in chapter 2.

(a) Structures deleted in the different strains
(b) E.coli transmission electron microscopy image

Figure 6: (a) Representation of the structures suppressed in the cell strains used in the project. Antigen-43, with
an exaggerated shape and size, are sketched in yellow and pili in turquoise. Flagella are drawn in
purple and are responsible of many of the motility processes bacteria can perform. (b) Transmission
electron microscopy images of E.coli. Pili, marked with a P, and flagella, marked with an F can be
observed. Antigen-43 is too small to be visualized in the scale that corresponds to 1 µm. Image from
[39].

All the different structures can be visualized in figure 6, these are thought to be critical in the

early stages of biofilm formation. So, looking at differences between colony morphologies for the

different strains plenty of information can be gained. For example, discrepancies between ∆flu and

∆fim colonies could indicate that autoaggreation mediated by antigen-43 is somehow blocked by

fimbriation as is suggested in some studies [40].

All the strains were kept frozen without a fluorescence plasmid, but some of them were also

available as two different labeled strains containing a fluorescence plasmid, pVS130 expressing

cyan fluorescent protein or pVS132 expressing yellow fluorescent protein [41]. This plasmids were

previously introduced in WT, ∆flu,∆fim and ∆flu∆fim strains by a transformation process. In the case

of the non-flagellated strain ∆fliC a chemical transformation, which protocol is described in appendix

C, was performed during this study to generate two new strains containing each of the fluorescent

plasmids that the other strains already incorporated.

5.2 M OT I L I T Y A S S AY

A swimming assay gives information about the ability of a particular bacterial strain to move in a

semisolid media. The migration in this assay is aided by chemotaxis as bacteria move to regions with

higher nutrient levels.

To perform the assay 1 µl of overnight culture is inoculated in the center of a Petri dish that contains

media with a particular agar concentration. The whole protocol can be seen in appendix D. Swimming

is usually tested in plates containing a 0.3%(w/v) of agar or even smaller. Since the aim of this thesis

is to study colonies in semi-solid media it is more interesting to observe the motility of the strains in

concentrations bigger or equal than 0.3%. So, in this assay higher agar concentrations are used and is
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more appropriate to call the experiment a motility assay rather than a swimming assay.

To know if the motility was influenced by several types of environmental stress, apart from a different

agar concentration, the motility was tested in plates with changes in the nutritional properties of the

media.

Therefore, the final assay was performed for three different media: Lysogeny broth (LB), M63 minimal

media (MM) and M63 minimal media supplemented with casamino acids (MMCA) for Petri dishes

with five possibles agar concentrations 0.3%, 0.4%, 0.5%, 0.6% and 0.7%. How the different media

and plates were prepared is explained in appendix A. At the end, every strain was tested under a total

of fifteen different conditions.

5.3 C O L O N Y F O R M AT I O N

The principal experiment of this project is the growth of three dimensional bacterial colonies in

semi-solid agar. The main idea is to place isolated bacteria in a thin layer of semi-solid media where

they can grow in a three-dimensional space.

The experiment starts with an overnight culture of a desired bacterial strain. In an overnight culture a

single colony from a solid plate is placed in 3 ml of LB media supplemented with antibiotics, and

put in the incubator at 37ºC for 8 h with shacking. Since the number of cells in the colonies used for

the overnight changes every time, a good way to known the final number of cells in the solution is

measure its optical density (OD600) with an spectrophotometer. A description of how this is done can

be found in appendix F. From this value the number of cells in the solution can be easily estimated

and in general for saturated cultures it is around 109 cells/ml.

Knowing the OD600 value of the overnight culture, this culture can be repeatedly diluted until obtain-

ing a solution of around 1 cell/µm. It usually takes 3 dilutions, in each of those 10µl of the previous

solution is placed in 1 ml of fresh LB media as can be seen in figure 7.

When the desired concentration is obtained 10 µl of this are placed in an Eppendorf tube containing

1 ml of a certain media with a certain agar concentration supplemented with antibiotics that until that

point has been placed in a block heater at 55 ◦C where the agar is in liquid state. For the particular

plasmids that the strains in this project include, pVS132 and pVS130, the Eppendorf tube should

contain ampicillin and additionally IPTG. IPTG is a molecular biology reagent that in this system

chemically induces the expression of the plasmids [42].

Once the bacteria are mixed with the agar the whole content of the tube should be poured quickly into

a glass bottomed Petri dish. When the agar solidifies the dish is placed in the incubator for as long as

wanted. The complete protocol for this experiment is described in appendix E.

Following this protocol the final thickness of the agar layer in the Petri dish is around 300 µm. This

value is appropriated as we want to avoid a really thick agar layers where differences in the colonies

can arise as a consequence of the depth in the layer where they grow. So, after a certain incubation

time the observable colonies should present a diameter around 300 µm. If colonies are bigger than

that will indicate that they have reached the top of the plates and their growth is not three dimensional

anymore.
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The experiments were performed so the final agar concentration in the plates was 0.5%. About

the nutritional media of the plates, three different media were available and tested to decide which one

was more convenient:

• Lysogeny broth, colonies reached the appropriate size after 12h of incubation.

• M63 Minimal Media, colonies reached an appropriate size after 15h of incubation.

• M63 Minimal Media supplemented with casamino acids, colonies reached the appropriate size

after 14h of incubation.

Comparing the incubation time and the performance under a confocal microscope, is to say the level of

background noise of each media, M63 minimal media was the one chosen to perform the experiments.

Figure 7: The figure shows the main steps that need to be followed to grow three dimensional bacterial colonies.
In particular shows how the serial dilution is usually performed, from the first dilution of the saturated
overnight culture, once its OD600 value is known, to the one where the diluted content is mixed with
the agar placed in the heater and the later pouring of its content in a glass bottomed Petri dish.
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5.3.1 Effect of Agar concentration

With the experimental setup described in the previous section, a simple change in the agar concentration

of the media where the colonies grow will allow us to study a phenomenon observed in other

investigations. Mitchell and Wimpenny [43] studied multiple bacterial species growing at different

agar concentrations. They grew subsurface colonies and observed motile species producing large

colonies at low agar concentrations that changed its behaviour above a critical value between 0.5%
and 0.6% (w/v) agar. The bacteria produced then small lenticular colonies independent of an increase

to even higher concentrations.

The mechanisms behind agar concentration changing the colony morphology have not been determined

yet, but it seems that the greater the concentration the more elongated the colonies are expected to

be. To test this result, the growth of three dimensional colonies was performed in two additional

semi-solid medias:

• Petri dishes with lower agar concentration, 0.4%(w/v).

• Plates with higher agar concentration, 0.6 %(w/v).

5.3.2 Image processing

The colonies were imaged with a LEICA SP5 confocal microscope. In the setup at our disposal the

microscope had eight different excitation wavelengths: 405, 458, 476, 488, 496, 514, 543 and 633 nm.

As presented in section 5.1 each strain was available containing two different plasmids: pVS130

eCFP and pVS132 YFP. The spectra of these fluorophores can be seen in image 8. Comparing the

spectra and the usable wavelengths we can see how the required excitation wavelength for the YFP

fluorophore is available in the setup. Therefore, it was clear that the study should be developed with

the mutants containing the YFP plasmid. Hence, colonies were imaged with the laser of wavelength

514 nm and a detection length typically placed between 525 and 580 nm.

Figure 8: Plasmid Spectra of YFP and CFP, from Invitrogen’s spectra viewer [44]. Comparing the maximum
of the excitation spectra with the available excitation wavelengths it seems more reasonable to work
with mutants including YFP.
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An air objective NplanL20x0.40corr∞/0− 2/C506057 was chosen to visualize the colonies,

since objectives with higher magnification had really small apertures and the signal intensity emitted

by the cells was not good enough to image them with greater precision.

Once the confocal microscope generated the stacks some image processing was needed before

proceeding to quantify the colonies following the guidelines given in chapter 4. FIJI (Fiji Is Just

ImageJ) [45] was the software chosen for that. The image processing workflow followed in this

project can be summarized as:

1. Remove initial and final stacks of the imaged colonies.

2. Apply background noise reduction. Required for some of the colonies. It was done by adjusting

the Brightness/Contrast since the background was relatively even across the images.

3. Compute textural parameters following section 4.1 definitions. This is done with a custom

python script.

4. Apply threshold to distinguish the colony from the void. Threshold following the Otsu method

[46]: binarization algorithm that involves iterating through all the possible threshold values and

calculating a measure of spread for the pixel levels each side of the threshold.

5. Perform a 3D binary interpolation, included in the 3D ImageJ Suite plugin [47].

6. If the colony is partially hollowed:

• Find boundary of the colony with: Find Edges. Process included in the FIJI processing

menu. It uses a Sobel edge detector to highlight sharp changes in intensity in the image

[48].

• Close the edges of the colony with: Binary -Close. It is included in the FIJI binary

submenu and performs a dilation operation, followed by erosion [48].

• Fill the closed colony sections with: Binary -Fill holes. It is included in the FIJI binary

submenu, and fills holes, defined as four connected background elements, in binary objects

[48].

Repeat previous steps until a completely filled colony is obtained.

7. Compute Volumetrical parameters following section 4.2 definitions. This is done with a custom

python script. To compute the fractal dimension just the colony surface is required so the filled

colony has to be processed with Find edges one last time.

Figure 9: Figure to illustrate different steps of image processing for the same slice of a colony. In figure A the
colony after subtracting the background noise can be seen. In figure B a threshold has been applied
and step six has been performed until obtaining a filled colony. In figure C the edges of the colony are
found to compute its fractal dimension.
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In figure 9 the same slice of an experimental colony is shown at different points of the image processing

steps. Figure 10 shows a three dimensional reconstruction of the colony where the cross section comes

from for the same steps as figure 9. This reconstruction is done with 3D Viewer FIJI plugin [49].

Figure 10: Three-dimensional reconstruction of the colony shown in figure 9 for each of the described processing
steps in that figure.

In the first processing step it is said that final and initial colony stacks have to be removed. This can

be explained looking at how the experimental colonies are imaged. The stacks are obtained once two

Z-positions are defined. The first Z-position is defined when the colony is not visible yet, and the last

one is chosen once the colony shape has completely faded. But the colony fading in this last slice does

not implies that it ends there. When using confocal microscopy the excitation light has to penetrate

the sample as the focal point moves deeper into the colony, meaning that the material between these

will absorb an scatter some of the emission and excitation light. So, when we image a colony we are

only able to gain information about its bottom half. This half starts fading as we reach a certain depth

in the sample, and since we are working in three dimensions the spatial configuration of the colonies

can change so the depth when the fading starts varies between different sections of a same colony.

Therefore, for each colony a cutoff in the Z stacks needs to be done. This cutoff is done when some

section of the colony starts fading. A colony before and after this cutoff can be seen in figure 11.

