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ABSTRACT 

Dynamics of a Synthetic Microbial Community in a Structured 

Droplet Environment 

by 

Ramya Ganiga Prabhakar 

In nature, microbes live in multispecies communities where they compete 

for nutrients within a localized and sometimes structured environment. 

Outcomes of such microbial interactions are dynamic and can vary in response 

to environmental cues. To study community dynamics in laboratory conditions, 

the choice of culturing environments is therefore crucial. Studying microbial 

interactions using suspension cultures is challenging because it favors fast-

growers over high-yielding cells. To this end, we developed emulsion droplets 

as a structured culturing method to investigate the population dynamics of a 

synthetic microbial community.  We also developed a mathematical model to 

provide insights into the key parameters shaping the structure and function of 

such communities in droplets. 

In the first part of this project, to encapsulate competitive sub-

communities we built microfluidic devices to generate water-in-oil droplets as 

discrete, picolitre-volume culture vessels. The ideal population sizes and 



culturing conditions for optimum bacterial growth in droplets were determined. 

We also engineered a microfluidic module for efficient droplet sorting based on 

fluorescence. Next, we test the dynamics of a synthetic microbial community 

within droplets. Here, we have rationally engineered competitive interactions 

among Producer, Non-producer, and the sensitive Receivers in Escherichia coli 

to study competitive outcomes in a well-mixed environment versus spatially 

structured conditions. The Producer strain kills a competing Receiver strain, 

mediated through secreted small molecules. The Non-producer strain is a 

phenotypic (and genotypic) variant of the Producer that cannot kill the 

Recipient strain as the gene for metabolite production is disrupted. We found 

that the secreted molecules diffuse between the droplets and therefore the 

droplets afford confinement of only the cells but not the secreted metabolite. 

Even in this condition, by encapsulating the competitive co-cultures in droplets, 

we successfully enriched the Producers from a large population of Non-

producers and Receivers. We found that the metabolite concentration, the 

duration of bacterial incubation, the initial population sizes, and the droplet 

carrying capacity affect the Producer dynamics in the population.  

The final part of this thesis focuses on applying the insights from the 

population dynamics of the model community to enrich for novel antibiotic-

producing Streptomyces roseosporus, by rationally competing against 



 
 

Enterococcus faecalis using the microfluidic platform. As daptomycin is 

ineffective against a resistant variant of E. faecalis, S roseosporus must trigger 

activation of a cryptic pathway or produce daptomycin-variant that is effective 

against E. faecalis for success in the population. Preliminary work in this 

project shows that the growth rates of the two populations must be further 

optimized for testing experimental evolution in droplets. 

Overall, in this thesis, we have established the microfluidic platform, 

validated the synthetic community dynamics, and set up initial work towards 

applying the platform for wild strains of bacteria. These insights can guide 

design principles to study the microbial community dynamics of natural and 

synthetic multispecies communities in the laboratory. 
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Chapter 1 

Introduction 

1.1. The increasing threat of antibiotic resistance 

The discovery of antibiotics to treat microbial infections was one of the 

most important scientific achievements of the 20th century. After their initial 

discovery, antibiotics became synonymous with "magic bullets" as these drugs 

could selectively kill bacterial cells without being toxic to humans (Hoel and 

Williams 1997). Thus, antibiotics were widely employed to treat previously 

deadly bacterial infections. Unfortunately, scientists soon discovered that 

while antibiotic treatment would kill a majority of the infection, occasionally, a 

few 'resistant' bacteria could survive (Figure 1.1). The rise of resistance is not 

surprising because, over millions of years, bacteria have evolved to survive 

changing environments. Therefore, bacteria will inevitably develop resistance 



20 
 

to new and powerful drugs as evolution selects for its emergence (Gould and 

Bal 2013). 

 

Figure 1.1: Timeline of antibiotic resistance. Soon after introducing an 

antibiotic into the market, we see the emergence of resistance to that drug, 

sometimes within the same year (ex: methicillin). However, an exact timeline for 

emerging resistance to novel antibiotics is difficult to predict. This figure is 

reproduced from the CDC report, 2019. 
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While scientists predicted resistance, overuse, and misuse of antibiotics 

in recent years promote rapid evolution, creating superbugs that are resistant 

to most of the antibiotics used today.  According to the Center for Disease 

Control and Prevention (CDC), resistant pathogens infect over 2.8 million 

people annually in the US, out of which 35,900 people die as a direct 

consequence of these infections (Centers for Disease Control and Prevention 

(U.S.) 2019). Also, the ineffectiveness of antibiotics has jeopardized the 

success of major surgeries, diabetic treatment, and chemotherapy, which can 

further increase the death toll (Centers for Disease Control and Prevention 

(U.S.) 2019). This situation, dubbed by the World Health Organization (WHO) 

as the "post-antibiotic era," looks remarkably similar to the pre-antibiotic era 

where common bacterial infections were deadly (World Health Organization, 

2014). The WHO predicts that without active measures, numbers can increase 

to over 10 million deaths per year globally by 2050 (IACG, 2019, O'Neill, 

2014).  

1.2. Vancomycin-resistant enterococcal (VRE) infections 

To track the emerging resistant pathogens, the CDC categorizes the 

threat level of each pathogen as urgent, serious, or concerning. An example of 

a serious threat is vancomycin-resistant enterococci (VRE), with 54,500 

infections reported in the United States annually (Centers for Disease Control 
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and Prevention (U.S.) 2019).  About 30% of these infections are vancomycin-

resistant, leading to 5,400 deaths every year (CDC, 2019). Enterococci are 

Gram-positive commensal bacteria that usually have no adverse effect on the 

host. But in patients with weakened immune systems, they can cause 

endocarditis, bacteremia, and urinary tract infections (Arias and Murray 

2012). As enterococci are intrinsically resistant to many antibiotics like 

penicillins and aminoglycosides, a rise in the resistance to the frontline 

antibiotic like vancomycin makes it challenging to treat (Arias and Murray 

2015).  

