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ABSTRACT OF THE THESIS 

 

Spatiotemporal Dynamics of Bacterial Colonies on Hard Agar 

 

by 

 

Kinshuk Shau 

Master of Science in Bioengineering 

University of California San Diego, 2022 

Professor Terence Hwa, Chair 

Professor Bernhard Palsson, Co-Chair  

 

 
Biofilms are ubiquitous in nature, having dense spatio-temporal structures containing various types 

of social interactions between different microbial communities. In this study, we use colony growth of E. 

coli cells on hard agar as a model system for biofilm dynamics. Employing a combination of experimental 

and modeling techniques, we first quantify the growth characteristics of an E. coli colony starting from a 

single cell. The agent-based simulations capture spatio-temporal dynamics of important metabolites, with 

the gradients of these metabolites suggesting physiological differentiation occurring across the colony. To 
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further mimic natural biofilms, we then implemented trophic interactions between a pair of E. coli strains. 

Confocal microscopy images of a producer-consumer cross-feeding colony show the formation of unique 

flower-like patterns with the consumer enveloping the producer at the colony frontier. Experimental 

measurements reveal that the consumer can compensate for its lower growth rate, compared to the producer, 

with a lower Monod constant, allowing it to coexist with the producer in the initial phase. We find that as 

colony growth progresses, the consumer, despite having a slower radial expansion rate on one nutrient, can 

keep up with the producer at the frontier by employing a simultaneous nutrient utilization strategy as 

opposed to hierarchical for the producer. In the final regime of colony growth, while the producer slows 

down because of nutrient depletion, the consumer continues to grow, eventually forming the patterns. In 

conclusion, this work demonstrates the role of physiological diversity and community interactions on 

bacterial colony growth. 
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CHAPTER 1: Dynamics of Single Strain E. coli Colonies  

 

 

1.1 Introduction  

Bacterial communities are known to exist in the environment in the form of biofilms, wherein using 

the secretion of biopolymer substances such as extracellular polymeric substances (EPS), they attach to 

surfaces and form dense spatio-temporal heterogenous structures [1]. These structures are influenced by a 

vast array of factors including colony growth, mechanical interactions, motility, signaling pathways and 

these diverse interrelated components make it quite a difficult system to study [2]. In recent years, many 

studies have focused their attention instead on a toned-down version of biofilms- colony growth of non-

motile, non-EPS producing bacteria on hard agar [3][4]. Insights gained from the factors influencing colony 

growth on bacteria on hard agar can play crucial roles in deciphering the ubiquitous and complex biofilm 

interactions found the wild.  

The earliest quantitative studies of this simplified system of bacteria growing on agar date back to 

radial colony measurements made by Pirt in 1967[5], and followed up by others [6] determining other 

parameters like height, the variability of these parameters between different microbial species and on 

environmental conditions such as nutrient availability, agar concentration, mode of growth etc.  Despite the 

multitude of these studies, our quantitative understanding was still lacking about the factors which 

controlled the growth of the colony.  An earlier version of our study-Warren et al, 2019[3], along with 

numerous other works over the past decade [4][7][8] have employed biophysical computational models to 

narrow this knowledge gap. Our particular study involved using a 3D agent-based simulation model 

incorporating the effects of nutrient diffusion, cell-cell and cell-agar interactions and cell level model of 

surface tension, and demonstrated that while nutrient penetration affected the colony height, radial 

expansion was limited by the mechanical interactions of the colony with the agar.  
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Our earlier study was mainly concerned with the linear increase in radial and vertical expansion 

speeds during the first 24 hours after seeding the colony. Although we had observed that while radial 

expansion speed remained constant throughout this period, a slowdown occurred in the rate of increase of 

colony height beginning around 24 hours. In this study, we focus our attention on elucidating the main 

factors causing this slowdown, and build upon our original agent-based model by including major metabolic 

processes that can influence colony growth- for example, nutrient consumption, oxygen diffusion, 

anaerobic growth and fermentation, and nutrient consumption for maintenance in absence of growth.   

 

1.2 Material and Methods  

 

1.2.1 Strain and Batch culture conditions 

The parent strain used in our experiments is EQ59, as reported in Warren et al, 2019[3]. The strain 

is constructed on NCM 3722 background with a deletion in the motA gene to remove motility and having 

constitutive chromosomal GFP expression.  For constructing EQ59 ∆aceA, JW3975 (BW25113 ∆aceA: 

kan, Keio collection [9]) served as a donor for P1 transduction with E. coli K-12 NCM 3722, yielding the 

strain NQ561. NQ561(NCM 3722 ∆aceA: kan) was then used as a donor for P1 transduction with the parent 

EQ59 strain.   

 `Phosphate buffered saline (PBS) was used as the buffer for the minimal growth media, with the 

addition of glucose as the carbon source and ammonium chloride as the nitrogen source. Unless specified, 

the final phosphate concentration of the buffer was kept at 112mM, while the glucose and ammonium 

chloride concentrations were kept at 20mM and 10mM respectively. On low buffer conditions, the 

phosphate concentrations were adjusted accordingly and appropriate changes were made in the salt 

concentration to keep the osmolarity fixed at 0.4M. For batch culture growth measurements, a seed culture 

in LB media was started from a single colony picked from an LB plate. After the culture becomes saturated 
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around 4-5 hours, the samples were washed and resuspended in PBS without carbon or nitrogen sources. 

The cultures were then diluted and transferred into minimal medium at low OD (~0.5 𝑥 10−5) to ensure 

that it would be in the exponential growing phase the next day (around OD 0.5). The inoculum was 

transferred on the next day from the overnight minimal media tubes into fresh culture such that the OD was 

in the range of 0.02-0.05. Growth rate measurements, if done, were using a UV-Vis spectrophotometer in 

the OD range from 0.04-0.5.  

 

1.2.2 Preparation of minimal media agar plates and plate inoculation for colony growth  

The agar plates were prepared on the same day as the seed culture with final agar concentration 

being kept at 1.5% w/v. 16ml of molten agar with minimal media was poured onto petri plates of dimensions 

60 mm x 15mm, resulting in an agar depth of around 8 mm. The plates were allowed to solidify in an open 

flame around the bench for about 10-15 minutes, and were then dried in a PCR hood for another 10 minutes 

and stored at 4oC for inoculation on the next day.  

When the cultures were around an OD of around 0.25-0.3, 100 µL of the culture was taken and was 

serially diluted 106 times, and 100uL was poured using a micropipette onto the pre warmed agar plates, 

and the inoculum was mixed uniformly onto the plate using glass beads.  The dilution was done such that 

there would be around 5-10 colonies in the final plate, which for the plate size used corresponds to average 

colony spacing of around 1 cm radially till encountering another colony. After mixing, the plates were 

allowed to dry in the PCR hood for around 10 minutes and then wrapped with parafilm and stored in the 

37°C incubator until being taken out the next day onwards periodically for colony growth measurements 

using confocal microscopy.  

To allow for continuous colony growth measurements, multiple (5-6) plates were prepared on the 

same day separated by around 2 hours between inoculation times. The plates were sequentially scanned 

around every 12 hours with each confocal scan taking between 3-35 minutes depending upon the stage of 
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colony growth. This staggered imaging strategy could be employed since the measurements were quite 

reproducible between different plates and colony to colony as described in Warren et al, 2019[3].  

 

1.2.3 Microscopy and Image Processing  

Colonies were imaged at the appropriate times using a Leica TCS SP8 inverted confocal 

microscope enclosed in a 37oC temperature enclosure. Parafilm was carefully removed and the colonies 

were placed onto the stage facing the 10x/0.3 objective. The excitation of the laser was set at 488nm for 

GFP fluorescence and a HyD SP GaAsP detector was used with the emission spectrum set in the range from 

495 to 545 nm. Since the colonies occupy a large space, individual parts were imaged using a square tilescan 

grid and the final image was stitched together using a custom Python script.  

 After stitching the merged image, the script was used to calculate the radius and the height of the 

colony. The radius is obtained by going through all the z stacks images which have been processed through 

a Gaussian blur and thresholded.  Using the smallest enclosing circle library by Project Nayuki, we then 

find the radius of the circle enclosing points whose pixel intensities are above a threshold. The surface is 

set to the point where the radius is maximum and the height of the colony is then calculated. This script 

also gives information about the radius of the colony at a particular height, which was used to generate the 

colony profiles. Plotting of the radius, height and profiles across time as the colony grows were done using 

a custom MATLAB Script.  