Figure 11: Figure showing the same colony before (A) and after a cutoff (B) in the Z stacks. The images show
the maximum intensity X-projection of the colony.
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E X P E R I M E N TA L R E S U LT S

In this chapter the most relevant results obtained from the experimental methods are presented and

discussed.

6.1 M OT I L I T Y A S S AY

The motility assay results were obtained after incubating the plates for 24 h at 37ºC. The plots show

the biggest diameter the cells achieved from its inoculation point. The Petri dish used in the assay

had a diameter of 96 mm and in some conditions the bacteria reached the edge of this, therefore, the

maximum dish diameter is included in the figures as it acted as a limit in the spreading. The plots do

not include error bars since each point correspond to a single measure. For the discussion of results we

consider 0.3%-0.4% as low agar concentrations, 0.5% as medium agar concentration and 0.6%-0.7%
as high agar concentrations.

Even though the plots show the values after 24 h hours of incubation the plates with M63 minimal

media as nutritional source were left 24 additional hours in the incubator to discard a low motility as a

consequence of a smaller doubling time. The results obtained after that time were not significantly

different.

Figure 12: Motility assay results of the wild type (WT), MG1655 strain. The maximum diameter value versus
the agar concentration is plotted for each media: M63 minimal media (MM), Lysogeny broth (LB)
and M63 minimal media supplemented with casamino acids (MMCA). A different behaviour between
the three media can be observed, this becomes more clear as the agar concentration decreases.

21
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In figure 12 the results of the assay for the wild type strain (WT) are plotted. Looking at them, it is

clear that a dependence exists between the nutritional level of the media and the efficiency of the cell

movement. In low agar concentrations cells are able to move no matter the media, however, the higher

the nutritional level the bigger is the maximum distance achieved. In medium agar concentration the

movement in MM is significantly reduced, while LB and MMCA do not experience such a big change.

For higher agar concentrations, as the cells stop moving, the difference between mediums becomes

negligible.

(a) Motility assay ∆flu strain (b) Motility assay ∆fim strain

Figure 13: (a) Motility assay results of the strain with a deletion in the gene encoding antigen 43, ∆flu. (b)
Motility assay results of ∆fim which does not express pili. In both figures the maximum diameter
value versus the agar concentration is plotted for the three media. The maximum diameter achieved,
for all media, is reduced as the agar concentration increases.

(a) Motility assay ∆flu∆fim strain (b) Motility assay ∆fliC strain

Figure 14: (a) Motility assay results of ∆flu∆fim, the double mutant that does not express pili nor antigen 43.
The maximum diameter value versus the agar concentration is plotted for the three media. The
maximum diameter achieved, for all media, is reduced as the agar concentration increases. (b)
Motility assay results of ∆fliC strain which does not express flagella. The maximum diameter value
versus the agar concentration is plotted for the three media. No bacterial movement was noticed in
the experimental plates no matter the media or agar concentration.

Figure 13(a) shows the results of the assay for ∆flu strain, the mutant with a deletion in the gene

encoding antigen 43. Figure 13(b) plots the points obtained for ∆fim strain, the mutant without pili

and figure 14(a) the double mutant results ∆flu∆fim. The three strains behave similarly under the same

conditions. A dependence with the nutritional media is also observed at low agar concentrations, but

as the concentration increases the motility is equally reduced. In MM cell motility is just perceivable

at 0.3% agar. For MMCA and LB media the overall motility of these strains seems to be reduced if it
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is compared to the results obtained under the same conditions for the WT strain. This means that even

all the mutants present flagella their expression is not sufficient to achieve the same motility efficiency

as the wild type cells.

In figure 14(b) the experimental results of the ∆fliC strain, the non-flagellated mutant, are plotted. In

this strain there was no perceptible motility no matter the media or agar concentration, this motivates

the conclusion that flagella are the principal responsible of bacterial motility in this experiment.

However, as seen in the rest of the mutants having only flagella does not mean that the cells will be

able to achieve the most efficient mechanism of motility. To explain why this happens two hypothesis

are proposed. In the first one it can be said that there are other structures apart form the flagella

important for bacterial motility, in the second one the reduction of motility in the mutants can be seen

as if an over-expression of other structures block the normal production of flagella [50].

In general, seems that the higher the nutritional level of the media the further the cells can move under

a same agar concentration. This can be for metabolic reasons but it is also possible that the different

media components affect the stiffness of the plate, as seen in some studies [51] where salines and richer

media present a shift in its elastic moduli value when prepared for the same agarose concentration. So,

even though the plates of different media were made with the same agar concentration to provide an

equal stiffness fluctuations in the real value of it can be found.

Since the media chosen to grow the three-dimensional colonies is M63 minimal media, it is worth it

to compare the motility of the strains on it. In figure 15 the motility assay for all the strains in MM

are plotted. The only agar concentration were all the strains are able to move is 0.3%, even though

the WT strain moves much more than the rest. Comparing the mutants, at 0.3%, we see that the

non-flagellated strain is the one that moves the less, followed by the strains with pili deletion. For

concentrations higher than 0.3% the only strain that is able to move is the WT.

Figure 15: Motility assay for all the strains in M63 minimal media. The maximum diameter achieved versus
the agar concentration is plotted for each strain. The maximum diameter is reduced as the agar
concentration increases for all the strains.

In the main experiment of this project colonies were grown in 0.5%(w/v) agar, in this value the only

strain with motility observable in a macroscale is the WT. However, the maximum distance achieved

by it is not big enough to compromise the formation of colonies. The formation of colonies could also

tell if some of the other strains are motile in a microscale.
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6.2 C O L O N I E S I N 0 . 5% AG A R C O N C E N T R AT I O N

In this section, the colonies grown in M63 minimal media with an agar concentration of 0.5% are

presented and quantified. The five strains were imaged after an incubation time of 15 h. The study

concluded with 39 samples of the wild type strain (WT), 21 of the mutant with a deletion in the gene

encoding antigen 43 (∆flu), 17 of the strain that does not express pili (∆fim), 15 of the double mutant

(∆flu ∆fim) and 23 of the non-flaggelated cells (∆fliC). The full data set can be found on [52].

Table 3: Colonies at 0.5% Agar concentration. The table shows maximum intensity Z-projections of colonies
imaged after 15 h of incubation time. There are three colonies per strain and the scale is the same for
all images.
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Table 3 contains some of the colonies obtained experimentally, they have been chosen to show

as many morphologies as possible. Some of them look quite spherical, for example in the second

column of ∆fim, but its surface seems far from being uniform, as can be seen in the third column

of the ∆flu∆fim strain. Nevertheless, the vast majority of observed colonies deviates from a round

shape. They often present protuberances or a more elongated shape, as may be seen in the first

column of ∆fim. The more elongated morphologies tended to appear more frequently in some of the

experimental plates than in others.

Aside from the overall morphology of the colonies an interesting phenomena was also observed, this

is discernible in the first column of the WT strain. Some of the colonies presented small fluorescent

aggregates, from now on called satellites, around them. Table 4 contains more colonies that presented

satellites, these were just observed in the WT strain.

Table 4: Maximum intensity Z-projections of colonies that present satellites after 15 h incubation time in MM
and 0.5% agar. All the images correspond to the WT strain.

Knowing the differences between the motility of WT and the mutants in M63 minimal media and

0.5% agar concentration, lead us to think that the emergence of satellites is a direct consequence of

bacterial motility. Its formation can be thought as if they appear when some bacteria, presumably in

the colony surface, are able to detach themselves from the aggregate and move on its surroundings

until they stop and start growing as another aggregate. This satellites can be observed as compact

aggregates of around 10 µm and the colonies where they appear are typically accompanied by a noisy

signal around its surface. In the whole data set of WT just 9 colonies presented this anomaly and they

appeared in Petri dishes where colonies without satellites were also growing.

Except for the colonies that present satellites, looking at the images it is difficult to tell if a colony

belongs to one strain or another. A colony quantification is required to try to find some differences

between strains. The colonies were quantified following the steps described in section 5.3.2. The

distributions of the different parameters for the strains can be seen in appendix G. Once a parameter

is computed for all the samples of one strain a T-test can be performed to compare this results with

the other strains. The T-test will tell if the populations are statistically different and its results are

analyzed under a significance of α = 5% (pval = 0.05).

The distributions of the different parameters can be seen as box plots. This representation is chosen

because it is a standardized way of displaying distributions of data, and the spread out of its values,

with a five number summary:

• Maximum, the largest data point excluding outliers, seen at the end of the top whisker.

• Minimum, the lowest data point excluding outliers, seen at the end of the bottom whisker.
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• Media, the middle value of the dataset, represented as a notch.

• First quartile, median of the lower half of the dataset, seen at the bottom of the box.

• Third quartile, median of the upper half of the dataset, seen at the top of the box.

The box plot shape will show if a statistical data set is normally distributed. If the median is in the

middle of the box and the whiskers are about the same on both sides of the box, then the distribution

is normal. If the median is closer to the bottom of the box the distribution is positively skewed.

Otherwise, the distribution is negatively skewed. The outlier points are represented as white circles

and the plots also include the mean of the distribution, represented as a black dot.

Energy

The box plot of the energy at 0.5% agar concentration for the different strains is shown in figure 17.

Smaller values of textural energy correspond to more frequent patterns of pixels clusters, the strain

with the smallest mean energy is ∆flu, whereas the strain with biggest mean energy is ∆fliC.

The results of the statistical test to compare the results can be seen in table 5. Looking at the pval it

is clear that WT is significantly different of ∆flu and ∆fliC, and that these two are also significantly

different between them. The strains that present pili deletion ∆fim and ∆flu∆fim are not statistically

significant of any strains, this can be explained by looking at their distributions in figure 44 and figure

45 in appendix G. One of the conditions to perform a T-test is that the variables should be normally

distributed and the distributions of these strains look more uniform. If these strains are actually not

different from the rest could be known by increasing the number of experimental points and obtaining

a more normal distribution.

Entropy

Figure 20 shows the box plot of the entropy at 0.5%(w/v) agar for the different strains. Bigger values

of textural entropy correspond to more heterogeneous images, the strain with the biggest entropy

mean value is ∆flu, whereas the strain with smallest mean value of entropy is ∆fliC.

Looking at the pval , in table 5, it is clear that WT is significantly different of ∆flu and ∆fliC, and that

these two are also significantly different between them. The double mutant, ∆flu∆fim is significantly

different of ∆fliC but not from any other strain, and ∆fim is not statistically significant of any strains.

Again, this results can be explained by looking at their distributions in appendix G, figure 49 and

figure 50.