Currently, to treat VRE infections, daptomycin (DAP), a cyclic 

lipopeptide antibiotic is used as a drug of last resort (Arias and Murray 2012). 

DAP binds to the bacterial membrane in a calcium-dependent manner 

resulting in structural changes that cause alterations in the cell membrane of a 

dividing cell. The membrane damage displaces essential proteins that affect 

membrane homeostasis resulting in cell death (Pogliano, Pogliano, and 

Silverman 2012; Grein et al. 2020). In response, bacteria have adapted to 

resist membrane damages: by altering the surface charges to repel DAP, by 

redistributing DAP binding domains away from division septum, or by 

selectively hyperaccumulating DAP within small sub-populations. It is 

concerning to see enterococci developing resistance to DAP, the last antibiotic 



23 
 

effective against this infection (Arias and Murray 2012; Munoz-Price, Lolans, 

and Quinn 2005). So, to treat pan-resistant infections – infections that are 

resistant to all classes of antibiotics – we need new antibiotics with novel 

mechanisms of action.  

1.3. Dwindling pipeline of new antibiotics 

In the last few years, only a small number of new antibiotics have entered 

the market, compared to the golden age of antibiotic discovery (1940-1960) 

(Figure 1.2). This discovery void is attributed to various economic, regulatory, and 

screening barriers.  

A few of the reasons for the sparse pipeline of antibiotics entering the market for 

public use are discussed below: 
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Figure 1.2: Dwindling pipeline of new antibiotics. The number of new 

antibiotics approved for clinical use by the US Food and Drug Administration 

(FDA) has declined over the years. With the increase in antibiotic resistance, but 

without a strong pipeline of new drugs, treatment options for resistant infections 

are at risk. This figure is reproduced from Silver 2011 (Silver 2011). 'Discovery 

void' illustrated in this figure is based on the dates of reported discovery or patent. 

1.3.1. Economic and regulatory barriers:  

With the emergence of resistant infections, the newly discovered antibiotics 

are reserved as drugs of last resort. Therefore, their use is restricted and limited to 

shorter treatment periods. The restricted use makes investing in antibiotics by 

pharmaceutical companies less profitable than drugs that treat lifelong chronic 
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conditions. Also, increasing research costs, regulations, and licensing hurdles 

further discourage companies from investing in research and development needed 

for bringing new antibiotics to market (Bartlett, Gilbert, and Spellberg 2013; Bérdy 

2012). 

1.3.2. Unexplored genome space (cryptic pathways):  

Antibiotic discovery is currently limited because we have not explored the 

true genomic potential of many antibiotic-producing bacteria. With advances in 

sequencing methods and bioinformatic tools like antiSMASH, researchers can 

search the bacterial genome for gene clusters with the ability to produce antibiotics 

(Medema et al. 2011). The genomic analysis of many soil bacteria, especially 

streptomycetes, shows the presence of many biosynthetic gene clusters (BGCs) 

with the ability to produce novel secondary metabolites far surpassing our earlier 

predictions (Figure 1.3) (Bentley et al. 2002; Omura et al. 2001). These 'cryptic' 

BGCs are mostly inactive in traditional laboratory culturing conditions because 

they need certain environmental stimuli for their activation (Bérdy 2012). By 

finding the right conditions to activate the cryptic metabolite production in 

fermentation-ready bacterial strains, we can fast-track antibiotic discovery. The 

approach I use to induce the cryptic metabolite production will be discussed in 

section 1.5 'Co-culturing as a strategy to activate cryptic pathways'. The role of 
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Streptomyces in antibiotic discovery will be discussed in Chapter 5 ‘Co-culturing 

S. roseosporus and E. faecalis in emulsion droplets’. 

 

Figure 1.3: Number of secondary metabolite biosynthetic gene clusters 

(BGCs) predicted in 30 streptomycetes genome. So far, the number of secondary 

metabolites detected versus the BGCs predicted using bioinformatic tools is 

extremely low. Figure reproduced from Lee et al. 2020 (Lee et al. 2020). 
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1.3.3. Inefficient screening strategies 

In the golden age of antibiotic discovery, scientists found new 

metabolites with bioactivity by screening the bacterial extracts against the 

pathogen of interest. Activity-based screening favors the isolation of the easily 

detectable, low-hanging secondary metabolites: most of the antibiotics shown 

in Figure 1.2 were discovered by this empirical method (Silver 2011). To 

recognize other secondary metabolites produced by the same microbe and to 

avoid rediscovery, we need more stringent screening techniques. These 

screening methods will have to find the new metabolite, especially when 

produced in small quantities, from a large background. We should also 

incorporate high-throughput screening strategies to enhance the probability 

of finding a metabolite with the desired activity. Novel screening strategies 

can, therefore, exploit the enormous genomic potential of microbes and thus 

address the concern of the limited number of antibiotics entering the market 

for infection treatment (Silver 2011). The novel screening strategy that I 

propose to detect cryptic metabolites will be discussed in section 1.6 

'Emulsion droplet-based culturing and screening platform'. 

By addressing the concerns mentioned above, we can expand the search for 

new secondary metabolites, thus equipping the antibiotic pipeline for treating 

resistant infections. In this thesis, I establish emulsion droplets as a spatially 
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segregated culturing method to study the outcomes of a three-member microbial 

community dynamics. This thesis mainly focuses on validating the emulsion 

platform using a model Escherichia coli bacterial community (Chapter 4), 

intending to extend the utility to wild strains, particularly, Streptomyces 

roseosporus that produces an antibiotic against the multidrug-resistant human 

pathogen, Enterococcus faecalis (Chapter 5). S. roseosporus is the commercial 

producer of the antibiotic daptomycin (DAP), for which the fermentation 

conditions are perfected and can be extended for producing other specialized 

metabolites. Using fermentation-ready antibiotic producers can reduce the 

manufacturing costs, thereby incentivizing industries to revamp their antibiotic 

discovery programs. 