 

1.2.4 Agent based model 

Following our agent-based model from our earlier study [3], we model individual cells as a sphero-

cylinder growing at a certain rate with individual cells adding a certain fixed length to its birth size and then 

undergoing division [10].  Mechanical interactions like forces and torque are implemented based on 

different types of interactions-  
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i) cell- cell interactions, arising when cells are in physical contact 

ii) cell-agar interactions, for cells in contact with the agar surface 

iii) cell-fluid interactions, cells interacting with surrounding fluid and experiences a viscous drag 

iv) surface tension, a cell level model of surface tension with imbalances between surface tension and 

friction resulting in verticalization of cells due to “buckling” 

In Warren et al, 2019 [3], just a single nutrient source was used to describe the growth of cells, and 

the authors had implemented a reaction diffusion model of nutrient dynamics and Dirichlet boundary 

conditions to fix the agar concentrations at the edge of the agar region. Since this study concerns with the 

transition and slowdown in the linear increase of height for colony growth beyond 24 hours, we expect 

oxygen limitation and anaerobic byproduct accumulation like acetate to play a role, and thus modelling the 

colony just with aerobic growth on a single carbon source is inadequate. An extended model has been 

implemented describing different growth modes of the colony under aerobic and anaerobic conditions, and 

as a byproduct of anaerobic metabolism, excretion of molecules like acetate which can diffuse through the 

colony. We also have added maintenance requirements for individual cells, as in if the nutrient is lower 

than a threshold quantity, the cell does not grow but uses the energy derived from these carbon sources for 

maintenance. One more modification that has been made is to reduce the simulation to (1+1) dimensions 

instead of (2+1) so that the computational solver is more efficient.  

 

 

 

 

Figure 1: The geometry of the agent-based model of a colony growing on hard agar. The computational 

box is a two-dimensional rectangular region. It is divided into three parts: the air region Ω0, the colony 

region Ω1that expands with time, and the fixed agar region Ω2 
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We shall denote the concentrations for glucose, oxygen, and acetate [Glu], [𝑂2], and [Ac] by 

𝐶𝑔 = 𝐶𝑔(𝑟, 𝑡), 𝐶𝑜 = 𝐶𝑜(𝑟,⃗⃗⃗  𝑡),  and 𝐶𝑎 = 𝐶𝑎(𝑟, 𝑡), respectively, where 𝑟 denotes the position vector of a 

spatial point in agar or colony, and 𝑡  denotes time. The reaction-diffusion equation for each of the 

concentration field 𝐶𝑔 = 𝐶𝑔(𝑟, 𝑡), 𝐶𝑜 = 𝐶𝑜(𝑟, 𝑡),  and 𝐶𝑎 = 𝐶𝑎(𝑟, 𝑡) has the following general form (refer 

to Fig. 1):  

𝜕𝑡𝐶 = 𝐷−Δ𝐶                                             in agar region Ω−  … (1)               

𝜕𝑡𝐶 = 𝐷+Δ𝐶 + 𝜌𝑃 − 𝜌𝑄                       in colony region Ω+  … (2) 

𝐶− = 𝐶+    and    𝐷−𝜕𝑛𝐶− = 𝐷+𝜕𝑛𝐶+   on the agar-colony interface 𝛤12 … (3) . 

Here, 𝐷− and 𝐷+ are the diffusion coefficients for the substance with concentration 𝐶 in the agar 

and colony regions  Ω− and  Ω+, respectively, 𝐶− = 𝐶 in agar and 𝐶+ =  𝐶 in colony, respectively, and 𝜕𝑛 

denotes the normal derivative in the direction from agar to colony. If 𝐶 =  𝐶𝑔, 𝐶𝑜,  or 𝐶𝑎, then we denote 

the diffusion coefficients by 𝐷𝑔,− ,  𝐷𝑔,+ ,  𝐷𝑜,− ,  𝐷𝑜,+ , or 𝐷𝑎,− ,  𝐷𝑎,+ , respectively. In the reaction term, 

𝜌𝑃 − 𝜌𝑄,  𝜌 is the local cell density, and 𝑃 and 𝑄 are the production and consumption rates defined in the 

colony. We model these rates for the concentrations 𝐶 =  𝐶𝑔, 𝐶𝑜,  and 𝐶𝑎 , by  

𝑃𝑔 =  0  and  𝑄𝑔 =  [𝑞𝑔,𝑎𝑒𝑟𝜆𝑔,𝑎𝑒𝑟𝜃𝑔𝜃𝑜 + 𝑞𝑔,𝑎𝑛𝑎𝜆𝑔,𝑎𝑛𝑎(1 − 𝜃𝑜)]𝜃𝑔(1 − �̃�𝑎) … (4) 

𝑃𝑜 = 0 and 𝑄𝑜 =  [𝑞𝑜,𝑔𝜃𝑔𝜆𝑔,𝑎𝑒𝑟𝜃𝑔 + 𝑞𝑜,𝑎(1 − 𝜃𝑔)𝜆𝑎,𝑎𝑒𝑟𝜃𝑎]𝜃𝑜(1 − �̃�𝑎) … (5) 

𝑃𝑎 = [𝑝𝑎,𝑎𝑒𝑟𝜃𝑔𝜆𝑔,𝑎𝑒𝑟𝜃𝑜𝜃𝑔 + 𝑝𝑎,𝑎𝑛𝑎𝜆𝑔,𝑎𝑛𝑎(1 − 𝜃𝑜)𝜃𝑔](1 − �̃�𝑎) … (6) 

𝑄𝑎 =  𝑞𝑎,𝑎𝑒𝑟(1 − 𝜃𝑔)𝜆𝑎,𝑎𝑒𝑟𝜃𝑜𝜃𝑎(1 − �̃�𝑎) … (7) 

respectively. Here, we use the Monod kinetic forms, 

𝜃𝑔 =  
𝐶𝑔

𝐶𝑔+𝐾𝑔
 ,    𝜃𝑜 =  

𝐶𝑜

𝐶𝑜+𝐾𝑜
 ,    𝜃𝑎 =  

𝐶𝑎

𝐶𝑎+𝐾𝑎
 ,    �̃�𝑎 =  

𝐶𝑎

𝐶𝑎+𝐾𝐼
… (8) 
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where 𝐾𝑔, 𝐾𝑜, and 𝐾𝑎 are the Monod constants for glucose, oxygen, and acetate, respectively, and 𝐾𝐼 is the 

inhibition constant corresponding to the toxic effect of acetate.  The parameters 𝜆𝑔,𝑎𝑒𝑟, 𝜆𝑎,𝑎𝑒𝑟, and 𝜆𝑔,𝑎𝑛𝑎 

are constant, and they represent the maximum constant cell growth rates for aerobic growth on glucose, 

aerobic growth on acetate, and anaerobic growth on glucose, respectively. All subscripted 𝑝 and 𝑞 are also 

constant parameters: 𝑞𝑔,𝑎𝑒𝑟 and  𝑞𝑔,𝑎𝑛𝑎 are the specific uptake rates for glucose in the aerobic and anaerobic 

growth, respectively; 𝑞𝑜,𝑔 and 𝑞𝑜,𝑎 are the specific uptake rates for oxygen in the aerobic growth on glucose 

and that on acetate, respectively; 𝑝𝑎,𝑎𝑒𝑟 and 𝑝𝑎,𝑎𝑛𝑎 are the specific production rates for acetate in aerobic 

and anaerobic growth, respectively; and 𝑞𝑎,𝑎𝑒𝑟 is the specific uptake rate for acetate in aerobic growth.  