Homogeneity

The textural homogeneity box plot at 0.5% agar concentration for the different strains can be seen

in 23. A bigger homogeneity is related to more homogeneous images, the strain with the biggest

homogeneity mean value is ∆fliC and the one with the smallest is ∆flu. This results agree with the

ones obtained for the textural energy, but it is important to note that the homogeneity values are bigger
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than the energy ones. Homogeneity measures repeating patterns of pixels clusters and energy takes

into account directional variations in the pattern of these, a disruption in the homogeneity of an image

results in a faster decrease of textural energy than textural homogeneity.

Looking at table 5 WT is significantly different of ∆flu and ∆fliC strain, and that these two are also

different between them. The double mutant, ∆flu∆fim is different of ∆fliC but not from any other

strain, and ∆fim is not statistically significant of any strains. Their distributions, figure 54 and figure

55 in appendix G, are again more uniform than normal.

Energy Entropy Homogeneity

Tval pval Tval pval Tval pval

WT / ∆fliC -2.61 0.012 2.89 0.005 -3.35 0.0014

WT / ∆flu 2.48 0.017 -2.25 0.028 1.988 0.051

WT / ∆fim -0.87 0.39 0.94 0.35 -0.94 0.35

WT / ∆flu∆fim 0.42 0.67 -0.69 0.49 0.562 0.579

∆fliC / ∆flu 4.48 6.17e-5 -5.13 7.1e-6 5.27 4.3e-6

∆fliC / ∆fim 1.12 0.27 -1.33 0.192 1.39 0.175

∆fliC / ∆flu∆fim 1.90 0.070 -2.45 0.0229 2.633 0.015

∆flu / ∆fim -2.47 0.020 2.65 0.013 -2.27 0.031

∆flu / ∆flu∆fim -0.84 0.41 0.60 0.55 -0.61 0.545

∆fim / ∆flu∆fim 0.93 0.35 -1.27 0.21 1.174 0.249

Table 5: Table showing the Tval and pval of the quantified textural parameters for the colonies growing at 0.5%
agar concentration. This results are analyzed under a significance of α = 5%.

Aspect Ratio

Figure 26 contains the box plot for the aspect ratios of the different strains at 0.5%(w/v) of agar. By

how it is defined in chapter 4 the aspect ratio is never smaller than one, meaning that the closer it is to

one the more spherical a colony is. The bigger the aspect ratio the more asymmetrical or elongated is

the shape of the colony. The strain with bigger mean aspect ratio is ∆flu and the strain with smaller

aspect ratio is ∆fliC.

By looking at the pval in table 6 the only distinguishable strains are ∆fliC with WT and ∆flu. In

general the T-test of the aspect ratio tells us that the populations are equal over the strains. This

matches with the observed colonies, where the same variations in colony morphology are observed no

matter the strain.

Fractal Dimension

The box plot for the fractal dimension at 0.5% agar concentration can be seen in figure 29. Since

we study three dimensional objects, its value is expected to be between one and three. The higher

the fractal dimension value the more irregular the surface of a colony is. The strain with the most

irregular surface is WT, whereas the more regular surface is observed in the ∆fim strain.
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When performing a T-test with significance of α = 5% the only strains statistically different are WT

and ∆fim.

As seen in the appendix G figures all the strains present similar distributions and are far from being

close to three. Therefore, it begs the question on whether the fractal dimension quantification depends

on the magnification used to image the colonies.

Aspect Ratio Fractal dimension

Tval pval Tval pval

WT / ∆fliC 2.87 0.0058 0.56 0.572

WT / ∆flu -0.6227 0.53 1.57 0.124

WT / ∆fim 0.86 0.39 2.481 0.018

WT / ∆flu∆fim 0.875 0.38 1.054 0.29

∆fliC / ∆flu -2.91 0.0072 0.636 0.528

∆fliC / ∆fim -0.844 0.409 1.22 0.23

∆fliC / ∆flu∆fim 1.493 0.150 0.062 0.95

∆flu / ∆fim 1.25 0.21 0.652 0.518

∆flu / ∆flu∆fim 1.33 0.192 -0.810 0.423

∆fim / ∆flu∆fim -0.18 0.85 -1.672 0.106

Table 6: Table showing the Tval and pval of the quantified volumetric parameters for the colonies growing at
0.5% agar concentration. This results are analyzed under a significance of α = 5%.
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6.3 C O L O N I E S I N 0 . 4% AG A R C O N C E N T R AT I O N

In this section the colonies grown in M63 minimal media with an agar concentration of 0.4% are

presented and quantified. The five strains were imaged after an incubation time of 15 h. The study

concluded with 2 samples of the wild type strain (WT), 7 of the mutant that does not express antigen

43 (∆flu), 7 of the strain with a pili deletion (∆fim), 8 of the doble mutant (∆flu ∆fim) and 5 of the

non-flagellated strain (∆fliC), the full data set can be found on [52].

Table 7: Colonies at 0.4% Agar concentration. The table shows maximum intensity Z-projections of colonies
imaged after 15 h of incubation time. There are three colonies per strain and the scale is the same for
all images.



6.3 C O L O N I E S I N 0 . 4% AG A R C O N C E N T R AT I O N 30

For the wild type no compact colonies were observed in this agar concentration, as can be seen

in table 7. The WT bacteria spread inside the agar without forming a solid colony, this behaviour

was observed by eyesight where the colonies in the plates looked much bigger than expected. For

the rest of the strains there was no bacterial spreading in the media. The different behaviour can

be explained by looking at figure 15 where can be seen how the WT strain increases its motility at

0.4%(w/v) regarding 0.5%(w/v) but the rest of strains remain in-motile under the change. Observing

this motility supports that the satellites observed for WT could have an origin in the same phenomena.

The colonies at 0.4% agar concentration presented overall a more spherical shape, this can be seen at

the third column of ∆flu or at the first ∆fim column. However, its surface was also far from uniform

in most cases.

In this concentration it is difficult too to tell if a colony belongs to one strain or another, a quan-

tification of the colonies is required. In this case the WT colonies are excluded, since the images

obtained are not comparable to the rest. Regardless the number of points in the data set being small,

a T-test under a significance of α = 5% is performed to have an idea of the differences between strains.

The Energy box plot can be seen at figure 16, the strain with biggest mean value is ∆fliC, and the

smallest mean value is observed in ∆fim. Figure 19 shows the Entropy box plot, the biggest entropy

belongs to ∆fim and the smallest to ∆fliC. The Homogeneity box plot can be found in figure 22, the

strains with biggest and smallest values concur with the ones for the energy. In this concentration the

values for the textural energy and the textural homogeneity are quite similar, meaning that the pixels

clusters that break the homogeneity does not seem to have any directional variation. The results of the

T-test for the textural parameters can be seen at table 11, from it we can conclude that the only strains

that are not statistically different in a 0.4% agar concentration are ∆flu and ∆fim.

The Aspect ratio box plot, seen in figure 25, shows that the strain that deviates the most from an

spherical shape is ∆flu and the more spherical is ∆fliC. Figure 28 shows the Fractal dimension box

plot, the most uniform surface is on ∆flu∆fim and the most structure is found in ∆fliC. The results of

the T-test for the volumetric parameters are included in table 12, from it we can see that the comparing

aspect ratios ∆flu is statistically different from ∆fliC and ∆fim. However, this changes when looking

at the fractal dimension, where none of the strains are different from each other. This uniformity

when all the other parameters in 0.4% are different between strains supports the idea that the fractal

dimension value is being restrained by the objective used to image the colonies.
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6.4 C O L O N I E S I N 0 . 6% AG A R C O N C E N T R AT I O N

In this section the colonies grown in M63 minimal media with an agar concentration of 0.6% are

presented and quantified. The colonies were imaged after an incubation time of 15 h. The study

concluded with 5 samples of the wild type strain (WT), 4 of the mutant with a deletion in the gene

encoding antigen 43 (∆flu), 6 of the strain that does not express pili (∆fim), 5 of the double mutant

(∆flu∆fim) and 5 of the non-flagellated strain (∆fliC). The full data set can be found on [52].

Table 8: Colonies at 0.6% Agar concentration. The table shows maximum intensity Z-projections of colonies
imaged after 15 h of incubation time. There are three colonies per strain and the scale is the same for
all images.
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In this conditions, table 8 shows that it is difficult to find spherical colonies, most of them look

elongated. On the other hand, the colonies present an almost uniform surface. If protuberances appear

in the colonies the elongated shape is lost and the surface becomes more irregular, as seen in the third

column of ∆flu∆fim. It seems that the stiffer the media the more elongated the colonies become. This

result has been previously introduced in section 5.3.1, where other studies found lenticular colony

shapes at high agar concentrations. In this project the elongated shapes are mostly seen at 0.6% (w/v)

but they also appeared in some 0.5% (w/v) plates meaning that between these two concentrations

should be a critical value where colonies change its behaviour.

In this case it is also difficult to tell apart colonies from different strains so they are also quantified.

Even though the number of samples is small a T-test between parameters are perform under a signifi-

cance of α = 5%.

In this case the biggest values of Energy corresponds to the double mutant, ∆flu∆fim and the

smallest mean is found in the WT strain. The box plot for the energy can be found in figure 18.

The Entropy box plot can be seen in figure 21, the biggest mean value corresponding to WT and

the smallest to the double mutant ∆flu∆fim. In the last textural parameter, figure 24, the maximum

Homogeneity mean corresponds to ∆flu∆fim and the smallest to WT. Table 13 contains the results

of the T-test for the textural parameters. From this it is clear that the strain ∆flu∆fim is significantly

different from the rest. Moreover, the strains WT and ∆fim can be considered different.

When looking at the Aspect ratio box plot in figure 27 we can see how all the means are further

from one than in the other agar concentrations. The most elongated colonies are ∆flu and the least

the ∆fliC. In the Fractal dimension box plot, figure 30 we can actually observe some differences

between strains, with the most uniform strain being ∆flu and the least ∆fliC. The results of the T-test

for the volumetric parameters can be seen in table 14, from the aspect ratio values we see how none of

the strains are statistically different. When comparing the fractal dimension ∆fim and ∆flu∆fim can

be considered different as well as ∆fliC and ∆flu.
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Figure 16: Energy box plot for the five strains at 0.4% agar concentration. Values computed for colonies
growing for 15 h in M63 minimal media. The wild type strain values are not included since they did
not form colonies at this concentration, the WT bacteria was found spread in the media.

Figure 17: Energy box plot for the five strains at 0.5% agar concentration. Values computed for colonies
growing for 15 h in M63 minimal media.

Figure 18: Energy box plot for the five strains at 0.6% agar concentration. Values computed for colonies
growing for 15 h in M63 minimal media.
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Figure 19: Entropy box plot for the five strains at 0.4% agar concentration. Values computed for colonies
growing for 15 h in M63 minimal media. The wild type strain values are not included since they did
not form colonies at this concentration, the WT bacteria was found spread in the media.

Figure 20: Entropy box plot for the five strains at 0.5% agar concentration. Values computed for colonies
growing for 15 h in M63 minimal media.