1.4. Cryptic products from Streptomyces as a source for novel 

antibiotics 

To find new antibiotics, we can take advantage of the many cryptic 

pathways present in Streptomycetes. Streptomycetes are high G+C, Gram-positive 

soil bacteria belonging to the phylum of actinobacteria. Currently, about 39% of all 

secondary metabolites are isolated from actinobacteria - almost exclusively from 

the Streptomyces genus (Miao et al. 2005; Bérdy 2012). Despite their remarkable 

contribution, genomic analysis reveals that they still have many unexplored cryptic 

BGCs for novel metabolites (Figure 1.3) (Bentley et al. 2002). For example, 
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bioinformatic analysis using antiSMASH predicts that Streptomyces roseosporus 

have at least 29 BGCs. Of which DAP (Cubicin®) is the only antibiotic that is 

identified and commercially produced. The rest of the biosynthetic operons are still 

undiscovered due to our limited understanding of the Streptomycetes life cycle, 

growth conditions, and screening methods necessary to find the cryptic metabolites 

(Scherlach and Hertweck 2009). 

1.5.  Co-culturing as a strategy to activate cryptic pathways 

Cryptic pathways are known to be activated by the co-cultivation of two or 

more different bacteria (Marmann et al. 2014; Traxler and Kolter 2015). Co-

cultivation mimics the ecological growth conditions where various organisms 

communicate and co-exist in large microbial communities. The result of this 

interaction can be competitive or synergistic based on nutritional and other 

environmental factors. Competition for limited resources is an essential trigger for 

the activation of a secondary metabolite to gain growth benefits within the 

community (Netzker et al. 2015). 

As an example, competition-based co-culturing of Streptomyces clavuligerus 

against methicillin-resistant Staphylococcus aureus (MRSA) on agar plates was 

used to trigger the production of holomycin, an antibiotic that inhibits the growth 

of MRSA (Charusanti et al. 2012). Here, by carefully choosing the two competing 

species, Streptomyces were evolved to synthesize an antibiotic against a drug-
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resistant human pathogen. Also, by co-culturing the two microbes on spatially 

structured agar plates, the researchers were able to address a limitation with the 

traditional culturing methods.  

In the traditional well-mixed flask cultures, antibiotics secreted into the 

media are shared by every member of the community, i.e., the benefits of 

producing an antibiotic to kill the competing pathogen and thus, access to the 

limited nutrients are shared by producer and non-producer variants of Streptomyces 

present in the culture. Non-producers are the members of the population that have 

not yet triggered the activation of the cryptic pathway. Therefore, non-producers 

have a higher growth rate compared to the producers as they do not have any 

fitness cost associated with producing a specialized metabolite (Smith and Schuster 

2019). In a flask culture, therefore, the fast-growing cells take over the population, 

making it difficult to screen for a smaller population of producer cells (Bachmann 

et al. 2013). However, in a spatially segregated environment, we could favor 

producer growth. This is because in a confined space, despite slow growth rates, 

the producers can reach higher density as they do not share their specialized 

metabolites. While producing a metabolite is costly, in a spatially structured 

environment, it only benefits the producers.  

The goal of my thesis more specifically is to develop a novel culturing 

method that can foster the enrichment of producer cells and to determine the 

various factors that affect this process using a synthetic E. coli model community. 
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The knowledge gained from this model system can then be extended to other 

bacterial communities such as S. roseosporus and E. faecalis.  

1.6. Emulsion droplet-based culturing and screening platform 

Emulsion droplet-based culturing methods are a suitable spatial segregation 

method for bacterial evolution experiments (Rakszewska et al. 2014). Emulsion 

droplets can harbor single bacterial cells allowing us to carry out high-throughput 

screens and sensitive assays (Brouzes et al. 2009). In water-in-oil emulsion 

droplets, the water phase is the growth medium of an organism, surrounded by the 

oil phase that creates spatial structures to prevent the diffusion of cells and 

metabolites between individual droplets. Therefore, individual droplets are 

equivalent to independent reaction vessels. Encapsulation of cells in pico-liter 

emulsion droplets allows us to study single cells and all the metabolites secreted by 

those cells (Guo et al. 2012; Köster et al. 2008). Emulsion microfluidics has been 

extensively used for PCR-based analysis of single cells and rare DNA templates 

(M. Baker 2010; Kiss et al. 2008). This technique has also been successfully used 

to screen compounds, assay cell growth, study cell-cell interactions, and the 

directed evolution of enzymes (Brouzes et al. 2009; Guo et al. 2012). In this thesis, 

we are extending the use of emulsion droplets to study microbial community 

dynamics and directing the experimental evolution towards enriching for a 

particular member of the community.   
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Our approach to using water-in-oil emulsion droplets is based on the 

successful use of this strategy by Bachmann and co-workers to create 

compartments for the isolation of high biomass-producing Lactococcus lactis 

mutant from faster-growing wild type (Bachmann et al. 2013). Because emulsion 

droplets select for populations with high yield rather than fast-growth rate, I 

propose that the emulsion droplets can enrich producer (P) cells from non-

producers (N) when competing with sensitive receivers (R). 

When non-producers and receivers (N-R pair) are co-encapsulated within the 

droplets with limited nutrients, they compete for shared resources (Figure 1.4) and 

grow to the total carrying capacity of the droplet (Figure 1.4; three non-producers 

and three receivers). However, in the droplets where the producers secrete a 

metabolite that can kill the receivers (P-R pair), all the nutrients within the droplet 

are for the sole benefit of the producers and thus can selectively grow to the 

carrying capacity of the droplets (Figure 1.4; - ~six producers). By breaking the 

droplets, diluting the culture, and re-propagating into new droplets, we can 

selectively enrich for high-yielding producers compared to fast-growing non-

producers till the producers reach a detectable limit. The number of propagative 

iterations will depend on the carrying capacity and the resources confined within 

each droplet.  
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Figure 1.4: Emulsion droplet working principle. The pathway on the left shows 

the typical outcome of pairing non-producers (red) and receivers (green) within a 

droplet. Both populations increase in accord with their ability to use resources and 

consequent growth rates. The pathway on the right illustrates an outcome where 

the producers (blue) have increased success in growth yield by killing the receivers 

(green) mediated through a secondary metabolite. 