The system of equations (1)-(3) are supplemented with the boundary and initial conditions. The 

boundary conditions for the concentrations of glucose 𝐶𝑔  and acetate 𝐶𝑎  are the flux-free on all the 

boundaries surrounding the colony and agar regions, i.e.,  

𝜕𝑛𝐶𝑔 = 0 and 𝜕𝑛𝐶𝑎 = 0 on Γ01 ∪ Γ02 ∪ Γ𝑠 ∪ Γ𝑏 ,…(9) 

cf. Fig. 1. The boundary conditions for the concentration of oxygen are 

𝜕𝑛𝐶𝑜 = 0   on  Γ𝑠 ∪ Γ𝑏   and   𝐶𝑜 =  𝐶𝑜,0    on   Γ01 ∪ Γ02,…(10) 

Where, 𝐶𝑜,0 is a constant oxygen concentration. Initially, the glucose concentration 𝐶𝑔 is set to be a constant 

in the agar region, but the initial value of the oxygen and acetate concentrations 𝐶𝑜 and 𝐶𝑎 are set to be 0. 

We denote by 𝜆 = 𝜆(𝑟,⃗⃗⃗  𝑡) the local cell (mass) growth rate at a spatial point 𝑟 in the colony and 

time t. This is a basic quantity that connects the continuum and discrete parts of our hybrid model. It is 

given by  

𝜆 = [(𝜆𝑔,𝑎𝑒𝑟𝜃𝑔𝜃𝑔 + 𝜆𝑎,𝑎𝑒𝑟(1 − 𝜃𝑔)𝜃𝑎)𝜃𝑜 + 𝜆𝑔,𝑎𝑛𝑎𝜃𝑔(1 − 𝜃𝑜)](1 − �̃�𝑎)…(11) 
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Here, the term 𝜆𝑔,𝑎𝑒𝑟𝜃𝑔𝜃𝑔 + 𝜆𝑎,𝑎𝑒𝑟(1 − 𝜃𝑔)𝜃𝑎 describes the rate of aerobic growth on glucose and 

acetate, and the term 𝜆𝑔,𝑎𝑛𝑎𝜃𝑔 describes the rate of anaerobic growth on glucose. The last term (1 − �̃�𝑎) 

describes the toxic effect of acetate on the cell growth.  

Regarding the numerical solving algorithm, our simulation is done through a time iteration with a time step 

Δ𝑡. Each iteration consists of the following main steps:  

(1) Given the configuration of all the individual cells (i.e., their spatial coordinates) in the colony, we 

determine a coarse-grained, smooth colony boundary.  

(2) We solve the system of reaction-diffusion equations in both the agar and colony regions to update 

the concentrations of glucose, oxygen, and acetate. 

(3) We update the local growth rate for cells in the colony region; and  

(4) Simulate the growth, division, and movement of all the individual cells in the colony with another 

iteration of a different and smaller time step of size 𝛿𝑡. 
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1.3 Results  

Exponentially growing non-motile, non-EPS producing and GFP labelled E. coli K-12 NCM 

3722 cells (detailed strain info in Materials and Methods Section 1.2.1) in batch cultures containing 

20mM Glucose and 10mM NH4Cl were used to seed the colony on minimal media agar plates (1.5% w/v 

agar concentration) that has the same concentration of carbon and nitrogen sources as in the batch cultures 

(For detailed info relating to the agar plate parameters such as volumes, thickness etc. refer to Materials 

and Methods Section 1.2.2). The colony density on the agar plates was carefully controlled such that 

average colony distance between the center of two colonies was not less than 1 cm. The plates were 

stored in incubator at 37oC and were only taken out for confocal microscopy imaging, with only those 

colonies being chosen for viewing that fit the criteria above. From the images acquired by the confocal z 

scans, radius and height of the colony were computed using the colony profiles. We also implement an 

agent-based model similar to our earlier study in Warren et al, 2019[3], with additional implementation of 

effects of effects of anaerobic growth and cell maintenance but with reduced dimensions. The simulated 

colony begins from a single cell akin to the experiments with agar dimensions of 1.6cm length x 4mm 

agar depth (refer to Materials and Methods Section 1.2.4 for details about the model).  

 

1.3.1 Experimental colony radius, height and profiles measurements 

We measured the profiles of the colony growing on agar (1.5% w/v) containing an initial glucose 

concentration of 20mM at various time points starting from the initial single-cell seeding process for a 

period up to 3 days, using our confocal microscopy setup. These profiles were computed using the confocal 

z-scans with the radius at a particular height being determined by fitting a circle to pixel intensities in the 

image that were above a threshold value. The radius of the colony is defined as the maximum radius across 

all the z scans, with the height being defined by the distance between the maximum radius and the colony 

top at which the radius is zero (see Materials and Methods Section 1.2.3 for details).  
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Warren et al, 2019 [3] described the linear vertical and horizontal expansion speeds of the colonies 

in the initial 24 hours, with a slowdown occurring in the vertical component after that. Here we allowed the 

colonies to expand further till 72 hours, and observed that while there was no slowdown in the radial 

expansion speed in the timespan of our measurement, vertical expansion slowed down considerably beyond 

a height of around 250 µm. (Fig 2a and Fig 2b). The results from the agent-based colony simulation, which 

uses metabolic parameters determined from batch culture, reveal a similar trend, as shown in Fig 2c and 

Fig 2d. Absolute value differences in radius and height of the colony are attributed at least in part to the 

fact that the model was simulated in (1+1) dimensions. This reduction in dimensions was made to reduce 

the computational cost of simulating such large colonies. 

 

  

 

 

 

 

 

      

 

 

 

 

Figure 2: Radius and Height obtained from the (a), (b) Experimental Colony growth and (c), (d) Simulated 

agent-based model  

(a) (b) 

(c) (d) 
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The experimental colony profiles (Fig 3a) show the colonies having a dome- shaped structure, 

with the radial dimensions being close to an order of magnitude times more than the vertical dimensions 

by around 50 hours. The profiles are plotted for alternate sequential timepoints for better clarity, 

beginning from around 17 hours to about 50 hours. Note that since we use colonies from different plates, 

some consecutive profiles might differ slightly in their shapes, like the ones at about 36 and 43 hours. The 

reason for other discrepancies like the difference in the curvature near the colony top, which can be seen 

for the earlier mentioned profiles, is currently unclear and still under study. The profiles for the agent- 

based simulation was obtained using a similar approach that was used to obtain the experimental profiles, 

and are shown in Fig 3b. The model is able to qualitatively and semi-quantitatively capture the dome-

shaped profile of the colony.  

 

 

 

     

  

 

 

 

 

       

 

Figure 3: Experimental and Simulated Spatial Colony Profiles.  

(b) 

(a) 
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1.3.2 Nutrient profiles and Growth zones in the colony  

We then looked at the spatial profiles of the metabolites- glucose, acetate and oxygen from the 

agent-based simulation as the colony growth occurs, and they are shown in Fig 4. We also classified these 

colony regions on the mode of growth that was taking place based on the local concentrations of these 

metabolites, depicted in Fig 5.   

 

 

 

 

 

 

      (a)         (b) 

 

 

 

 

 

           (c) 

Figure 4: Colony profiles with color gradients indicating the concentration of glucose (top panel in each 

subfigure), acetate (middle panel) and oxygen (bottom panel) in units of their respective Monod constants 

at (a)10h (b)20h and (c)40h. Note that the profiles for the top panel in (c) are zoomed in near the colony 

bottom as glucose concentration is non zero only in these regions close to the agar 
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(a)                                                                       (b) 

 

 

 

 

       

 

                                                                          (c) 

Figure 5: Colony profiles with color gradients indicating the growth modes of Aerobic metabolism on 

glucose (top panel in each subfigure), fermentation on glucose (middle panel) and aerobic growth on 

acetate (bottom panel) at (a) 10h, (b) 20h and (c) 40h. Note that the profiles in all the panels in (c) are 

zoomed in near the lower part of the colony as the growth rate is non zero only in these regions.  

 

The concentration of the metabolites is shown in terms of the local levels compared to its Monod 

constant, as it’s a good indicator of the local growth rate of the cell compared to the maximal growth rate. 