Figure 21: Entropy box plot for the five strains at 0.6% agar concentration. Values computed for colonies
growing for 15 h in M63 minimal media.
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Figure 22: Homogeneity box plot for the five strains at 0.4% agar concentration. Values computed for colonies
growing for 15 h in M63 minimal media. The wild type strain values are not included since they did
not form colonies at this concentration, the WT bacteria was found spread in the media.

Figure 23: Homogeneity box plot for the five strains at 0.5% agar concentration. Values computed for colonies
growing for 15 h in M63 minimal media.

Figure 24: Homogeneity box plot for the five strains at 0.6% agar concentration. Values computed for colonies
growing for 15 h in M63 minimal media.
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Figure 25: Aspect ratio box plot for the five strains at 0.4% agar concentration. Values computed for colonies
growing for 15 h in M63 minimal media. The wild type strain values are not included since they did
not form colonies at this concentration, the WT bacteria was found spread in the media.

Figure 26: Aspect ratio box plot for the five strains at 0.5% agar concentration. Values computed for colonies
growing for 15 h in M63 minimal media.

Figure 27: Aspect ratio box plot for the five strains at 0.6% agar concentration. Values computed for colonies
growing for 15 h in M63 minimal media.
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Figure 28: Fractal dimension box plot for the five strains at 0.4% agar concentration. Values computed for
colonies growing for 15 h in M63 minimal media. The wild type strain values are not included since
they did not form colonies at this concentration, the WT bacteria was found spread in the media.

Figure 29: Fractal dimension box plot for the five strains at 0.5% agar concentration. Values computed for
colonies growing for 15 h in M63 minimal media.

Figure 30: Fractal dimension box plot for the five strains at 0.6% agar concentration. Values computed for
colonies growing for 15 h in M63 minimal media.
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6.5 D I S C U S S I O N

From this experiments two really interesting phenomena have been observed: the emergence of

satellites in the wild type strain colonies growing at 0.5% agar concentration and a general elongation

of the colony shape as the agar concentration increases. Even though the mechanisms behind them

are not fully understood what is evident is that in a really narrow range of agar concentrations the

bacteria, specially the WT strain, undergo a lot of processes that change the overall morphology of the

three-dimensional colonies. So, for example the more elongated colonies observed at 0.5%(w/v) agar

can have an origin in fluctuations that increased the agar concentration. Contrarily, we can think that

the satellites emerge when this fluctuations reduce the local agar concentration and some of the cells

are allowed to move.

A simple way to look for fluctuations can be to compare the aspect ratio of colonies growing on

different days at 0.5% agar concentration as it is the parameter that gives a faster visual identification

of elongated shapes. In this case fluctuations between colonies can appear from random errors during

the experimental process such as the preparation of the media mixture. In figure 31(a) the aspect

ratio values computed for wild type colonies growing on different days is shown. Values greater than

1.06 are not commonly found, but when they happen colonies with values really close to one are also

observed in the same day, meaning that the fluctuations are as likely to happen between different

days as between different Petri dishes prepared with the same media mixture. Figure 31(b) shows

the aspect ratio computed for wild type colonies growing in the same plate. In this case, the three

plates were produced with the same bottle of media and differences between aspect ratios are seen not

only in colonies from different plates but in colonies from the same plate. If the aspect ratio value is

considered to be directly correlated to the media stiffness, it is clear that fluctuations of the last appear

locally in the Petri dishes. Therefore the final stiffness of the Petri dishes is a parameter difficult to

control in the current experimental setup.

(a) Aspect ratio WT different days (b) Aspect ratio WT different plates

Figure 31: Values of the aspect ratio computed for WT colonies growing in M63 minimal media and 0.5% agar
concentration for 15 h. (a) Each vertical line of dots shows the values obtained from colonies that
come from the same experiment day. (b) Each vertical line of dots shows the values obtained from
colonies that come from the same plate. The three plates compared are from the same experiment
day.

Since the agar concentration has a important effect in the shape of the colonies, it is worth to perform

an statistical test to see if the populations of the same strain growing under different conditions can

be distinguished from each other. All the results of the T-test can be seen in appendix H in tables 15
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and 16. The number of imaged colonies growing at 0.4% and 0.6% is always smaller than ten for all

the strains. The results of the statistical test should be read really carefully as the data sets are small.

From the numerical values what we can interpret is that mainly the textural parameters tell that a same

strain is statistically different from itself when growing under different conditions. The volumetric

parameters do not show this difference as often.

A result that repeats itself over all the agar concentrations is that the colonies of the mutant that

presents a deletion in the gene encoding antigen 43, ∆flu, are the ones with biggest aspect ratio. An

hypothesis of why this happens can be proposed. This mutant does not express a handshake protein

really important to cell-cell aggregation, therefore the bacteria in this colonies would be allowed to

grow more freely giving place to structures that differ from the spherical shape with greater frequency.

In general the parameters seem to work well to distinguish the colonies from different strains at

0.5%(w/v) agar where there is the largest available data set. However, the doubt whether the fractal

dimension is being appropriately determined could be easily solved by imaging the colonies with an-

other objective, at the moment we work with an NplanL20x0.40NA objective because the fluorescence

emitted by the cells is not great enough to use objectives with greater magnification. The maximum

lateral resolution achievable can be computed with equation 2:

d =
1.22λ

2NA
=

1.22 · 514 nm
2 · 0.4

= 783.85 nm (16)

If a 40x0.55na objective could be used the lateral resolution would change to:

d =
1.22λ

2NA
=

1.22 · 514 nm
2 · 0.55

= 570.07 nm (17)

The change between lateral resolutions is significant, so if after imaging the same colony with two

different objectives the computed fractal dimension changes between images we could conclude that

in this project there has been a limitation when estimating this parameter. Martin Møller Larsen [53],

who worked in a similar project, imaged colonies of a certain bacterial strain with different objectives

and found differences between the mean values of the computed fractal dimensions. Despite that,

the same colony was not imaged with different objectives so it cannot be assumed that the limitation

really exists.



7

L AT T I C E M O D E L S

A lattice model is a physical model defined on a lattice as opposed in the continuum of space. Lattice

models are quite popular to perform computational simulations. In this project a lattice model, whose

starting point is the Eden growth model, is proposed to understand how the morphology of the colonies

behaves.

7.1 E D E N G RO W T H M O D E L

The Eden growth model is a lattice model that describes the growth of specific types of clusters such

as bacterial colonies. The model, named after Murray Eden was first described in 1961 [54] and in

three dimensions forms radial clusters with irregular fractal borders. It is a benchmark of stochastic

processes, in the important class of growth models on expanding substrates. In this model, new cells

are irreversibly added at random positions of the neighborhood of previously existent cells placed on

a stationary square lattice, a diagram showing this process can be seen in figure 32.

7.1.1 Implementation

The algorithm followed to implement the Eden Growth Model in three dimensions is described in

algorithm 1.

Figure 32: Diagram showing how the Eden Growth Model is implemented in a two-dimensional square lattice.
The dark green squares represent occupied sites and the light green squares the available growth
positions. The black arrows show the evolution over time. At first one occupied site is in the center
of the lattice, in the second figure its available growth sites are found and one of those is chosen
randomly. In the following time step, the lattice presents two occupied sites, again its available
neighbours are found and one of them is chosen randomly as a growth position. The process can
continue as many times as wanted.

40
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Algorithm 1: 3D Eden Growth Model
Input: Lattice size L, Average division time τ and the total number of events P
Result: Aggregate of P cells in a 3D lattice

1 Generate a 3D lattice of dimension L. With empty sites Lat(i, j, k) = 0, and occupied sites

Lat(i, j, k) = 1;

2 Place a single cell in the center of the lattice;

3

Lat (L/2, L/2, L/2) = 1

for p← 0 to P do
4 Define an empty colony surface S;

5 foreach occupied site Lat(i, j, k) = 1 do
6 Find the number of empty near neighbours, Lat(i± 1, j, k) = 0, Lat(i, j± 1, k) = 0

and Lat(i, j, k± 1) = 0;

7 And add their lattice position to the surface of the colony S;

8 end
9 Chose a random surface site S(m, n, l) and update the colony by setting a cell in that

position Lat(m, n, l) = 1.;

10 Find the average time of the interval;

11

∆t =
τ

∑ijk(Lat(i, j, k) = 1)

12 end

7.1.2 Modifications to the Eden Growth Model

Even though the Eden growth model presents a lot of applications in many systems there is no full

theoretical understanding of it. The model can be modified in order to describe certain scenarios

better, this can be done introducing new parameters such as:

• A probability that is assigned to the available growth sites. So in one event each available

site has a probability p of being linked to the aggregate. This modification produces an effect

similar to a multiple selection process.

• A sticking probability, at each event a single surface site is selected with probability s to join

the aggregate. This parameter does not affect the overall morphology of the aggregate but can

vary the timescale of the process.

• A noise reduction parameter, where a certain surface site needs to be chosen m times before

joining an aggregate.

However, the Eden cluster obtained in all cases will be anisotropic due to the underlying lattice, its

shape tends to lengthen along the directions of the lattice axes. Eden simulations on a square lattice

have revealed a distortion away from a circular shape towards a diamond shape with increasing N
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[55]. This effect is specially remarkable when working with a noise reduction parameter. To solve

this some off-lattice models have been proposed where the cluster is composed of touching circles

instead of squares [56]. In this project we are far from observing this anisotropies, so it is considered

that working with an on lattice model is pertinent for the study.

7.2 M O D E L W I T H S W I M M E R S

From the experimental results in chapter 6 a wide range of colony morphologies are observed under

different conditions and two peculiar phenomena are reported. A transition between almost spherical

colonies and more elongated ones, seen as the agar concentration of the media increases, and the

emergence of satellites in colonies of the wild type strain growing in 0.5% (w/v) agar. In this section a

new modification of the Eden growth model is proposed to describe how the satellites can appear in

the experimental colonies. It is a really naive approximation that does not include many parameters

but can provide a first description to more complex studies.

The purpose of the model is to exclusively describe how the satellites can appear. Despite the mecha-

nisms behind this phenomena being not clear at the moment, it is assumed as a direct consequence of

bacterial motility, swimming in particular. It is proposed that some cells are able to swim far away

from its generation position in the lattice. Meaning that, bacteria in the colony can divide and increase

the size of the aggregate or can detach from it and stick to a new position where they can grow and

divide, forming another aggregate.

To simulate this behaviour in a three dimensional squared lattice the number of empty neighbours, is

to say the available growth sites, of each bacteria is the parameter chosen to determine whether a cell

can swim or not. As in the Eden growth model, bacteria with no available neighbouring sites can not

grow and in this model neither swim. There are two types of bacteria in the system:

• Type 1: cells with one, two or three available neighbouring sites (N1), they are only allowed to

grow at a certain rate, k.