1.7. Goals of this study 

In my thesis, I propose to develop a spatially segregated high-throughput 

culturing method to enrich novel secondary metabolite producers. To achieve this 

goal, my project has three primary aims:  
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1. Establish the microfluidic emulsion droplet platform for droplet 

production, bacterial co-encapsulation, and screening.  

2. Test the efficiency of the emulsion platform for producer enrichment 

using a synthetic Escherichia coli community and determine the various factors 

affecting this process. 

3. Determine key factors to consider when adapting the emulsion droplet 

system to wild-strains of antibiotic producers such as Streptomyces roseosporus. 

1.7.1. Establishing a microfluidic emulsion droplet platform for bacterial 

directed evolution 

By using microfluidic technology for producing droplets, we can achieve 

highly consistent droplet sizes at high frequencies (Anna, Bontoux, and Stone 

2003; Umbanhowar, Prasad, and Weitz 2000). Using this technology, we can 

control droplets in a modular fashion, enabling us to incorporate additional 

modules such as merging, sorting, or pico-injection into the platform as needed. To 

establish a novel culturing platform for producer enrichment, a microfluidic 

emulsion droplet generator and a sorter module were built using photolithography 

and soft lithography techniques. Emulsion droplets produced by the droplet 

generator were then optimized for droplet size, production rate, and efficient 

bacterial growth. To further screen for cells of interest, a fluorescence-activated 

droplet sorting (FADS) module was engineered. By culturing bacterial 
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communities in droplets, I will test the enrichment of producers from a mixed 

population.  

1.7.2. Test efficiency of the emulsion system to select for the producers  

To test the efficacy of the emulsion platform as a spatial segregation method 

for experimental evolution, I have used approaches from synthetic biology to 

engineer a producer-receiver system in Escherichia coli. As a proof of principle, 

we have rationally engineered competitive interactions among producer (P), non-

producer (N), and the sensitive receivers (R) in E. coli to study competitive 

outcomes in a well-mixed environment versus spatially structured conditions. The 

producer strain kills a competitor recipient strain, mediated through secreted small 

molecules (3-oxo C12 HSL). The non-producer strain is a phenotypic (and 

genotypic) variant of the producer that cannot kill the recipient strain as it has an 

early stop codon in the lasI gene for HSL production. Various factors that affect 

these interactions including initial population density, carrying capacity of the 

droplets, dilution rates are determined both experimentally and using mathematical 

models. We see that the producer population dynamics are critically affected by the 

concentrations of QS molecules produced, duration of incubation, and initial 

population size.  
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1.7.3. Design the emulsion system for use with Streptomyces and Enterococcus.   

We attempted to recapitulate competition-mediated co-culturing of 

Streptomyces roseosporus NRRL 11379 and Enterococcus faecalis OG1RF in 

microemulsion droplets. We optimized the daptomycin production protocol in 

droplets and show that, unlike the quorum-sensing molecules, daptomycin does not 

diffuse between droplets. The main roadblock associated with employing 

competitive co-cultures in non-model strains includes identifying optimum growth 

conditions, such that either strain does not take over the population too quickly. 

Preliminary work in this project shows that the growth rates of Streptomyces and 

Enterococcus must be further optimized for testing experimental evolution in 

droplets. 
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Chapter 2 

Materials and Methods 

2.1. Microfluidics design, set up, and operation 

2.1.1. Bulk emulsion droplet production  

An emulsion is a mixture of two or more immiscible liquids. Here, the 

water-in-oil-based emulsion system consisted of bacterial growth media as water 

phase and 2-(Trifluoromethyl)-3-ethoxydodecafluorohexane as oil phase that 

surrounds the media creating a structural barrier. To produce emulsion droplets of 

40μm average diameter, I made modifications to the method published by 

Bachmann et al., (Bachmann et al., 2013). The emulsion droplets were formed by 

vortexing (Fisher Vortex-Genie 2 Cat. No. 12-812 on setting 4) 300µl of bacterial 

culture (water phase) and 700µl of HFE7500 with 0.2% surfactant (Picosurf1) (oil 
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phase) in a 1.5ml Eppendorf tube. The emulsion diameter was measured using 

Olympus SZX16 bright-field microscope.  

2.1.2. Microfluidic Emulsion droplet production 

To create mono-dispersed emulsion droplets, I fabricated droplet 

microfluidic devices using standard soft lithography techniques (Xia 1998, Duffy 

D 1998). The methods for microfluidic device fabrications were adapted from 

protocols developed by Dr. Andrew Hirning, Bennett lab. (Detailed protocol in 

Appendix) 

Microfluidic devices were made by exposing a photomask to intense UV 

light to create a mold of SU-8 on a silicon wafer. SU-8 masters were fabricated by 

spinning a layer of the SU-8 photoresist (Kayaku Advanced Materials (formerly 

MicroChem, SU-8 2025) onto a silicon wafer. I followed instructions from the 

manufacturer for the master SU8 mold fabrication 

(https://kayakuam.com/products/su-8-2000/). It includes spin coating, soft bake, 

UV exposure, post-exposure bake, development, and a final hard bake. Under the 

mask aligner, through the photomask, the wafer was exposed to ultraviolet (UV) 

light for cross-linking of the resist. Based on the design pattern on the photomask, 

specific regions of the resist are exposed to UV to create the desired features. The 

exposure dose depends on the thickness of the layer, which is provided by the 

manufacturer of the photoresist. To complete the cross-linking process, the wafer 
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was post-baked. To remove the uncross-linked resist, the wafer was washed with a 

SU8 developer. At this point, features are visible on the wafer. The height of the 

feature is then confirmed using a profilometer (Dektak 6m). The chip fabrication 

process is then repeated to incorporate the second layer of a larger height if needed. 