For glucose, the Monod constant is taken to be 20µM [11], the value for acetate is taken to be 5mM (which 

was measured in batch cultures, data shown in Supplementary Fig S1) and for oxygen we use 0.1 µM. As 
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discussed in Section 1.2.3, our model has three predominant growth modes- aerobic growth on glucose, 

anaerobic growth on glucose and aerobic growth on acetate. Firstly, we notice that throughout the process 

of colony growth, oxygen is restricted to the colony boundaries, resulting in aerobic growth along these 

regions. (Fig 4a, 4b and 4c bottom panels) In the initial hours of growth, the colony grows predominantly 

on glucose (Fig 5a top and middle panels), resulting in glucose depletion in the upper layers near the center 

of the colony (Fig 5a, top panel). This depletion in glucose near the colony top is visible as early as 10 

hours mainly due to the fact that the size of this region results in a higher glucose uptake flux compared to 

other regions. Also, a key factor contributing to this depletion is the restriction of oxygen to just the top and 

bottom layers, thereby restricting aerobic growth on glucose to just these regions. Most of the colony 

interior grows anaerobically on glucose, and since anaerobic metabolism on glucose requires a lot of 

glucose uptake for the production of similar amounts of energy and biomass as aerobic metabolism, the 

depletion in glucose in the colony interior starts to occur. (Fig 4a and Fig 4b, top panels).  

Anaerobic metabolism also results in a buildup of byproducts of fermentation like acetate which 

diffuse throughout the colony (Fig 4a middle panel). A point to note is that oxygen is abundant near the 

colony top. (Fig 4a bottom panel). Since the glucose concentration is low near the center of the colony 

while the acetate concentration is high, the cells in these regions grow aerobically on acetate (Fig 5a, bottom 

panel).  

At 20h, we can see that most of the glucose is depleted from the colony, and restricted just to the 

expanding edges (Fig 4b top panel), and since oxygen is abundant here on the frontier, the cells continue to 

grow aerobically on glucose at the periphery of the colony, thereby maintaining the radial expansion rate. 

(Fig 5b top panel). The other regions abundant in oxygen, the entire colony top, now grow on acetate since 

glucose is not available in these regions (Fig 5b bottom panel). As the colony continues to grow on acetate, 

acetate also gets depleted from these top regions, falling to levels far below the Monod constant for acetate 

uptake, thereby leaving the regions growing on acetate to be just the colony sides near the periphery at 40h 
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(Fig 5c, Bottom panel). Aerobic growth on glucose continues to occur in a thin layer along the expanding 

edges of the colony, and anaerobic growth in few layers near the bottom of the colony.  

 

1.3.3 Possible effects of acetate on colony growth  

As the simulations indicate that major portions of the colony grow on acetate, we wanted to test the 

possible effects of acetate metabolism on colony growth experimentally and thus designed two experiments. 

Firstly, we grew the colony on different concentrations of the phosphate buffer, to test the toxic effects of 

acetate on the pH of the colony which would be enhanced under low buffer conditions [12]. Secondly, we 

tested the effects of aceA gene deletion from our strain- aceA encodes for the enzyme isocitrate lyase, an 

important enzyme in the glyoxylate shunt, and allows the growth on acetate to take place in E. coli avoiding 

the decarboxylation steps of the TCA cycle.  

 The colony radius and height for low phosphate buffer concentrations ranging from around 10-

30mM are plotted together with the concentrations used normally in our experiments – around 100mM in 

Fig 4a and Fig 4b. We observe that while the radius of the colony is mostly unchanged across the buffer 

conditions, the height of the colony shows different behavior for all the 3 buffers that we tested. The 10mM  

 

 

 

  

 

 

Figure 6: Experimental radius and height comparison for different concentrations of buffer  
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buffer case saturates at a low height not much beyond 100µm, while the 20mM and the 30mM although 

being initially lower (before 40 hours) than the 100mM buffer, rise gradually to eventually reach about the 

same height, with the rise slower for the 20mM buffer compared to the 30mM case.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Experimental colony profiles for different concentrations of phosphate buffers 



17 

 

The profiles of the colony also show qualitative differences compared to the ones shown in Fig 3a. 

Instead of a dome shaped, the 10mM case represents a flat top (Fig 7 top panel), while the 20mM and 30mM 

resemble a flat top in the initial timepoints (Fig 7 middle and bottom panels) but slowly converge to having 

similar dome- shaped profiles as in the higher buffer conditions.  

The deletion of aceA gene surprisingly did not affect the colony radius and height, as is shown in 

Fig 8. The profiles are also similar to the wild type case (Fig 3a), with the dome shaped colony structure.  

Across the 70-80 hours when the colonies were imaged in our study, the mutant and wild type strains colony 

profiles are pretty similar. These results, the dependency on the buffer conditions and the role of acetate 

uptake, are currently still being investigated by the agent-based model by including toxicity and turning of 

acetate uptake in the simulations respectively.  

 

 

 

 

 

 

 

 

 

 

 

 Figure 8: Showing the colony radius and height measurements along with profiles for ∆aceA strain  
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1.4 Discussion  

 

In this Chapter, we focused on studying the growth of a colony beginning from a single E. coli cell, 

specially trying the understand the factors which govern observable quantitative characteristics of growth 

like radial and vertical expansion speeds. Our model builds upon the prior work by Warren et al, 2019, with 

an emphasis on the metabolic aspect of colony growth as in the interplay between the metabolite’s glucose, 

acetate and oxygen as the colony growth occurs in time. Our experimental observations reveal that the 

radius of the colony continuously increases linearly throughout the span of our experiment (around 70 

hours), but the vertical expansion slows down after about 24 hours and begins to saturate at 250-300µm. 

The colony profiles show a dome like shape with a height-to-length ratio of around 1:10. We are able to 

capture this behavior with our agent-based model, although semi-quantitatively due to approximations 

made by reducing the model to (1+1) dimensions. The computed spatial metabolic profiles of the colony 

suggest that glucose consumption is the main source of growth for the colony in the initial 10 hours of 

colony growth, a major part of which is through fermentation in the interior regions of the colony devoid 

of oxygen, thereby producing fermentation byproducts like acetate which diffuses inside the colony. As the 

glucose gets depleted in the colony interior, the cells at the top layers exposed to oxygen start to grow on 

acetate. This is followed by lowering of acetate levels near the colony top restricting growth through acetate 

consumption on the top sides of the colony. Also, the cells at the expanding edge of the colony continue to 

grow aerobically on glucose, and do not face limitation due to nutrient diffusion, with glucose 

concentrations being far above the Ks for glucose.   

 We then tried to test some of the model predictions experimentally by examining the role of acetate 

on colony growth. We lowered the concentrations of phosphate buffer to see the toxic effects of 

fermentation byproducts, majorly acetate. Acetate can cause a toxic effect in the growth of the colony by 

lowering the pH of the medium, and thus the effects of its excretion is more pronounced in low-buffer 

environments. The colonies in the low buffer scenario displayed vastly different spatial profiles with a 
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flatter top, compared to the dome shaped profiles seen normally when the buffer concentrations are high. 

We then tested the colony growth for ∆aceA colonies, which cannot utilize acetate for biomass production. 

The radial and vertical profiles for the deletion mutant were identical to the wild type colonies, with some 

possible differences occurring after 80 hours. In retrospect, the lack of differences between the mutant and 

wild type colonies may be attributed to the fact that acetate is not the only fermentation product excreted 

and diffusing across the colony. Other products such as lactate [13], pyruvate and alanine [14] might play 

a similar role as acetate.  

.  We did not investigate further into the growth regime of the colony beyond 70 hours because of 

the possibility of other factors that we did not take into account like cell death. It however remains an 

interesting possibility to test in the future, and can help us have a better understanding of physiological 

factors like cell maintenance and the role it plays in maintaining the viability of cells [15]. There have been 

a lot of interesting technical innovations in experimental studies on E. coli biofilms in recent years [14][16], 

and future research in this area looks promising.  
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2. Chapter 2: Dynamics of Cross-Feeding E. coli colonies  

 

2.1 Introduction  

 

In Chapter 1, we presented the various factors that play roles in the development of colonies starting 

from a single cell, and the associated heterogeneity across the spatial and temporal scales. In this Chapter 

2, we aim to apply our understanding and insights gained from the earlier study to study the development 

of more complex colonies involving two interacting E.coli strains. 