• Type 2: cells with more than three available neighbouring sites (N2), can growth at rate k or

swim at rate ks.

When a type 2 cell is chosen to swim three random numbers that follow a Gaussian distribution are

thrown. These determine the new position of the cell respect its original site. The Gaussian distribution

followed is the same for all three directions of growth (x, y and z):

P(x) =
1√

2πσ2
x

e(−x2/2σ2
x ); P(y) =

1√
2πσ2

y

e(−y2/2σ2
y ); P(z) =

1√
2πσ2

z
e(−z2/2σ2

z ); (18)

Where σx = σy = σz = σ. This three distributions can be expressed as a radial distribution that gives

the total distance the bacteria moves from its position in the main aggregate:

P(r) =
4πr2(√
2πσ2

3

)3 exp
(
−r2

2σ2
3

)
(19)
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With σ3 = σ. This radial distribution is slightly different than a Gaussian distribution as can be seen

in figure 33.

Figure 33: Plot with the Gaussian distribution that the random numbers thrown to decide the distance jump in
each direction follow and the radial distribution that describes the final distance a cell swims. Both
are plotted for the same mean and standard deviation.

In many studies swimming is described as a run and tumble process [57] where bacteria follow a

random walk trajectory. In this model the swimming process is coded like a jump. That is because

the exact time-scale of each process for bacteria growing in semi-solid media are not known, but the

movement is assumed to happen faster than the growing. Therefore, having a final random position

after one event is equivalent to having the final position after many steps of a random walk that would

occur in a shorter time-scale.

At the end this modified model introduces two parameters that can deviate the cluster behaviour

from the typical Eden cluster: the swimming rate, ks, and the standard deviation of the Gaussian

distribution, std.

7.2.1 Implementation

Figure 34: Two-dimensional representation of the Eden growth model with swimmers. In this case the cells
allowed to swim have to present more than two available neighbouring growing sites. The cells
that can swim or grow are represented in orange, while the ones that just can grow in dark green.
The available growth sites appear as light green squares and the black arrows show the evolution
over time. In this example none of the cells are chosen to swim since the event presents a really low
probability of happening.
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A diagram of the model can be seen in figure 34 and its implementation appears in algorithm 2. An

event driven approach is followed where the time of each event is estimated from the event rate. For

simplicity the growth rate is defined as k = 1, so it is easier to find how changes in the swimming rate

ks affect the final aggregate morphology.

Algorithm 2: 3D Eden Growth Model with swimmers
Input: Lattice size L, growth rate k, swimming rate ks, standard deviation std and an

average µ=0 of a Gaussian distribution and the total number of events P
Result: Aggregate of cells in a 3D lattice

1 Generate a 3D lattice of dimension L with empty sites Lat(i, j, k) = 0 and occupied sites
Lat(i, j, k) = 1;

2 Place a single cell in the center of the lattice

Lat (L/2, L/2, L/2) = 1

for p← 0 to P do
3 Define an empty colony surface, S;
4 Define an empty swimmers array, swim;
5 Set the number of each cell types, N1, N2 to zero;
6 foreach occupied site Lat(i, j, k) = 1 do
7 Find and count the number of empty near neighbours β

Lat(i± 1, j, k) = 0 Lat(i, j± 1, k) = 0 Lat(i, j, k± 1) = 0

Add the available sites position to the surface of the colony S.
8 if β > 3 then
9 Add an element to N2 ;

10 Save the cell position in swim;
11 else if 0 < β ≤ 3 then
12 Add an element to N1 ;
13 end
14 Find the total event rate T = N1 · k + N2 · (k + ks);
15 Determine which event happens at time t = −ln(r)/T, with r = U ⊆ (0, 1), by

trowing a random number from an uniform distribution a = U ⊆ (0, 1) ;
16 if (N1 + N2) · k/T < a then
17 Chose a random surface site S(m, n, l) and update the colony by setting a cell in that

position Lat(m, n, l) = 1;
18 else
19 Throw three Gaussian numbers to determine the final position of the cell:

xg = P(x) yg = P(y) zg = P(z);
20 Select an element of the swimmers array Lat(m′, n′, l′);
21 if Lat(m′ + xg, n′ + yg, l′ + zg) = 0 then
22 Lat(m′, n′, l′) = 0;
23 Lat(m′ + xg, n′ + yg, l′ + zg) = 1;
24 else
25 Go to 19;
26 end
27 end
28 end
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S I M U L AT I O N R E S U LT S

In this chapter the results obtained with the Eden growth model that includes swimmers are shown.

8.1 E D E N G RO W T H M O D E L W I T H S W I M M E R S

As previously stated in section 7.2, we end up with a model that has two free parameters ks and

std. The probability of swimming, ks, defines the rate at which the cells allowed to move will do it

compared to its growth rate. The standard deviation of the Gaussian distribution, std, establishes the

variance of the distribution the bacteria follow when they are chosen to move, therefore it determines

the final position of the swimmer cells after one swimming event.

In agreement with the experimental results, where swimming is a rare event, ks is given small values

for all the simulations. It is also known that the satellites do not move really far away from the main

colony, at least the ones that can be imaged, so std should be given small values accordingly.

With an 20x objective the size of the experimental images were 512x512 pixels in the x, y directions.

In order to reproduce the observed colonies the lattice size in the simulation is set to 500x500 sites.

Aiming to conserve the symmetry of the final colony the z direction also has 500 sites, even though in

the experimental files it corresponded to the number of stacks, which is much smaller.

The final step before launching the simulations is to decide after how many iterations we want to look

at the shape of the colony. Since we do not know the exact doubling time of the cells when growing

embedded in a semi-solid media we can roughly estimate the number of cells in a colony by looking

at the size of the experimental ones. The colonies observed usually presented a ratio in the scale of

100 µm, so assuming a spherical shape the volume of the colonies is in the order of 106 µm3 and

the volume of an E.coli cell can be approximated to ≈ 1 µm3 [58], therefore each colony contains

around a million cells. Since the bacteria in the model can grow or swim there are two possible events

per iteration. Regardless the small swimming probability the colony morphology is checked after

1.5 million of events, to ensure that in silico colonies reach a million of cells for all the different

combinations of parameters.

First the code is run for five different swimming rates, ks = 0.01, 0.02, 0.1, 0.15 and 0.2, and five dif-

ferent standard deviations, sdt = 2, 3, 5, 7 and 10 to have an overview of how the colony morphology

changes.

45
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ks = 0.01 ks = 0.05 ks = 0.1 ks = 0.15 ks = 0.2

std = 2

std = 3

std = 5

std = 7

std = 10

Table 9: In silico results showing 25 colonies obtained from running the code with different standard deviations
and swimming rates. Since the three-dimensional reconstruction is done with a plugin [47] included in
FIJI that sets the best dimension to show the colony a scale bar of 100 units, is to say, lattice sites is
included at each image. At small swimming rates and standard deviations the colonies look almost
spherical and compact. When these parameters increase the symmetry starts breaking and satellites
emerge. These changes are seen faster when increasing the standard deviation rather than when the
swimming rate increases.

In table 9 a three dimensional reconstruction of the colonies obtained with the model can be seen.

Basically, two types of aggregates are formed. The first ones appear at low swimming probabilities

and short jump distances. These colonies are single aggregates without satellites, as can be seen for

the parameters ks = 0.01 − std = 2 or ks = 0.01 − std = 3. The second type of clusters are

colonies that present satellites, as can be seen in ks = 0.01 − std = 10. The bigger the parameters

become the more satellites are formed, until the aggregates obtained do not look as a single colony

anymore, as happens in ks = 0.2 − std = 10. Since the model is stochastic some parameters can

lead to both colony types, this happens for example at ks = 0.01 − std = 5.
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(a) Slice after 104 events (b) Slice after 105 events (c) Slice after 106 events (d) Slice after 1.5 · 106 events

Figure 35: Time evolution of the same cross-section from an in silico colony after a certain number of events
when the parameters are set at ks = 0.01 and std = 7. Looking at the results of table 9 is expected
that the colony presents satellites at the end of the simulation.

In figure 35 four snapshots of the same cross-section of a colony growing at ks = 0.01 and std = 7
are presented. Depending on the number of events it presents satellites or not. In the first image,

35(a) there is a colony with two satellites of a considerable size. After some time, figure 35(b), these

satellites are merged with the main aggregate. In the third snapshot, 35(c), a satellite can be seen but

this is again incorporated to the colony in the last figure 35(d). This result shows the importance of

comparing the colonies after the same number of events, because different parameters can lead to

the same results if the simulations run for different number of iterations. To observe satellites the

typical swimming distance should be bigger than the aggregate size, otherwise the cells that escape the

surface will be quickly incorporated to the main colony, as can be seen for all the colonies obtained

when setting the standard deviation to 2 that do not present any satellites.

Having two different processes it is interesting to look at how the number of cells evolves in systems

with different parameters. The effect of changing the swimming rate when the standard deviation is

fixed and vice-versa is studied.

(a) Linear scale evolution (b) Semi-logarithmic scale evolution

Figure 36: Figure showing the evolution of the number of cells over time in systems with different swimming
rates, the higher the ks the more exponential is the growth. (a) Shows evolution in linear scale. (b)
Shows evolution in semi-logarithmic scale.
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(a) Linear scale evolution (b) Semi-logarithmic scale evolution

Figure 37: Figure showing the evolution of the number of cells over time in systems with different standard
deviations, the bigger the std value the more exponential is the growth.(a) Shows evolution in linear
scale. (b) Shows evolution in semi-logarithmic scale.

In figure 36 the number of cells over time is plotted for systems that present the same standard

deviation, std = 5 but different swimming rates. There is a clear tendency where the higher the rate

the more exponential is the growth of the system. In figure 37 the number of cells over time is plotted

for systems that present the same swimming rate, ks = 0.1 but different standard deviations. The

higher the rate the more exponential is the growth of the system. Despite the figures showing a similar

behaviour when looking at the semi-logarithmic plots in figures 36(b) and 37(b) it is evident how an

increase in the standard deviation has a bigger effect that changes in the swimming rate.

The behaviour of the evolution can be easily explained by looking at the nature of the Eden growth

model, it starts as an exponential growth, but over time this growth becomes linear since only the

surface of the aggregate is able to grow. The introduction of swimmers modifies this behaviour by

generating new occupied sites in the lattice without empty neighbours that can grow exponentially.

So, an increase in the swimming rate will increase the number of aggregates that can grow quickly. By

contrast, increasing the standard deviation makes the motile cells move further away from the surface

of the main colony. Meaning that it takes more time for the different aggregates to merge, therefore,

there are different surface clusters growing for longer time.