The bake times, resist used, and exposure data for the three devices used in this 

study are provided in Table 1. A final hard bake at 200°C for 5-10 minutes is 

required to complete the solidification of the features. 

The droplet generator (DD01) for single culture encapsulation, was 

fabricated using the design from Brouzes et al. (Brouzes et al. 2009) The second 

droplet generator (DD02) with two inlet channels for co-encapsulation of bacterial 

species and a droplet sorter (DD03) for fluorescence-based droplet sorting were 

made using the designs from Mazutis et al., (Mazutis et al., 2013). 

 

Table 2-1: Protocol for master mold fabrication. The mold fabrication protocol 

was adapted from the instructions by the manufacturer of SU-8. 
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From the photoresist masters, the microfluidic devices are made using a 

translucent, gas permeable PDMS (Sylgard 184, Dow Corning) at a 10:1 polymer 

to crosslinker ratio. PDMS is degassed, then poured onto the master, and cured at 

80°C for 16 hours.  The cured PDMS is peeled off of the master. Access holes for 

tubing on the PDMS monoliths were punched using a Harris Unicorn biopsy punch 

(inlet ports - 0.75mm, outlet ports - 1.5mm, and electrode ports - 0.5mm). The 

PDMS monolith/chip was then bound to 1.5 cover glass by activating both the 

surfaces by oxygen plasma cleaner (Harrick Plasma, PDC-001). The channels are 

made hydrophobic by using Aquapel to treat the surfaces of the channel. Then, the 

channels were immediately rinsed using Novec HFE-7500 (3M) to remove 

unreacted Aquapel. Finally, the devices were baked at 80°C for 20 min. 
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Figure 2.1: Schematic of microfluidic devices. (A) Schematic illustration of a 

droplet generator, DD01. The device has an inlet for the aqueous phase and an inlet 

for the oil phase. The formed droplets exit through an outlet and are collected into 

a 50ml tube. (B) Schematic illustration of droplet generator for co-encapsulation, 

DD02. This device has two inlets for the aqueous phase, designed for 

encapsulation of cells from two different cultures. (C) Schematic illustration of 

droplet sorter, DD03.The droplets sorter has an inlet for reinjection of the formed 

droplets and an inlet for the separation of the droplets for efficient sorting. There 

are also two outlets for the sorted droplets. At the sorting module, channels are 

designed to incorporate electrodes for sorting.  

2.1.3. Droplet production 

The size of the droplet depends on the dimensions of the flow-focusing 

junction and flow rates of the aqueous and oil phase. To control the flow rates, we 

used syringe pumps (New Era Pump Systems). To encapsulate cells within 

droplets, 3ml syringes (BD Luer Lock) were fitted with 23-gauge needles and PE2 

tubing. 1ml cultures were loaded into the syringes. HFE7500 oil with 1.5% 

Picosurf as the surfactant was loaded in another 3ml syringe. The free end of the 

tubing was inserted into the appropriate inlets in DD01 or DD02 for droplet 

production. For co-encapsulation experiments, droplet generator DD02 was used. 

To produce 40µm droplets at the rate of ~5000 kHz, I used aqueous and oil flow 

rates of 10µl/min and 15µl/min respectively. Droplets were imaged using 
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VitroCom glass capillary tube (Mountain Lakes) under 20X objective on a Ti2E 

inverted microscope (Nikon). Fluorescence was imaged using either EGFP: 

Excitation: 480/30nm, Emission: 535/20nm; mCherry: Excitation:560/40nm, 

Emission: 635/60nm; or ECFP: Excitation: 435/20nm, Emission: 480/30nm filters 

(Chroma). 

A digital CMOS camera was mounted on the right camera port of the 

microscope, and a high-speed camera (Phantom V7.2) was mounted on the left 

port to capture images during droplet formation and droplet sorting. The high-

speed camera was connected to the LabVIEW software and vision module. Images 

from the digital CMOS camera were analyzed using Nikon Elements software. To 

break droplets, we add 600 L of Perfluoro-1-octanol (Sigma-Aldrich), and shake 

the tube gently by hand for about 20 seconds. 

2.1.4. Fluorescent Activated Droplet Sorting (FADS)  

Microfluidic sorting device, DD03 was fabricated using the soft lithography 

protocol mentioned previously (Table 1, Figure 2.1c). The electrodes for this 

device were fabricated by inserting a low melting soldering wire into the designed 

channels. The design for DD03 is from Mazutis et al, (Mazutis et al., 2013).  
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2.1.4.1. Microfluidic platform set up and operation 

The optical setup (Figure 2.2) includes a laser light (488nm) directed to a 

point in the path of droplet flow in DD03, through an objective of an inverted 

microscope (Nikon Ti2E inverted microscope, 20x). The microscope has some 

customized features to align the laser beam to the microfluidic devices and direct 

fluorescence light to the PMTs (photomultiplier tubes). A custom LabVIEW 

software developed by Mazutis et al. is used to record droplet fluorescence and 

trigger the electrodes during sorting (Mazutis et al., 2013). PMTs, convert the 

fluorescent signals into output voltages that are recorded by the National 

Instruments FPGA data acquisition card, where the information is processed to 

identify droplets with fluorescent cells. The electrodes are activated when the 

detected voltage is above a threshold value set by the user. The voltage thresholds 

were decided based on signal profiles from positive and negative control droplets 

and sorting efficiency was verified by sorting bright droplets. The electrodes 

fabricated within the microfluidic device induce a non-uniform electric field that 

creates a dipole effect in the droplet. If a droplet carrying a detectable fluorescent 

cell passes through a point in the channel irradiated by a corresponding wavelength 

laser, the electric field is turned on. The sorting junction is designed such that the 

collection chamber has higher resistance than the waste chamber (Mazutis et al., 

2013). Therefore, in the absence of an electric field, all the droplets enter the waste 

chamber.  
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Figure 2.2: Optical setup for Fluorescent Activated Droplet Sorting (FADS). 