Colony growth involving microbial communities with mixed genotypes have often been a recent 

focus of range expansion studies, owning to the various evolutionary factors at play including genetic drift, 

natural selection and dispersal [17][18]. Many studies have shown the dominant role of random genetic 

drift in these colony expansions as populations at the front divide more rapidly owning to the relatively 

better abundance of nutrients, such that the descendants of these sub-populations make a large proportion 

of the expansion front. This results in a positive feedback loop, wherein populations once stochastically 

entering the population front, persist at the front via a “gene surfing” effect [18]. The global spatial 

structures of these range expansions have a homogenous “core”, where populations are evenly mixed and 

as growth occurs, with is a loss of spatial diversity and formation of discrete “sectors” of individual clonal 

clades as the colony expands. The fluctuations which propel the population to the expanding front can be 

biased by a range of factors including nutrient supply, expansion speed, structural surface irregularities, and 

social interactions between participating populations [19-26]. 
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Figure 9: Illustration of cross feeding model system composed of producer and consumer  

 

Social interactions between individual organisms have long been studied by community ecologists 

and can be classified mainly into five different classes (here symbol denotes type of interaction: + denotes 

positive effect, - negative and 0 no effect): commensalism (+/0), mutualism (+/+), predator-prey (+/-). 

competition (-, -) and parasitism (+, -). These types of interaction can be formed in a microbial consortium 

through a metabolic “cross-feeding” or exchange of metabolites [20][27][28].  Cross-feeding can influence 

the spatial diversity of microbial structures and is found in different environmental contexts from 

hydrocarbon degradation in oil-degrading communities to the utilization of products from fermentation by 

the microbiome in the human gut [28]. In this study, we consider the effects of commensalism interaction, 

wherein one community can metabolize and breakdown the nutrients from the environment for the other. 
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 In this Chapter, we study the effect of commensalism in the context of bacterial colony growth. 

Two synthetically engineered strains of Escherichia. coli described in Cremer et al, 2016 [29] was used. 

The producer-consumer cross-feeding system is illustrated in Fig 9.  The producer strain EQ403 can take 

up the lactose from the environment and break it down into glucose and galactose, but can only metabolize 

glucose for growth. Galactose is released back into the extracellular environment. The consumer strain 

EQ386 can utilize galactose but it has the uptake genes for lactose metabolism deleted. In a set up where 

lactose is the only nutrient available in the environment, the consumer solely depends on the producer for 

its growth. 

Analogous cross-feeding microbial systems have been used in a number of recent studies 

[20][21][22][25][26]. Goldschmidt et al, 2017 [21] used an engineered version of Pseudomonas stutzeri 

strains that differ in their ability to reduce nitrate from the environment under anaerobic conditions. The 

intermediate metabolite for the strain that breakdowns the nitrate is nitrite and, nitrite is toxic for this 

producer strain. They showed that in these types of cross-feeding systems, where the intermediate 

metabolite is toxic for one of the strains, there was a reduction in local diversity loss or an increase in the 

number of producer sectors when the toxicity was high due to differences in growth rates at the frontier 

[20]. Toxic effects of cross fed metabolite can have various confounded effects, with difficulties in 

resolving the basic causal components impacting a particular behavior. Here we investigate a seemingly 

much simpler system, with the goal being able to characterize the rules and patterns which govern these 

cross-feeding interactions in colony growth.  
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2.2 Material and Methods  

 

2.2.1 Strain and Batch culture conditions 

 

In this study, for the producer strains and the consumer strains, we use the strains EQ403 and 

EQ386 described in Cremer et al, 2016[29]. Both the strains are on E. coli NCM 3722 background and have 

deletion in the lactose and galactose metabolism genes along with plasmids having fluorescent reporters 

mCherry and GFP respectively. EQ403 has the gene deletion in galK and the plasmid pZA31Ptet-mCherry 

resulting in a constitutive red fluorescence while EQ386 has the gene for lac I, lacZ and lacY deleted with 

the plasmid pZA31Ptet M2-GFP giving it a green fluorescent color. Construction of ∆aceA mutants for 

EQ403 and EQ386 were done using the similar process described in Section 1.2.1 

 
The PBS buffer conditions used in cross-feeding colony experiments are the same as those 

described in Chapter 1. For the nutrient carbon source, lactose and galactose were used for the producer 

and the consumer respectively, unless specified otherwise. The seed culture conditions are the same as the 

ones described earlier, different seeds were started simultaneously with the consumer and producer. For 

growth rate measurements, the inoculum was transferred from the overnight minimal media precultures 

into fresh minimal media at an OD ~ 0.02. 

 

2.2.2 Preparation of minimal media agar plates and plate inoculation for colony growth 

 

The agar plates that were prepared had lactose as the carbon source, at concentrations ranging from 

2mM-40mM according to the specific experiment. The lactose concentration by default is kept at 10mM. 

The agar plates were prepared on the same day as the seed culture with final agar concentration being kept 
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at 1.5% w/v. For the experiments involving greater agar depth, 16ml of molten agar with minimal media 

was poured onto petri plates of dimensions 60 mm x 15mm, resulting in the plates having a depth ~8 mm. 

For the experiment involving lower agar volumes, different amounts of molten agar ranging from 2ml-8ml 

was poured onto Willco Wells glass-bottom agar plates of dimensions 50mm x 7mm. The default agar 

volume in these agar plates was 6ml unless specified otherwise, which corresponds to an agar depth of 

about 4 mm. The drying and storage of agar plates are the same as described in Chapter 1.  

For experiments involving inoculation of agar plates, fresh cultures were inoculated from the 

corresponding precultures (having lactose and galactose as the carbon sources at 10mM concentration for 

the producer and the consumer respectively unless specified otherwise) such that the initial OD would be 

around 0.05-0.1. The fresh cultures were allowed to grow exponentially for some time and OD 

measurements were taken at 2-3 timepoints to ensure that the cultures were growing at their regular growth 

rates and there were no faster or slower growing mutants. When the cultures were around an OD ~ 0.3, 1ml 

of cultures of producer and consumer were collected in Eppendorf tubes and were centrifuged at 13.3k rpm 

and resuspended in PBS buffer. The OD was measured after washing and adjusted so that it was the same 

for the consumer and the producer and equal volumes ~ 50-100 µL were transferred to a new Eppendorf 

tube. This was done to ensure that the ratio of the producer and the consumer cells were 1:1 by cell mass. 

The tube was vortexed for around 5-10s and 0.5 µL of the culture was used to inoculate the center of the 

prewarmed agar plates. Note that for experiments involving different inoculation densities, appropriate 

dilutions were made from this Eppendorf tube to a new tube, and the rest of the inoculation process is 

similar to the one described earlier.    The plates were dried in front of the flame on the bench for around 

5-10 minutes and dried again in the PCR hood for around 10 minutes. Plates were then wrapped in parafilm 

and stored in the 37°C incubator until further measurements with confocal microscopy. Most of the 

experiments were done in replicates with around 2-5 plates having the mixed coculture inoculum from the 

same tube to ensure that the experiments were reproducible. Confocal microscopy measurements were 

collected around every 24 hours, with each scan taking between 5 minutes to 40 minutes depending upon 
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the stage of colony growth, and the plates were wrapped and put back in the incubator as soon as the 

experiments were completed to avoid agar loss due to evaporation. All the plates were stored at 4oC for a 

few days after about 8 days from colony inoculation to stop the metabolism of the colony and to allow 

oxygen to reach the bottom of the colony, which were then imaged again using the confocal microscope. 

Firstly, as usual, the colonies were imaged through the air-colony interface, and the image is called the “top 

view”. Then we imaged the colonies through the agar-colony interface, with the image being denoted as 

the “bottom view”. The bottom-view of the colonies could only be obtained only for the Willco Well agar 

plates that were used for experiments involving agar volumes 2ml-8ml. Bottom view images for larger 

plates that were used for experiments containing 16ml of agar could not be captured in this way possibly 

due to scattering of light through the thicker agar plates.  

2.2.3 Monod Constant Measurements 

 

For measurement of the Monod constant for lactose and galactose for the producer and the 

consumer respectively, seed cultures were prepared similar to as described earlier. For the measurement of 

growth rates at relatively high nutrient concentrations(>1mM), precultures were prepared at the same 

concentrations as the ones in the final experiment. For measurements at concentrations lower than 1mM, 

the precultures had the carbon source at 10mM, since total cell density from the overnight precultures at 

concentrations lower than 1mM is lower than the range measured using the UV-Vis Spectrophotometer, 

and nutrients are depleted earlier when lower concentrations are used so the growth conditions would not 

exponential. 1ml of the precultures were centrifuged and washed twice with PBS buffer to ensure that no 

galactose or lactose is transferred over when inoculating the fresh cultures. The inoculum from the washed 

precultures were transferred at the appropriate dilutions based on rough estimates of Monod constant such 

that there would be around 10% drop in nutrient concentration for around 2 doublings. The fresh cultures 

were kept to adapt to the new environment and grow for a period around 2 hours. After 2 hours, appropriate 

dilutions were made and around 25-100 µL of the culture was transferred ensuring that there would be 
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around 200-500 colonies per plate. The plates were allowed to dry for around 10 minutes in the PCR hood 

and then transferred to the 37°C incubator. This was repeated every hour for around a period up to 6 hours. 