8.2 C O L O N Y Q UA N T I F I C AT I O N

In section 8.1 some values of swimming rates and standard deviations lead to colonies that presented

satellites after 1.5 million of events. Some of the parameters combinations always gave colonies with

satellites, on the other hand other parameters generated colonies that never presented satellites. Lastly,

there were parameters whose resultant colonies fluctuated between both states. In this section some

colonies generated targeting each of the previous mentioned cases are quantified. Since the simulation

returns a binary stack of images, only the volumetric parameters can be computed. The swimming

rate is set at ks = 0.01 and three standard deviations are compared, sdt = 3 that gives no satellites,

std = 7 that always gives satellites and sdt = 5 that oscillates between states.

In figure 38 the box plot of the aspect ratio is showed. All the values are really close to one,

meaning that the spherical shape of the colonies is not highly disrupted, but the bigger the std the
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bigger the values of the aspect ratio become. A T-test between parameters can be performed with a

significance of α = 5%, the results of which appear at table 10. All the simulations are statistically

different from each other. This result changes when looking at the T-test between the fractal dimension

values. In figure 39 the box plot for the fractal dimension is shown, the bigger the swimming distance

the more irregular is the surface of the colony. This makes sense if the protuberances that appear are

considered to be old satellites that are merged with the main colony as the number of events increases.

The fractal dimension of std = 3 being equal to std = 7 could be explained by looking at the box

plot of the first, whose distribution is not really normal compared to the others.

Figure 38: Figure showing the box plot of the aspect ratio computed for in silico colonies obtained with three
different sets of parameters after 1.5 million of events. Each distribution is obtained with 30 in silico
colonies.

Figure 39: Figure showing the box plot of the fractal dimension computed for in silico colonies obtained with
three different sets of parameters after 1.5 million of events. Each distribution is obtained with 30 in
silico colonies.
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ks = 0.01 Aspect Ratio Fractal dimension

std / std Tval pval Tval pval

3 / 5 -3.34 0.0018 -3.069 0.0036

3 / 7 5.43 6.43e-06 0.444 0.658

5 / 7 7.13 1.31e-07 2.97 0.0046

Table 10: T-test of the volumetric parameters computed for in silico colonies.

8.3 D I S C U S S I O N

In this naive model the emergence of satellites is observed. How these evolve over time begs the

question if the deviations from the spherical shape observed in experimental colonies growing at

0.4%(w/v) and 0.5%(w/v) agar can be a consequence of motile bacteria that detached from the colony

at earlier times. If the cells do not move really far from the colony surface these can be reabsorbed

into the main colony as the aggregates grow.

The volumetrical quantification of the in silico colonies gives distribution of values compatibles

for some of the experimental colonies after growing 15 in M63 minimal media in 0.4% and 0.5%,

seen in figures 25, 26, 28 and 29. The general morphology of these colonies is also similar to the

computational ones as can observed in figure 40 where a three-dimensional reconstruction of an

experimental colony of the double mutant strain, after image processing, is next to a three-dimensional

reconstruction of an in silico colony obtained with ks = 0.01 and std = 5.

(a) Experimental ∆flu∆fim
colony

(b) In silico ks = 0.01 and
std = 5 colony

Figure 40: (a) Three-dimensional reconstruction of an experimental ∆flu∆fim strain colony after image pro-
cessing. (b) Three-dimensional reconstruction of an In silico colony obtained with ks = 0.01 and
std = 5, half of the stacks were removed so the comparison with the experimental colony was more
appropriate. Both colonies look as stochastic aggregates.

As the objective of this model was to reproduce one of the experimental phenomena observed there

are many parameters that are not being included. One of the modifications the model, in order to

obtain aggregates more similar to the experimental colonies, could be the introduction of a nutrient

field that favours the motility of cells in a certain direction. Needless to say, the stiffness of the agar it

is not considered in this system, so at any point the model was expected to reproduce the elongated

colonies observed at 0.6% agar concentration. In general, it is a simple model that gives results easy

to interpret and provides a starting point for more complex studies.
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C O N C L U S I O N S

9.1 C O N C L U S I O N S

This thesis aimed to grow three-dimensional bacterial colonies and study its morphology. The experi-

mental methods and the simulations lead us to some interesting conclusions.

Looking at the results of the different strains we can clearly separate the wild type behaviour from

the mutants. The wild type strain is the only one that exhibits satellites in some of its colonies when

growing at 0.5% agar concentration. How these satellites emerge remains unknown, but the results

gathered in this study point to the phenomenon having an origin in bacterial motility. Apart from the

wild type strain some of the mutants also express flagella which are thought to be the main responsible

of bacterial motility. The mutant colonies not presenting satellites is compatible with the results of

the motility assay at 0.5%(w/v) agar in M63 minimal media, displayed in section 6.1 where the wild

type bacteria were the only cells able to move. To explain why there is such a difference between the

motility of the strains two hypothesis can be proposed. In one of them the reduction of the motility of

the mutants is seen as a consequence of an over-expression of some structures that block the normal

production of flagella [50]. In the second it is said that other components, that could be deleted in the

mutants, aside from flagella are important to achieve the most efficient motility mechanism.

At lower agar concentrations, 0.4% (w/v) agar, wild type bacteria did not grow as three dimensional

colonies. However, the rest of strains formed aggregates of almost spherical shapes. The wild type

strain becomes indistinguishable from the mutants when growing at 0.6% agar concentration. In this

higher agar value all the strains give place to elongated colonies, which agrees with the lenticular

colony shapes observed in other studies [43] and whose origin is not completely understood.

Therefore, we can say that the environment, the stiffness of the media in particular, seems to have a

greater effect in the morphology of the colonies than the different properties between strains. This

has been an interesting finding and the shapes variations have been observed in a really narrow range

of agar concentrations. Which means that the changes in the shape between almost spherical and

elongated colonies observed mostly in colonies growing at 0.5% agar concentration can have an origin

in local fluctuations in the stiffness of the experimental plates .

The computational model proposed in this project seeks to reproduce the emergence of satellites

observed in some of the experimental colonies growing at 0.5% agar concentration. In the model

cells that can swim by performing a jump that follows a Gaussian distribution for each of the

spatial directions are added to the Eden growth model. The introduction of swimmers is a really

51
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naive approximation, nevertheless with it satellites form around the main cluster of cells. For the

appropriate parameters these swimmers can also be seen as the origin of the protrusions that break

the spherical shape in some of the colonies. If they remain close enough to the colony surface they

are re-incorporated to the main aggregate causing a disruption in the almost uniform boundary of the

colony.

Overall, the results obtained in this project provide a great starting point for new investigations

focused in the different phenomena observed.

9.2 F U T U R E W O R K

This project leaves many unanswered questions that is worth to continue studying.

For future experiments it will be crucial to pay more attention to the properties of the semi-solid media

to reduce the fluctuations in the agar concentration as well as the nutrient field. It will be also a good

idea to test the stiffness of different nutritional media for a same agar concentration and see if there is

any significant difference between them as some studies show [51].

To test if the fractal dimension of the colony was being correctly determined, an objective with bigger

magnification is required. The strains of the project include a YFP plasmid whose intensity was not

optimal, so if it is wanted to study the same strains it can be advantageous to transform the original

ones to include a plasmid with better fluorescence.

Even though it has not been discussed that much, imaging the colonies with a confocal microscope

just allows the visualization of half of the colony. This is an important limitation that should be

overcomed to have a full understanding of the colony morphology.

To test if the satellites are a consequence of bacterial motility a time-lapse experiment could be

performed. The results of this could also tell if the approach for the modelling with the introduction

of swimmers in the Eden growth model is appropriate.

About the modelling, a lot of processes could be included into the simulation, such as a nutrient field

that favours the swimming into a particular direction. A study concerning whether a lattice model

is convenient to describe the colonies at higher agar concentrations where they present an elongated

shape could also be done. It seems that the elongation has an origin in mechanical forces of the media

acting against the colony, so other approaches where forces can be easily modeled should be also

considered.
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A
M E D I A P R E PA R AT I O N

A.1 LY S O G E N Y B ROT H : R I C H M E D I A

Preparation of 100 ml of media.

1. Mix all the components:

• 100 ml Milli-Q® Water

• 1 g Bacto Tryptone

• 0.5 g Yeast extract

• 0.5 g NaCl

2. Measure the pH of the solution, if it is smaller than 7 add NaOH to increase it.

3. Autoclave the bottle

4. Store at room temperature. If antibiotic needs to be added it should be mixed once the media

has cold down around 55 ºC. In that case store in the fridge.

A.2 M 6 3 M I N I M A L M E D I A

Preparation of 100 ml of media:

1. Prepare a bottle with 80 ml Milli-Q® Water

2. Add aseptically:

• 20 ml of 5xM63 salt

• 100 µl of 1mg/ml B1 stock solution

• 200 µl of 1M MgSO4

• 1 ml of 20%w/v glucose

3. Store at room temperature. If antibiotic is added store in the fridge.
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A.3 M 6 3 M I N I M A L M E D I A S U P P L E M E N T E D W I T H C A S A M I N O AC I D S

Preparation of 100 ml of media:

1. Prepare a bottle with 80 ml Milli-Q® Water

2. Add aseptically:

• 20 ml of 5xM63 salt

• 100 µl of 1mg/ml B1 stock solution

• 200 µl of 1M MgSO4

• 1 ml of 20%w/v glucose

• 1 ml of Casamino acid stock solution 20%

3. Store at room temperature. If antibiotic is added store in the fridge.

A.4 AG A R P L AT E S

To prepare plates a solidifying agent needs to be added to the nutritional media. In this project the

plates were prepared with Agar. The concentration of agar depends on the study that was being

perform. Solid plates used to prepare streak plates, require 1.5% agar percentage, is to say 1.5 g of

agar per 100 ml of media. Semi-solid plates used for motility assays and three dimensional growth,

are in the range of 0.3-0.7% agar (0.3-0.7 g of agar per 100 ml of media).

• To prepare Lysogeny broth plates the appropriate agar concentration is added in the first step

with the rest of the components.

1. Autoclave the bottle

2. Pour into a petri dish of a desired size. If antibiotic needs to be added it should be mixed

once the media has cold down around 55 ºC and then pour into a petri dish of a desired

size.

3. Leave the plates overnight so the condensation will evaporate from the plate and store in

the refrigerator

• To prepare plates of Minimal Media the agar is added to the Milli-Q®

1. Autoclave the bottle

2. Let to bottle cold down to 55ºC and add the rest of components aseptically, and the

antibiotic if required

3. Leave the plates overnight so the condensation will evaporate from the plate and store in

the refrigerator



B
P R O T O C O L : P 1 T R A N S D U C T I O N

There is no reference for MG1655fliC::kan, also referred as NM109 or ∆fliC, since this is the first

project where it is used. It was created by Namiko Mitarai following a transduction method. Protocol:

Stanley Brown ad libbed from [59]

M AT E R I A L S

• YT Broth

– 8g Tryptone (Difco)

– 5g Yeast Extract (Difco)

– 5g NaCl

– 1L H2O

• H-top Agar: 100 ml H2O, 1g Tryptone, 0.5g NaCl, 0.7g Agar

• Transduction Salts: 20 mM CaCl2 and 10 mM MgCl2

• 1M Trisodium Citrate

• 1M CaCl2

• 1M MgSO47H2O

• 20% Glucose: filter sterilize

• Donor strain: JW1908-1 from Keio collection [60] obtained from S.L. Svenningsen as a gift.