The optical setup includes a laser light (488nm, 50mW) directed to a point in the 

path of droplet flow in DD03, through an objective of an inverted microscope. The 

emitted signal from the droplets is processed by two photomultiplier tubes (PMTs), 

which then transmits the signal to be read by a custom LabVIEW program 

(Mazutis et al., 2013). When a fluorescent cell is detected, the program activates 

the electrode through a high-voltage amplifier for sorting the cell into the 

collection chamber on the device. A custom LabVIEW software developed by 

Mazutis et al. will be used to record droplet fluorescence and trigger the electrodes 

during sorting. Data acquisition card (PCIe-7842R; National Instruments) recorded 

the data at the rate of 100kHz. 
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2.2. Bacterial strains and growth conditions 

2.2.1. E. coli Plasmids 

All experiments were conducted in strain JS006-ALT (parent strain: E. 

coli K-12 BW25113 ΔlacI ΔaraC (tetR–) with lacI, araC, and tetR integrated under 

the control of constitutive promoters (Stricker et al. 2008). The plasmids 

throughout this thesis were constructed using either golden gate or Gibson 

assembly. Plasmids were transformed into JS006.ALT cells using heat shock 

transformation protocol using chemically competent cells. Transformants were 

plated on agar plates with appropriate antibiotics. The antibiotic concentration used 

for all experiments are as follows: ampicillin 100 µg/mL, kanamycin 50 µg/mL. 

Transformation plates were incubated at 37°C for 16-18h. Colonies were picked 

from the plate and inoculated in 5ml of LB media for overnight cultures. The 

overnight cultures were used for the experiments the next day.  

The engineered Producer, Non-producer, and Receiver strains are 

fluorescently labeled with a super-folder cyan fluorescent protein (sfcfp), mCherry, 

or super-folder green fluorescent protein (sfgfp) respectively for strain 

identification. Each strain also contains kanamycin and ampicillin resistance 

markers for maintaining the plasmids, and therefore they were cultured in media 

containing both kanamycin and ampicillin. 
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The Producer contains a plasmid coding for IPTG induced expression (Plac) 

of quorum sensing (QS) gene lasI and a second plasmid coding for the constitutive 

expression (PIq) of sfCFP for strain identification. lasI gene expression is driven by 

a LacI promoter with the modified bicistronic design ribosome binding site 

(Mutalik et al. 2013). LasI synthases produce N-(3-Oxododecanoyl)-L-homoserine 

lactone (C12-oxo-HSL) molecules that can diffuse out of the cell into the media 

and nearby cells. This plasmid contained a kanamycin resistance gene for 

selection, pMB1 origin, and ROP element that reduces the copy number (Cesareni 

et al. 1984).  

The Receiver strain contains a plasmid coding for constitutive expression 

(PIq) of the C12-HSL response regulator, lasR, and sfGFP for strain identification. 

It also has a second plasmid coding for two toxic genes, holin and lysin inducible 

by IPTG and C12-oxo-HSL (Plas-lac). Expression of these genes in the presence of 

QS molecules kills the receiver cells. This plasmid also contained a kanamycin 

resistance gene for selection, pMB1 origin, and ROP element that reduces the copy 

number  (Cesareni et al. 1984). 

The Non-producer strain has a plasmid coding for IPTG induced expression 

(Plac) of a disrupted lasI gene which prevents active AHL production and therefore 

cannot kill the receiver cells. The fourth amino acid in the lasI gene, glutamine 

(CAA) was modified into a stop codon (TAA), resulting in early termination of 

AHL synthase. The Non-producer cells have a constitutive PIq promoter and 
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modified bicistronic design ribosome binding site that drives the expression of 

mCherry for identification (Mutalik et al. 2013). This plasmid also contained a 

kanamycin resistance gene for selection, pMB1 origin, and ROP element that 

reduces the copy number  (Cesareni et al. 1984). 

Table 2-2: Plasmids used in chapter 4 synthetic community. An engineered lac 

promoter (Calos 1978) and modified bicistronic design (Mutalik et al. 2013) 

ribosome binding sites drive the expression of las (Producer) or truncated las 

(Non-producer). An engineered hybrid las-lac promoters and modified bicistronic 

design ribosome binding sites drive the expression of holin and lysin (Receiver). 

The fluorescent genes- sfGFP, sfCFP, mCherry, and MHT are under the control of 

a constitutive PIq promoter. Each plasmid has a specific antibiotic resistance 

marker for growth and identification in specific media. Plasmids C162b and C158 

were constructed by Dr. Chen Ye, and plasmid Ra016 was constructed by Dr. 

Razan Alnahhas from the Bennett lab, Rice University. 
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2.3. Culture conditions  

All E. coli strains were grown in LB media containing kanamycin (50µg/ml) 

and ampicillin (100µg/ml) at 37 °C unless specified otherwise. After overnight 

growth, each strain in monoculture was inoculated to fresh media at a 1:100 

dilution to reach a McFarland unit of 5.0 for Receivers and 0.5 for Producers and 

Non-producers. This concentration mimics the initial concentration in inoculated 

40µm droplets corresponding to a λ value of 5 and 0.5 respectively. While 

suspension cultures were incubated with shaking at 37°C to ensure well-mixed 

conditions, droplet cultures were incubated without shaking to avoid droplet 

coalescence.  