Colony counts were made after around 24 hours of incubation time, and back calculations were made 

according to the dilutions to determine the colony forming units per ml of the culture(cfu/ml). Growth rates 

were determined using a linear fit for log(cfu/ml) and time.   

 

2.2.4 Microscopy and Image analysis  

 

Most of the microscopic set up is same as described in Chapter 1. There are some modifications in 

the Leica microscopy software set up to accommodate dual laser channels for excitation of the fluorophores 

GFP and mCherry at 488 and 588 nm wavelength respectively. Two HyD SP GaAsP detectors are used and 

mapped according to the emission spectra of the GFP and mCherry fluorophores 495 to 545 nm and 590 to 

700 nm respectively. The gain of the detector and the laser intensity are adjusted to minimize 

photobleaching of the fluorophore and oversaturation of the image.  

 As described earlier, tilescan images were taken through the microscope and the images were 

stitched together using a custom Python Script. Images were resized using imresize function in MATLAB 

and the resized image was used back in Python to create videos showing the fluorescence intensity across 

different z stacks and also to create max intensity images, where the intensity at a pixel location is given by 

the maximum value across different z scans. Image sequences were also loaded in ImageJ/Fiji to analyze 

the orthogonal views across the xz and yz slices for z stacks corresponding to image from a particular 

timepoint. These stacks were also used to create a 3d representation of the colony using the 3d viewer 

plugin.  
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2.3 Results  

 

2.3.1 Patterns formed by two strain colonies without cross-feeding interaction 

 

As described in the introduction section of this chapter, past quantitative studies [17] have shown 

how mixing two genotypes of microbial populations in equal proportions results in the formation of well-

defined sectors radiating from a homogenous core, alternating between the two genotypes. Their studies 

involved using immotile E. coli DH5α cells marked by different fluorescent reporters, CFP and YFP. As a 

control experiment, we tried to emulate this scenario by growing the mixture of our two strains on agar 

having glucose as the carbon source. Both the producer and the consumer cells can grow on glucose as the 

carbon source, mimicking a simple, non-interacting two strain system, albeit with slight differences in 

growth rates between the producer and the consumer (data shown in Supplementary figure S2).  

Producer and consumer cells that were exponentially growing by themselves separately in minimal 

media batch culture tubes containing 10mM glucose were mixed in a 1:1 ratio and inoculated onto minimal 

media agar plates (agar concentration at 1.5%w/v). The agar plates had glucose concentration fixed at 

10mM, and had an agar volume of 16ml. The plates were then stored at 37oC incubator and taken out for 

imaging around 48 and 72 hours after initial inoculation for imaging using confocal microscopy (see 

Materials and Methods Section 2.2.2).  The max intensity was computed from across all the confocal z 

scans such that the maximum intensity at a particular pixel location in the image is given by the maximum 

value for that pixel across all the z values. The z scans were also used to compute the cross section of the 

colony to get information about the colony cross section profiles (for details refer to Materials and Methods 

Section 2.2.4). 

We can observe the initial homogenous core and the formation of sectors as shown in Fig 10ab and 

inset of the pattern (Fig 10c) at about 72 hours, and the changes occurring in time only across the expansion  
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Figure 10: Max Intensity Projections of the colony on the xy plane and yz cross-section for agar plate 

containing 10mM Glucose with the red color denoting the producer, the green consumer and black regions 

in the colony depicting plasmid loss. (A) and (B) show the maximum intensity images at about 48 and 72 

hours respectively. (C) shows the magnified view of the lower left quadrant in (B). (D) is the yz cross 

section of the colony at 72 hours along the dotted blue line shown in (E)  

 

frontier. In panel D, we describe the information about the height of the colony obtained from confocal z 

scans. At a particular z value, the image of the colony can be represented in the xy plane. As we scan 

across the z plane, we can get information about the height of the colony.  Panel B represents a slice of 

the colony across the yz plane at a particular fixed x value, and along the blue dotted line in Figure 10E. 

We can see that the profile of the colony looks quite similar to the ones that we had observed in Chapter 

B 

C 

A 

E 
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1, although the colony sizes are relatively larger compared to those shown earlier. In the single strain 

colony dynamics study, a colony starts from a single cell, but in our cross-feeding work, we start with ~ 

10^5 cells of the producer and the consumer, mixed in a 1:1 ratio.  Starting with low cell numbers results 

in a lot of stochastic heterogeneity in the resulting patterns that develop in the initial inoculation region 

(data shown in Supplementary figure S3).  

Also, across our experiments in this Chapter, we did not add the antibiotic chloramphenicol to the 

agar plates. The main mechanism for chloramphenicol resistance in bacteria, as is in the plasmid used in 

our study containing the fluorescent proteins, is through inactivation of the antibiotic through acetylation 

by Chloramphenicol acetyltransferases (CATs) .As has been shown in the first chapter, acetate excretion 

during anaerobic metabolism plays an important role in the spatial dynamics of the colony, and we did not 

want to confound the interactions which could be caused due to the transfer flux for acetylation. Also, only 

a few sectors showed the loss in plasmid, which did not affect the judgement of qualitative results shown 

here and the rest of this Chapter. Most of the plasmid loss was in the producer strain. Cross- feeding 

experiments in which the antibiotic was added at 10µg/ml are shown in Supplementary figure S4.   

 

2.3.2 Patterns formed by colonies of cross-feeding bacteria   

  

Because of the differences in the source of the carbon sources in our cross-feeding system, lactose 

for the producer and galactose for the consumer, there exists inherent differences in growth rates between 

the two [29]. The maximal growth rates under saturating amounts of the carbon source are 0.67 h-1 for the 

producer and 0.37 h-1 for the consumer respectively. Given this difference, it is not intuitively clear about 

the possible patterns that could form in space. Kayser et al, 2018[19] showed how despite fitness differences 

of two populations in terms of growth rates, the proportion of slower-growing strains were more at the 

population front, propelled by mechanical pushing by neighboring cells. But in our system the consumer is 
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hence at a twofold disadvantage compared to the producer- a lower growth rate and a reliance on nutrient 

from the producer to maintain its own growth.    

Our experiments involve mixing the producer and consumer cells that were exponentially growing 

by themselves separately in minimal media batch culture tubes containing 10mM lactose and 10mM 

galactose respectively, in a 1:1 ratio and inoculated onto minimal media agar plates (agar concentration at 

1.5%w/v). The agar plates had lactose concentration fixed at 10mM, and had an agar volume of 16ml, 

resulting in an agar depth of around 8 mm. The plates were then stored at 37oC and taken out for imaging 

every 24 hours till a period of 4 days of colony growth after the initial seeding. For the confocal z scan 

images, max intensity projection and colony cross-section was computed using the method mentioned 

earlier in Section 2.3.1(for more details refer to Materials and Methods Section 2.2.4)  

Our experiments as shown in Fig 11 reveal that at initial timepoints, the producer and consumer 

both grow in the initial homogenous core, and since only the producer can utilize the nutrients from the 

agar, it dominates the consumer as shown in the inset in Fig 11c. But despite of the differences in growth 

rates and reliance upon the producer, consumer cells still are able to arrive at the expanding frontier. As the 

colony expands with time, the producer starts to mostly occupy the expanding frontier and overtake the 

consumer. However, we notice that the consumer starts to grow in the interior regions of the colony as is 

evident comparing the images at 24 and 48 hours. Also, while many “branches” of the consumer are 

enveloped by the producer as the colony begins to grow, the branches which are thicker at the earlier 

timepoints take more time to be completely surrounded on the front by producer cells. This ensures that a 

small proportion of cells at the expanding front are the consumer cells. (Fig 11D) 