• Recipient strain: MS613 presented in section 5.1.

M E T H O D : G RO W T H O F D O N O R LY S AT E

1. Grow donor in YT broth. Dilute fresh overnight 1:10 into 5 ml YT broth containing 0.03 ml

1M CaCl2. Grow 30 - 60 minutes 37ºC on roller or with shaking.

2. In 13 mm test tubes prepare 1 ml aliquots YT broth containing 0 (control for lack of virus

infection of bacteria) and 2 or 3 concentrations of between 105 to 107 PFU of phage P1vir. Add

0.2 - 1 ml aliquots cells and allow phage to adsorb 10 minutes at 37ºC stationary.
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3. To each tube add: 0.1 ml 1M CaCl2, 0.2 ml 20% Glucose, YT broth to bring total volume

to 2 ml. Mix and add 3 ml molten (50ºC)) H-Top agar after adding agar to each tube, mix

immediately and pour on YT agar plate.

4. Incubate overlays at 37ºC, rightside up, 6 - 10 hours

5. When the plate innoculated with the lowest amount of P1 which allows confluent lysis clears,

harvest phage by scraping top agar with 3 ml YT broth. Transfer suspension to centrifuge tube

containing 0.3 ml 1M MgSO4 and 1 drop CHCl3. Vortex vigorously and clarify (for example,

7K RPM, 5 minutes, Sorvall SS34 rotor). Decant supernatant and filter sterilize. Transfer filtrate

to sterile vial and store at 4ºC. The MgSO4 improves the stability of phage P1. Transducing

lysates are generally useable for atleast 6 months.

M E T H O D : T R A N S D U C T I O N O F R E C I P I E N T

1. Grow recipient in YT broth overnight

2. Harvest freshly saturated culture (for example, 4K RPM, 5 minutes, Sorvall SS34 rotor), decant

supernatant, and resuspend cell pellet with 1/2 volume transduction salts.

3. Starve recipients 10 minutes, 37ºC.

4. Adsorb 0.1 ml starved recipients with 0.1 ml of various concentrations of the P1 lysate diluted

in YT broth (for example use P1 lysate undiluted, diluted 1:10, and diluted 1:100). It is helpful

to include a tube of cells with YT broth added instead of P1 and a tube with the P1 lysate added

to the transduction salts and having no cells as controls. Incubate the adsorbtion mixes for 10

minutes at 37ºC.

5. If selected trait is displayed immediately, spread 0.1 ml of the adsorbtion mix on selective

agar pre-spread with 0.2 ml 1M sodium citrate per plate. If the selected trait requires time for

expression, dilute adsorbtion mixes with 4 ml YT broth containing 50 mM sodium citrate and

let grow to express before plating on selective agar pre-spread with 0.2 ml 1M sodium citrate.

6. Restreak transductants the first time on selective agar pre-spread with 0.1 ml 1M sodium citrate.

Phage P1 requires Ca++ for adsorbtion, and the citrate protects the transductants from infection

by the released P1.

7. Caveat regarding kanamycin-resistance: Citrate protects from killing by kanamycin. Therefore,

after growth for sufficient time to allow expression of kanamycin-resistance, and to allow a

growth cycle to occur for the P1vir-infected cells, wash the cells a couple of times with the

YT-citrate solution, and resuspend them in a small volume of YT-citrate. Then spread the

resuspended cells on kanamycin-containing agar without added citrate.



C
P R O T O C O L : T R A N S F O R M AT I O N

During transformation, specially prepared bacterial cells are given a shock that encourages them

to take up foreign DNA. A plasmid typically contains an antibiotic resistance gene, which allows

bacteria to survive in the presence of a specific antibiotic. Thus, bacteria that took up the plasmid can

be selected on nutrient plates containing the antibiotic. It is important to set controls to be sure that

the transformation has been successful.

Protocol: Stanley Brown modified from [61]

M AT E R I A L

• DNA: pVS130 and pVS132 plasmids

• Mg soln:

– 10 mM MgSO4

– 2 mM Tris-HCl pH 7.4

• Ca soln:

– 50 mM CaCl2

– 5 mM MgCl2

– 5 mM NaPIPES pH 6.7 (added aseptically after autoclaving salt soln)

• 0.1 M NaPIPES pH 6.7

– 1.3 mmoles disodium PIPES (0.456g anhydrous salt)

– 3.7 mmoles PIPES (1.11g anhydrous acid)

– H2O to 50 ml

– filter sterilize and store at -20°C

• LB 1.5% Agar plates with appropriate antibiotic: 100 µg/ml ampicillin

• Streak plate bacterial strain of interest: ∆ fliC.

• LB media

58



P ROT O C O L : T R A N S F O R M AT I O N 59

C O N T RO L

Transformation of two different plasmids; 5 control plates:

• Calcium competent cells alone x1

• Calcium competent cells + DNA (x2 one per plasmid)

• CaCl2 solution + DNA (x2 one per plasmid)

M E T H O D

1. Grow bacteria to early log phase (no higher than 108 / ml) in LB, no antibiotic required, since

strain of interest present deletion in the genome.

2. Transfer culture to sterile centrifuge tubes

3. Centrifuge 3,000 x g - 5 min - 4°C

4. Decant supernatant and resuspend bacteria by vortexing with 1/2 of the original volume with

ice-cold Mg soln.

5. Incubate on ice, 10 - 20 min

6. Centrifuge 2,000 x g - 4 min - 4°C

7. Decant supernatant and resuspend bacteria by vortexing with 1/3 of the original volume with

ice-cold Ca soln.

8. Incubate on ice, 20 - 30 min

9. Centrifuge 1,000 x g - 3 min - 4°C

10. Decant supernatant and resuspend bacteria gently with 1/20 - 1/50 of the original volume with

ice-cold Ca soln.

11. Mix 200 µl competent cells with 1µl DNA

12. Incubate on ice, 30 - 50 min

13. Perform heat shock, place cells for 60 seconds in 42° water bath

14. Place heat shocked tubes on ice

15. Plate 100 µl immediately since ampicillin is the selection antibiotic of the plasmids.



D
P R O T O C O L : M O T I L I T Y A S S AY

Assay to test the ability of different strains to move in different agar concentrations.

M AT E R I A L

• LB plates of different agar concentrations: 0.3%, 0.4%, 0.5%, 0.6%, 0.7%

• M63 Minimal Media plates of different agar concentrations: 0.3%, 0.4%, 0.5%, 0.6%, 0.7%

• M63 Minimal Media + Casamino acids plates of different agar concentrations: 0.3%, 0.4%,

0.5%, 0.6%, 0.7%

• LB media

• Streak plate bacterial strain of interest: WT, ∆fim, ∆flu, ∆flu ∆fim and ∆fliC

M E T H O D

1. Grow cell culture (3ml) of each strain overnight in LB at 37ºC with shacking

2. Inoculate plates with 1 µl of the saturated culture

3. Incubate plates for 24h at 37ºC
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Protocol to grow three dimensional colonies in semi-solid media of different agar concentrations.

Modified from [62].

M AT E R I A L

• Streak plate bacterial strain of interest: WT, ∆fim, ∆flu, ∆flu ∆fim and ∆fliC

• 20 ml mix of Milli-Q® Water and Agar (0.4%, 0.5% or 0.6% as final concentration)

• Ingredients to prepare 25 ml of M63 minimal media:

– 5 ml of 5xM63 salt

– 25 µl of 1mg/ml B1 stock solution

– 50 µl of 1M MgSO4

– 250 µl of 20%w/v glucose

• LB media

• Ampicillin 100 µg/ml

• IPTG 1mM

• Glass bottomed dish

M E T H O D

1. Grow cell culture (3ml) of the strain overnight in LB at 37ºC with shacking

2. Turn on the block heater and set it up to 55ºC, to ensure an uniform heating of the sample fill

the holes with water.

3. Place as many 1.5 ml eppendorf tubes as final plates we want to have at the heater.

4. Heat the 20 ml mix of Milli-Q® Water and Agar in the microwave until the agar is completely

melted. Heat in short periods of time and move the mix to see if any solid agar regions remain.
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5. Wait until the 20 ml mix of Milli-Q® Water and melted agar is cold enough to add the rest of

components to prepare M63 minimal media.

6. Place 1 ml of M63 minimal media with agar in each of the heater eppendorf tubes.

7. Remove overnight culture and measure its OD600.

8. Perform three step serial dilution of the overnight culture. Usually 10 µl of the overnight are

mixed with 1 ml of LB media, but the volume taken from the overnight can change depending

on its OD600 value. Then take 10 µl of the first dilution and mix with 1 ml of LB media. Lastly

take 10 µl of the second dilution and mix with 1 ml of LB media.

9. Add 5 µl IPTG and 1 µl of ampicillin into one of the heater eppendorf tubes.

10. Add 10 µl of the last bacterial dilution into the same eppendorf tube, quickly mix the content

and pour it into a glass bottomed dish.

11. Let the agar solidify for approx. 5 min and put the dish into the incubator at 37ºC for as long as

desired, usually 15 h.



F
O P T I C A L D E N S I T Y

Protocol to measure the OD600, optical density at 600 nm wavelength, of a liquid culture in order to

estimate the number of bacteria in it.

M AT E R I A L S

• NanoPhotometer (N120/NP80/N60/N50/C40)

• Cuvette

• Liquid culture

• Same media as the liquid culture

M E T H O D

1. Turn on spectrophotometer and select OD600 and cuvette application.

2. Fill one cuvette with 550 µl of media, insert it in the spectrophotometer and take the blank

measure.

3. Fill one cuvette with 500 µl of media and 50 µl of the liquid culture, insert it in the spectropho-

tometer and take a sample.