2.4. Growth Curves 

Strains for growth curve experiments were grown overnight at 37 °C in LB 

with ampicillin and kanamycin in triplicates. The cultures were then diluted to OD 

0.05 before further diluting it 100-fold into the fresh medium in 96-well plates. The 

optical densities were monitored using a microplate reader (Tecan Spark) at 37 °C 

for 24h, with data recorded every 10 minutes. Doubling times were calculated from 

the growth curve between the OD600 interval of 0.2 and 0.4. For the co-culture 

experiments, appropriate volumes of the above culture were mixed before loading 

on a 96 well plate. Optical density and fluorescence readings were measured every 
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10 minutes using a microplate reader (Tecan Spark) for 24h with shaking at 37 °C. 

The final graph of OD or fluorescence vs time was plotted using the average of the 

3 biological replicates with standard deviation.  

2.5. Zone of inhibition assay 

Overnight cultures of the producers, non-producers, and receivers were 

diluted 100-folds in the growth media and sub-cultured to an optical density 

(OD600) of 0.1 in the same media. Then, 250µl of receiver cells were spread on an 

LB agar plate containing kanamycin ampicillin and IPTG. The plates were dried 

for 15-30 minutes before spotting 0.5µl of the producer or non-producer cells on 

the agar plate spread with receiver cells. 4µM of 3-oxo C12 HSL from Sigma 

(#O9139) dissolved in DMSO was spotted as a positive control. DMSO at the 

same dilution in PBS was used as the negative control. The agar plates were 

incubated overnight at 37°C to observe the zone of inhibitions the next day. The 

size of the zones was measured using ImageJ. 

2.6. Experimental evolution in test tube and droplets 

The overnight cultures of producers, non-producers, and receivers were 

diluted to 0.5, 0.5, and 5.0 McFarland units respectively in fresh media. In droplet 

experiments, these densities correspond to an average of 5.5 cells per droplet. 

Initial population ratios were calculated by plating dilutions on an agar plate. The 
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cultures were either grown in test tubes or emulsion droplets (Figure 2.3). For the 

test tube condition, the culture was immediately incubated at 37°C with shaking for 

24h. Following incubation, the optical density OD600 and fluorescence of the 

overnight cultures were measured using a plate reader. All the test tube 

experiments were replicated in triplicates. For the droplet condition, the culture 

was encapsulated into droplets before incubating at 37°C without shaking to 

prevent droplet coalescence. After incubation, the droplets were broken using the 

detergent to separate the culture from the oil phase and then the optical density and 

fluorescence of the culture were measured. All the experiments in droplets were 

replicated in duplicates. Both the test tube and droplet cultures were diluted 50-

folds for the next cycle of growth after spiking with the same density of Receiver 

cells. Glycerol stocks of the cultures after each growth cycle were made. 

Microscope images of the droplets were recorded for further analysis. 
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Figure 2.3 Schematic of the experimental evolution strategy in droplets and 

test tube. The experimental evolution of the synthetic community was carried out 

in either well-mixed test tube conditions or spatially structured droplets. The 

cultures in the test tube were incubated at 37°C with shaking, whereas the droplet 

cultures were incubated without shaking to avoid coalescence. After 24h, the 

cultures were diluted 50-folds and spiked with Receiver cells for the next iteration 

of the growth cycle. 
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2.7. Daptomycin production and detection 

The culturing conditions required for the production of daptomycin by S. 

roseosporus NRRL 11379 are established based on previously published protocols 

(Ng et al., 2014) (Ye et al., 2014). S. roseosporus was grown on (International 

Streptomyces Project) ISP media-2 agar plates at 30°C and maintained at 4°C for 

long storage. The ISP media-2 (g/L) contains 4g of yeast extract, 10g of malt 

extract, 4g of dextrose, and 20g of agar. The spores grown on the agar plate were 

inoculated into 50ml of primary seed culture and incubated at 30°C for 48h at 

200rpm. 5% (v/v) of primary culture was inoculated into 50ml of secondary seed 

culture and grown for 24h under the same growth conditions. Fresh tertiary media 

was inoculated with 5% (v/v) of secondary media and incubated for another 24h. 

Finally, 5% (v/v) tertiary media was inoculated into a 500ml fermentation media. 

After 48h of fermentation, a final concentration of 0.02% sodium decanoate was 

added every 24h till the end of the culture. Sodium decanoate is a rich source of 

decanoic acid, which is an essential precursor for daptomycin production 

(Chakravarty et al., 2015). From the literature, daptomycin production was 

detected five days after incubating in fermentation media (Ng et al., 2014). The 

composition of primary and secondary media (g/L) was trypticase soy broth (TSB) 

(30g) and dextrin (20g). Tertiary media (g/L) was composed of soy bean flour 

(28.8g), Fe(NH4)2SO4.6H20 (0.9g), dextrose (17g), potato dextrin (71.9g), and 

molasses (7.2g). Fermentation media (g/L) contained yeast (11g), 
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Fe(NH4)2SO4.6H20 (0.86g), dextrose (10.7g), dextrin (72g) and molasses (7.2g). 

The pH of all media was adjusted to 7.0.  

An extraction step was added to increase the concentration of DAP for 

detection. After five days of fermentation, the cells were spun down at 15,000rpm 

for 10min and then equal volumes of methanol were added to the supernatant.  