 Looking at the colony from a three-dimensional perspective yields a unique description of the 

colony, as shown in the colony cross-section view in Fig 11B. The vertical axis depicts the slice of the 

colony along a particular distance x along the y axis, and the horizontal axis represents the colony height 

in z-direction. Although the producer and consumer cells were mixed in equal proportions at the start of the 

experiment, the consumer cells dominate the top of the colony in the interior regions, as is visible by the 
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Figure 11: Max Intensity Projections of the colony on the xy plane and yz cross-section for agar plate 

containing 10mM Lactose with the red color denoting the producer, the green consumer and black regions 

in the colony depicting plasmid loss. (A) Max Intensity Projections show the growth of the colony starting 

from 24 hours to about 96 hours after inoculation (B) is the yz cross-section of the colony at 96 hours along 

the blue dotted line shown in (E) (C) and (D) Shows the magnified view of the upper right quadrant in max 

intensity projections of the colony shown in (A) for 24 and 96 hours respectively  
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yellowish-green color in the middle portion of the colony cross-section. As we go from the center towards 

the colony frontier, i.e., going up or down from the center of the yz cross-section plot, the intensity changes 

from yellowish-green to green, denoting the colonization of the interior regions by the consumer. As we 

move further up or down the cross-section, we see the appearance of red intensities, which denotes the 

population of the producer, with a striking height difference between the green vs the red intensities. This 

indicates that there is spatial heterogeneity in the distribution of the consumer and producer populations, 

quite different from the case we saw in Section 2.3.1(Fig 11D) of non-interacting communities.  

2.3.3.  Appearance of flower-like patterns in nutrient runout conditions 

 

As we saw in the previous section about the consumer overtaking the producer in the interior 

regions, we then wanted to see what would happen in the scenario if the consumer was given a chance to 

catch up to the producer. To implement this scenario experimentally, we kept the lactose concentration 

fixed in the agar but decreased the agar volume in the plates. 6ml of agar was used for these experiments 

which corresponded to an agar depth of about 4 mm. The experimental results after 4 days of growth are 

shown in Fig 12. We can see that in the initial 24 hours, there is hardly any difference between this and the 

scenario shown in Fig 11. But as the colony grows, there are evidently a greater number of consumer 

“branches” reaching the expanding frontier, which we can deduce by comparing the images around 48 and 

72 hours with the images corresponding to the exact same timepoints shown in Fig 11.  At 96 hours, an 

interesting thing happens where these consumer branches which had made its way to the frontier start to 

occupy the regions previously dominated by the producer. Fig 12c depicts this behavior, and we can observe 

that the consumer cells grow much further from the center as compared to the producer. The radius of the 

overall colony as it progresses in time is shown in Supplementary figure S5, and it displays the slowdown 

of the colony from 48 to 72 hours as compared to the scenario shown in Section 2.3.2, with a relative 

increase from 72 hours to 96 hours because of the arrival of the consumer at the frontier. This illustrates   
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Figure 12: Max Intensity Projections of the colony on the xy plane for agar plate containing 10mM Lactose 

but with reduced depth of 4 mm with the red color denoting the producer, the green consumer and black 

regions in the colony depicting plasmid loss. (A) Shows the growth of the colony starting from 24 hours to 

about 96 hours after inoculation (B) and (C) Shows the magnified view of the upper right quadrant in max 

intensity projections of the colony shown in (A) for 24 and 96 hours respectively.  
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that as the colony expands, the nutrient starts to deplete resulting in the slowdown of the producer, and 

eventually the consumer starts to overlap it.  

We let the colonies to grow further after that, to about 8 days to see how things would fare out with 

the change in dynamics at the frontier. The pattern after 8 days of growth are shown in Fig 13 with the 

emergence of flower-like patterns. All of the images shown in earlier figures represent the image acquired 

from the confocal microscope as viewed from the colony-air interface. We also wanted to see the colony 

distribution in the bottom interior region in the bottom of the colony-which can be obtained by viewing the 

colony through the agar using the microscope. However, as we have discussed in Chapter 1, the growth 

mode of the interior region of the colony is mostly anaerobic after the initial 24 hours. Fluorescent proteins 

GFP and mCherry need the presence of oxygen to fold properly and fluoresce, so we put stored the plates 

at 4°C to stop the metabolism of the colony which allows oxygen to penetrate in the colony interior. After 

a few days, the colonies were images through the agar region, and are shown in Fig 13, Panel B.  The 

images acquired from the colony-air interface is shown in Fig 13, Panel A.   

We observe that the consumer cells start to expand at the frontier and completely envelop the 

producer cells. This results in a flower-like pattern with the consumer cells occupying the outermost and 

innermost layers and the producer cells occupying the middle layer of the colony. There is also spatial 

heterogeneity as described earlier with consumers at a higher height compared to the producer which can 

be seen in the yz cross-section slice shown in Fig 13, Panel C and Fig 13, Panel D. Images of the bottom of 

the colony reveal differences compared to the colony top- the interior regions of the colony seem to be 

dominated by the consumer when viewed from the top, but indicate dominance by the producer when 

viewed from the bottom. The exterior regions of the colony dominated by the consumer after nutrient 

runout, are visible in Fig 13b as well.  A detailed version of the 3D rendering of the colony from Figure 

13d is shown in Supplementary Video 1.  
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Figure 13: Max intensity projections of the colony on the xy plane showing the formation of flower like 

patterns after 8 days of growth for an agar Plate containing 10mM Lactose with reduced depth of 4 mm 

with the red color denoting the producer, the green consumer and black regions in the colony depicting the 

plasmid loss. (A) Shows the colony image that was acquired by viewing the colony through the air-colony 

interface in the confocal microscope. (B)  Shows the image acquired by viewing through the agar-colony 

interface. (C) is the yz cross-section of the colony after 8 days of growth across the blue dotted line shown 

in (E) (D) Side view of the 3-dimensional colony reconstruction made using the 3D viewer plugin in ImageJ. 

The information about the height of the colony at any particular point is obtained from the confocal z scans.  
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2.3.4 Dependence on nutrient concentration 

 

Seeing the dependence of nutrient levels on the formation of patterns, we then tried to change the 

initial nutrient concentrations. We increased the concentration of lactose in the plate from 10mM to 40mM, 

keeping the agar volume fixed at 6ml. The patterns formed in this scenario are displayed in Fig 14a.  

Looking at the pictures at 24 h, we see that a notable change occurs compared to the 10mM case, 

the color intensity in the initial homogenous “core” changes from yellow in the 10mM case to red in the  

 

  

 

 

 

 

 

 

 

 

 

Figure 14: Max Intensity Projections of the colony on the xy plane for agar Plate containing 40mM Lactose 

with agar depth of about 4 mm corresponding to agar volumes of 6ml, with the red color denoting the 

producer, the green consumer and black regions in the colony depicting plasmid loss. (A) Max Intensity 

Projections show the growth of the colony starting from 24 hours to about 96 hours after inoculation (B) 

and (C) Shows the magnified view of the upper right quadrant in max intensity projections of the colony 

shown in (A) for 24 and 96 hours respectively  
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40mM case. Also, there is an apparent reversal in the color intensities at the expanding frontier from red to 

green. There doesn’t seem to be any growth on the top of the colony near the homogenous core for the 

producer unlike the previous scenario with the consumer. As the colony continues to expand, the consumer 

branches are eventually overtaken by the producer branches. This is because as was described in Chapter 

1, the colonies at the expanding frontier hardly experience any nutrient limitation, and hence the producer 

is able to overtake the consumer. At later timepoints like 96 h, the producer completely encircles the 

consumer, exactly opposite to the scenario shown in the earlier section.  Thus, entirely different pictures 

emerge depending on the initial lactose concentration. More experimental results showing the patterns on 

different agar depths and different initial nutrient conditions are shown in the Supplementary figure S6.   