4. Write down the OD600 value and compute the number of cells in the sample, in E.coli:

cells/ml = OD600 · 5 · 108cells/ml (20)

Since the sample has been diluted the actual number of cells is ten times the result of the

previous expression. The cell factor was obtained from [63]. Even though to know the exact

number of cells in a particular media a calibration curve needs to be measured this factor is

considered appropriated to our study. That is because we look at saturated samples and a high

precision is not required since the order of magnitude obtained with this protocol is correct.
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D I S T R I B U T I O N S AT 0 . 5 % A G A R C O N C E N T R AT I O N

E N E R G Y

Figure 41: Energy distribution of WT at 0.5% agar
concentration

Figure 42: Energy distribution of ∆fliC at 0.5% agar
concentration

Figure 43: Energy distribution of ∆flu at 0.5% agar
concentration

Figure 44: Energy distribution of ∆fim at 0.5% agar
concentration

Figure 45: Energy distribution of ∆flu∆fim at 0.5%
agar concentration

Distribution of textural energy for different bac-
terial strains, the x-axe is fixed between 0.1 and
0.9 and the histograms are normalized. The
distributions of ∆fim and ∆flu∆fim look more
uniform than normal.
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E N T RO P Y

Figure 46: Entropy distribution of WT at 0.5% agar
concentration

Figure 47: Entropy distribution of ∆fliC at 0.5%
agar concentration

Figure 48: Entropy distribution of ∆flu at 0.5% agar
concentration

Figure 49: Entropy distribution of ∆fim at 0.5% agar
concentration

Figure 50: Entropy distribution of ∆flu∆fim at 0.5%
agar concentration

Distribution of textural entropy for different bacterial strains, the x-axe is fixed between 0.25 and

3.5 and the histograms are normalized. The distributions of ∆fim and ∆flu∆fim look more uniform

than normal.
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H O M O G E N E I T Y

Figure 51: Homogeneity distribution of WT at 0.5%
agar concentration

Figure 52: Homogeneity distribution of ∆fliC at
0.5% agar concentration

Figure 53: Homogeneity distribution of ∆flu at 0.5%
agar concentration

Figure 54: Homogeneity distribution of ∆fim at
0.5% agar concentration

Figure 55: Homogeneity distribution of ∆flu∆fim at
0.5% agar concentration

Distribution of textural homogeneity for different bacterial strains, the x-axe is fixed between 0.5

and 0.95 and the histograms are normalized. The distributions of ∆fim and ∆flu∆fim look more

uniform than normal.
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A S P E C T R AT I O

Figure 56: Aspect Ratio distribution of WT at 0.5%
agar concentration

Figure 57: Aspect Ratio distribution of ∆fliC at 0.5%
agar concentration

Figure 58: Aspect Ratio distribution of ∆flu at 0.5%
agar concentration

Figure 59: Aspect Ratio distribution of ∆fim at 0.5%
agar concentration

Figure 60: Aspect Ratio distribution of ∆flu∆fim at
0.5% agar concentration

Distribution of aspect ratios for different bacterial strains, the x-axe is fixed between 0.99 and 1.12

and the histograms are normalized. All of them look quite normal but ∆fliC and ∆flu∆fim seem to

have its center displaced from one, the value that describe spherical colonies.
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F R AC TA L D I M E N S I O N

Figure 61: Fractal Dimension distribution of WT at
0.5% agar concentration

Figure 62: Fractal Dimension distribution of ∆fliC
at 0.5% agar concentration

Figure 63: Fractal Dimension distribution of ∆flu at
0.5% agar concentration

Figure 64: Fractal Dimension distribution of ∆fim at
0.5% agar concentration

Figure 65: Fractal Dimension distribution of
∆flu∆fim at 0.5% agar concentration

Distribution of fractal dimension for different bacterial strains, the x-axe is fixed between 1.9 and

2.5 and the histograms are normalized. All of them look quite normal.
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T- VA L U E S

T E S T B E T W E E N S T R A I N S AT 0 . 4% AG A R C O N C E N T R AT I O N

Energy Entropy Homogeneity
Tval pval Tval pval Tval pval

∆fliC / ∆flu 8.14 0.0001152 -7.380 0.000160 7.32 0.00021
∆fliC / ∆fim 36.28 1.2508e-09 -26.477 4.95e-09 22.406 1.1e-09
∆fliC / ∆flu∆fim 11.682 1.532e-07 -9.721 1.0812e-06 11.205 2.851e-07
∆flu / ∆fim 1.172 0.2836 -1.539 0.170 1.18 0.273
∆flu / ∆flu∆fim -3.93 0.0056 3.26 0.013 -3.66 0.0085
∆fim / ∆flu∆fim 16.216 1.24e-08 12.80 3.85e-08 -12.296 4.689e-08

Table 11: Table showing the Tval and pval of the quantified textural parameters for the colonies growing at 0.6%
agar concentration. This results are analyzed under a significance of α = 5%. WT strain not included
since experimental colonies observed were not comparable to rest of strains

Aspect Ratio Fractal dimension

Tval pval Tval pval

∆fliC / ∆flu -2.217 0.06248 1.416 0.199

∆fliC / ∆fim -0.115 0.910 0.1069 0.9169

∆fliC / ∆flu∆fim -0.9584 0.361 0.8429 0.422

∆flu / ∆fim 2.138 0.0681 -0.924 0.381

∆flu / ∆flu∆fim 1.400 0.190 0.3082 0.766

∆fim / ∆flu∆fim -0.8566 0.41066 0.736 0.477

Table 12: Table showing the Tval and pval of the quantified volumetric parameters for the colonies growing at
0.6% agar concentration. This results are analyzed under a significance of α = 5%. WT strain not
included since experimental colonies observed were not comparable to rest of strains
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T E S T B E T W E E N S T R A I N S AT 0 . 6% AG A R C O N C E N T R AT I O N

Energy Entropy Homogeneity

Tval pval Tval pval Tval pval

WT / ∆fliC -0.464 0.66 0.944 0.374 -0.9199 0.393

WT / ∆flu 1.45 0.189 1.281 0.240 -3.0225 0.0282

WT / ∆fim -2.428 0.036 3.173 0.0104 -2.814 0.0183

WT / ∆flu∆fim -8.246 4.22e-05 4.80 0.0019 -7.109 0.000102

∆fliC / ∆flu -0.224 0.831 0.107 0.917 -0.609 0.572

∆fliC / ∆fim -1.0383 0.33 1.78 0.11 -1.0648 0.32

∆fliC / ∆flu∆fim -3.5431 0.017 3.5 0.0074 -3.577 0.012

∆flu / ∆fim -1.46 0.1795 2.056 0.0716 -0.960 0.3682

∆flu / ∆flu∆fim -7.64 0.000129 3.971 0.00666 -6.380 0.0011

∆fim / ∆flu∆fim -3.805 0.00411 2.31 0.0517 -3.390 0.00691

Table 13: Table showing the Tval and pval of the quantified textural parameters for the colonies growing at 0.6%
agar concentration. This results are analyzed under a significance of α = 5%.

Aspect Ratio Fractal dimension

Tval pval Tval pval

WT / ∆fliC 0.467 0.653 -1.258 0.247

WT / ∆flu -1.9051 0.1225 0.7465 0.490

WT / ∆fim -0.0804 0.937 -0.6050 0.5590

WT / ∆flu∆fim -0.249 0.812 -1.3042 0.2309

∆fliC / ∆flu -2.127 0.085 3.0182 0.0264

∆fliC / ∆fim -0.4545 0.659 0.538 0.6025

∆fliC / ∆flu∆fim -0.520 0.621 -0.095 0.926

∆flu / ∆fim 1.646 0.1486 -1.5349 0.168

∆flu / ∆flu∆fim 1.189 0.272 -2.949 0.0299

∆fim / ∆flu∆fim -0.1755 0.865 -0.60 0.56

Table 14: Table showing the Tval and pval of the quantified volumetric parameters for the colonies growing at
0.6% agar concentration. This results are analyzed under a significance of α = 5%.
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T E S T B E T W E E N S A M E S T R A I N AT D I F F E R E N T AG A R C O N C E N T R AT I O N

WT

Energy Entropy Homogeneity

Tval pval Tval pval Tval pval

0.5% / 0.6% 6.77 1.5e-4 -5.11 0.00048 5.64 0.00022

∆fliC

Energy Entropy Homogeneity

Tval pval Tval pval Tval pval

0.4% / 0.5% 6.13 2.2e-6 -7.41 7.49e-8 5.53 8.5e-6

0.4% / 0.6% 6.26 3.1e-3 -11.074 0.000144 7.05 0.00179

0.5% / 0.6% 3.6 0.014 -5.28 0.00081 4.189 0.0066

∆flu

Energy Entropy Homogeneity

Tval pval Tval pval Tval pval

0.4% / 0.5% 1.28 0.22 -1.066 0.313 0.454 0.659

0.4% / 0.6% 3.89 0.0036 -2.41 0.039 1.721 0.129

0.5% / 0.6% 3.48 0.007 -2.0635 0.075 2.074 0.050

∆fim

Energy Entropy Homogeneity

Tval pval Tval pval Tval pval

0.4% / 0.5% -2.52 0.022 3.440 0.0029 -3.117 0.00573

0.4% / 0.6% 1.16 0.28 0.899 0.398 -0.384 0.7112

0.5% / 0.6% 2.55 0.022 -2.11 0.0469 2.192 0.04060

∆flu∆fim

Energy Entropy Homogeneity

Tval pval Tval pval Tval pval

0.4% / 0.5% 2.78 0.014 -3.169 0.0058 2.851 0.0120

0.4% / 0.6% 1.68 0.148 -1.256 0.2667 1.053 0.3399

0.5% / 0.6% -1.78 0.091 1.55 0.1416 -1.957 0.0660

Table 15: Table showing the Tval and pval of the quantified textural parameters for the colonies growing at
different agar concentrations. This results are analyzed under a significance of α = 5%.
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WT

Aspect Ratio Fractal Dimension

Tval pval Tval pval

0.5% / 0.6% -0.807 0.44 0.973 0.379

∆fliC

Aspect Ratio Fractal Dimension

Tval pval Tval pval

0.4% / 0.5% -1.78 0.10 -0.4084 0.688

0.4% / 0.6% -2.27 0.073 -1.364 0.212

0.5% / 0.6% -1.60 0.17 -0.985 0.34

∆flu

Aspect Ratio Fractal Dimension

Tval pval Tval pval

0.4% / 0.5% -0.017 0.98 -1.339 0.193

0.4% / 0.6% -1.871 0.11 0.59 0.568

0.5% / 0.6% -2.12 0.1012 1.858 0.081

∆fim

Aspect Ratio Fractal Dimension

Tval pval Tval pval

0.4% / 0.5% -1.553 0.134 0.4933 0.633

0.4% / 0.6% -2.36 0.048 -0.482 0.638

0.5% / 0.6% -1.137 0.278 -0.944 0.373

∆flu∆fim

Aspect Ratio Fractal Dimension

Tval pval Tval pval

0.4% / 0.5% -0.93 0.36 -1.0566 0.323

0.4% / 0.6% -1.34 0.23 -1.562 0.149

0.5% / 0.6% -0.957 0.385 -1.27 0.260

Table 16: Table showing the Tval and pval of the quantified volumetric parameters for the colonies growing at
different agar concentrations. This results are analyzed under a significance of α = 5%.
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