 

2.3.5 Importance of Monod constant 

 

We looked for a possible explanation for the change in dynamics among the consumer and the 

producer at the homogenous core region of the colony after about 24 hours of growth (Fig 12B and Fig 

14B). Based upon our single strain colony simulations, we know that the as the colony expands, a major 

portion of the interior colony region grows anaerobically by consuming glucose. This leads to quick 

depletion of glucose in the interior colony region to values lower than the Monod constant. Thus, in our 

cross-feeding model, the concentration of lactose in the interior regions might be close to the Monod 

constant. Monod dynamics for two species with different Km values and maximal growth rates, with the 

species having the higher growth rate also having the higher Km value leads to an interesting scenario shown 

in Fig 15. On the left-hand side of the intersecting point between the two curves, the species having the 

lower Km value has a higher growth rate and on the right-hand side of the intersecting point, the one with a 

higher maximal growth rate has the higher growth rate, dividing the space into two different regimes. 
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Figure 15: Monod curves for producer and consumer with producer having greater growth rate and 

higher Monod constant  

 

 

 

 

 

 

 

 

Figure 16: Experimental measurements showing the order of magnitude difference of Monod constants 

for producer and consumer  

 

We hypothesized that this could be happening in the colonies at 10mM and 40mM concentration. 

So, we experimentally measured the Monod constants for lactose and galactose uptake for the producer and 

the consumer respectively and the graphs are shown in Fig 16. These experimental graphs are quite similar 

to the Km curve shown earlier, with the multiple orders of magnitude difference between the Monod 

constants for the producer and the consumer respectively, thus supporting our hypothesis. Our observations 
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are in agreement with past measurements of Monod constants of lactose and galactose for E. coli in 

chemostats [30] [31].  

 

2.3.6 Role of acetate in helping the consumer reach the expanding frontier 

 

In Section 2.3.4, we reported how the consumer was able to overtake the producer when the nutrient 

depletion starts to occur in the agar, but a point to note is that even at earlier timepoints like 48 hours (Fig 

12a top right panel), some of the branches of the consumer are able to reach the expanding frontier. This is 

also seen in the scenario where lactose does not get depleted from the agar, i.e., in thicker agar plates shown 

in Fig 11a. This observation is surprising in the sense that the consumer is able to keep up with the producer 

despite having a slower growth rate than the producer even at high galactose concentrations. We 

hypothesized that there might be additional cross-feeding of metabolites, like acetate, in the colony. In 

Chapter 1, we described the role of acetate in colony growth. Just to summarize, the interior regions of the 

colony grow anaerobically on glucose in the initial hours of colony growth, building up acetate in the 

colony, which is then taken up by the colony top at later timepoints. As we have seen the feature of spatial 

heterogeneity along with the height of the colony in our cross-feeding dynamics, we reasoned that acetate 

might be playing a role in helping the growth of the consumer on top of the colony. 

 To test this hypothesis, we first grew both the producer and consumer strains in batch culture, in 

acetate alone and in lactose or galactose supplemented with acetate.    The batch culture experiments of the 

growth rate of the two strains on acetate reveal similar values for both the producer and the consumer, as 

shown in Fig 17. But the growth on lactose or galactose supplemented with acetate reveal quite a difference 

between the producer and the consumer. Lactose seems to be hierarchically utilized first compared to 

acetate, which is expected since the metabolism of the producer is basically on glucose and glucose is 

known to be consumed hierarchically with acetate [32][33]. However, the growth rate of the consumer on 
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acetate and galactose together is greater than the growth rates of either of the two substrates, in fact making 

it quite similar to the values of the producer on lactose, indicating a simultaneous utilization mechanism. 

Thus, it provides a basis by which the consumer can catch up with the producer- by growing at similar rates 

to the producer when both acetate and galactose are available.  

 

 

 

 

 

          (a)            (b) 

Figure 17: Growth curves of (a)producer strain EQ403 and (b)consumer strain, EQ386 in either 

lactose/galactose or acetate and on the combined presence of lactose/galactose with acetate  

 

Finally, the role of acetate in the colony can be tested directly by repeating the cross-feeding 

experiment in the producer and consumer mutants that cannot assimilate acetate for growth.  This was done 

by deleting the aceA gene from both the consumer and the producer to stop the growth on acetate. As 

described in Chapter 1, aceA encodes for the enzyme isocitrate lyase, an important enzyme in the glyoxylate 

shunt, and allows the growth on acetate to take place in E. coli avoiding the decarboxylation steps of the 

TCA cycle. The images shown in Fig 18 depict the max intensity projections for the colony, acquired using 

the confocal microscope, that initially began with an equal ratio of the mutant version of the consumer and 

the producer cells that both have aceA gene deletions. The agar plate has 10mM lactose with 16ml of agar  
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Figure 18: Max Intensity Projections of ∆aceA mutant colonies on the xy plane for agar Plate containing 

10mM Lactose with agar depth of about 8 mm corresponding to agar volumes of 16ml, with the red color 

denoting the producer, the green consumer and black regions in the colony representing plasmid loss. (A) 

Max Intensity Projections show the growth of the colony starting from 24 hours to about 96 hours after 

inoculation (B) and (C) Shows the magnified view of the upper right quadrant in max intensity projections 

of the colony shown in (A) for 24 and 96 hours respectively 

 

resulting in a depth of around 8 mm. The experiments were also repeated with lower agar volumes of 8ml 

(data shown in Supplementary figure S7) and the results were qualitatively similar.   

The image at 24 hours seems pretty similar to the images for the experiment without the deletions. 

However, an interesting scenario emerges around 72 hours- the branches of the consumer fail to reach the 

expanding frontier of the colony. This results in a complete enveloping of the consumer cells by the 

producer cells. At 96 hours, we do not observe any of the consumer cells at the expanding frontier, unlike 

the wild type scenario shown in Fig 11, since there are no consumer cells at the frontier at the initial 

timepoints to begin with. This experiment reveals the possible importance of acetate metabolism in ensuring 
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that the consumer cells are around the frontier to take advantage of the lactose runout, envelop the producer, 

and form the flower patterns.  

 

2.4 Discussion  

 

In this Chapter, we discuss the effects of cross-feeding bacteria growing in a spatially structured 

environment like biofilms. Our system of study is a simplified version of biofilms- colony growth on agar 

of E. coli cells that do not produce EPS. Our system consists of a producer, which takes lactose from the 

environment and breaks it down into glucose and galactose, and the consumer, which cannot utilize lactose, 

feeds on the released galactose that cannot be metabolized by the producer.  We observe that even though 

the producer grows faster on lactose than the consumer on galactose, colonies starting from an equal ratio 

of the producer and the consumer result in a scenario where the consumer eventually envelopes the producer 

forming flower-like patterns. Based on our experimental observations shown in the earlier sections, we 

propose the following scenario which helps in the formation of these patterns: 

1) Firstly, the consumer is able to compete with the producer in the initial homogenous core on the first day 

of colony growth because of the order of magnitude difference in the Km values of the producer and the 

consumer for lactose and galactose respectively, with the consumer having a lower Km. As the colony grows 

further, the producer continues to grow at the expanding frontier, while releasing galactose which diffuses 

through the colony.  

2) Consumer cells at the interior core of the colony then utilize this galactose, and start to grow on top of 

the bottom layer of the producer cells, in a ring around the initial homogenous core region. Also, because 

of lactose depletion, the producer cells start to slow down, providing a window of opportunity for the 

consumer to reach the frontier.  
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3) But to keep up with the producer and not be completely cut off at the frontier, the consumer needs an 

extra boost in growth which it gets by simultaneously utilizing acetate along with galactose. Thus, when 

the producer eventually stops expanding radially, the consumer, which can still grow on the available 

galactose and acetate, starts to envelop the producer and produces the patterns.  

Our cross-feeding agent-based simulations are still in the initial stage, one of the reasons being the 

cost of computation for the agent-based simulation of these large colonies in all the 3 dimensions, which is 

necessary to capture these patterns. Initial results (not shown) indicates that the model was able to capture 

the spatial heterogeneity in the z-direction for the producer and the consumer, indicating that we are on the 

right track.   

 Although in this study, our main aim was to address the dynamics of cross-feeding communities in 

colony growth, we discovered the formation of quite interesting patterns. Various unique pattern formation 

systems are found in nature, mostly on the macro scale, and although we are able to understand the 

biophysical nature of some of these patterns, engineering pattern formation using synthetic biology tools 

has largely remained elusive [34][35]. Understanding the factors which played a role in pattern formation 

in our system can help guide future construction of these self-organized systems in synthetic biology, thus 

reducing our knowledge gap about why and how these vast arrays of patterns form in nature and what are 

its implications.  
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