To detect DAP production, agar diffusion assays were conducted with 

OG1RFΔliaR, which is highly susceptible to DAP having a MIC <1μg/ml. The 

lyophilized supernatant was dissolved in Tris buffer (pH 7.5) and then 20μl of the 

sample was added to Whatman filter discs before placing on the agar plate spread 

with OG1RFΔliaR. The plates were incubated overnight at appropriate growth 

conditions to allow the diffusion of DAP from the disc into the agar. The 

concentration of crude DAP in the fermentation broth was determined by HPLC 

with the help of Dr. Davlieva. The analysis was carried out in the reverse phase 

using the PRP C-18 column. The mobile phase for the chromatographic separation 

consisted of 0.1% trifluoroacetic acid in water and acetonitrile (30:50, v/v). The 

flow rate was 1ml/min. Detection of DAP took place at two different wavelengths, 

220nm, and 365nm. Peak assignment was done using the retention time of a 

standard DAP purchased from TocrisTM. The concentrations of crude DAP were 

determined using the calibration curve method. The calibration was constructed by 

injecting an aliquot of the standard solution of DAP of known concentration (over 
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the range from 5 to 100 μM) and measuring the peak area obtained. All 

experiments were done in triplicates. 

After establishing DAP production in suspension, the protocol was 

replicated in an emulsion system. Here, after a few days of growth in suspension, 

the cells were washed and inoculated into fresh fermentation media, which is used 

as the aqueous phase in emulsion culture. Precursor sodium decanoate was added 

every 24h. Agar diffusion assay was conducted to establish DAP production. 

2.8. Image analysis  

For each position, images in bright-field were recorded using green, red, and 

cyan fluorescent channels while droplets were immobile inside rectangular 

capillary tubes (Vitrocom, USA). Images were recorded with a PCO.edge 5.5m 

camera (PCO, Germany). Images were analyzed for droplet size and cell 

encapsulation using custom MATLAB and Python code (Hsu et al. 2019). Droplets 

were identified from the bright-field images using the Hough transformation 

algorithm (OpenCV 3, Pulli et al., 2012) and the fluorescent cells were segmented 

by identifying connected regions using the SimpleBlobDetector object (OpenCV 3, 

Pulli et al., 2012).  
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2.9. Statistical analysis 

Replicate numbers of the experiments (n) are indicated in the figure legends. 

Data are presented as mean ± s.d. Fluorescence microscopy images are 

representatives of the images from multiple experimental replicates.  
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Chapter 3 

Microfluidic droplet platform for bacterial 

experimental evolution 

3.1. Background 

Water-in-oil emulsion droplets are discrete, picolitre-volume culture vessels 

encapsulating bacteria of interest in the water phase. These droplets are formed by 

mixing two immiscible liquids such that the aqueous media is surrounded by the 

oil phase, which is stabilized by surfactants (Figure 3.1). This method was first 

proposed in 1954 by Joshua Lederberg to isolate and study single cells (Lederberg 

1954). With the advances in microfluidic devices, we can now generate mono-

dispersed droplets at kilohertz (kHz) rates (Umbanhowar, Prasad, and Weitz 2000; 

Anna, Bontoux, and Stone 2003). The produced droplets are collected and 

incubated off-chip for downstream analysis. Since the microfluidic devices are 

modular, based on the downstream application, droplet re-injection, sorting, 
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merging, or splitting modules can be added. The ability to control and manipulate 

droplets in such a wide variety of manners allows us to build an automated 

platform for studying various biological functions within the droplets. 

 

 

Figure 3.1: Microscopic image of emulsion droplet and a droplet schematic. 

Water-in-oil emulsion droplets produced by microfluidic devices, visualized using 

20x brightfield microscopy. Here, the water phase was the bacterial culture media. 

The red arrow is pointing at a single cell encapsulated within droplets. Scale bar = 

50µm. The oil phase of the droplet is stabilized by surfactants (hydrophilic head 

with a hydrophobic tail. 

So far, emulsion droplets have been used for directed evolution and high 

throughput screening of an enzyme library (Aharoni et al. 2005; J. Lim et al. 2013; 

Agresti et al. 2010), screening for antibiotic resistance microbes (Watterson et al. 

2020), and secondary metabolite discovery (Scanlon, Dostal, and Griswold 2014). 

However, there are a limited number of studies using droplets as a culturing 
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method to study ecological, social, and evolutionary processes in the microbial 

community (Bachmann et al. 2013; Park et al. 2011). To study community 

dynamics in droplets, cells from a mixed culture can be randomly encapsulated in 

droplets leading to distinct sub-communities that can be studied in parallel. 

Microbial Interaction Network Inference in microdroplets (MINI-Drop) is one such 

platform developed to simultaneously study hundreds of interactions within 

microbial communities within droplets using computational methods coupled to 

fluorescence microscopy (Hsu et al. 2019).  

There are several advantages to applying droplet systems for culturing cells. 

Droplets provide an effective and scalable approach for high-throughput spatial 

segregation between cells and therefore, we can simultaneously study millions of 

sub-populations in parallel. This also means that each interaction requires a lower 

volume of sample, reagent, or media which can be cost-effective and allows for 

rapid sample manipulation. Also, since their phenotype is linked to their genotype, 

we can use advanced microfluidic modules to sort the droplets of interest from 

high backgrounds.  

3.2. Rationale  

Our approach to using water-in-oil emulsions is based on the successful use 

of this strategy by Bachmann and co-workers to isolate high ATP and biomass 

producing Lactococcus lactis mutant from faster-growing wild-type strains using 
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serial propagation in emulsion droplets (Bachmann et al., 2013). They showed that 

a suspension culture favors fast-growing cells, whereas spatial structures are 

needed for the evolution of high yield strategies. Their results demonstrated the 

impact of compartmentalizing cells and privatizing a public good on the 

evolutionary outcome between competing cells.  

In a well-mixed suspension culture, molecules secreted by one species or 

strain are shared by all the members of the community, whether they contributed to 

its synthesis or not. In such an environment, non-producers benefit from these 

secreted resources and can grow to higher densities. Whereas the producers face a 

fitness cost associated with producing the molecules and could have lower growth 

rates. For example, consider the fate of a mutant that produces a novel antibiotic 

molecule that can kill the competitor. In well-mixed batch culture, all the members 

of that community can grow faster and succeed in growing to higher densities as 

the competing strain is killed, while no fitness cost is paid for antibiotic 

production. They grow faster than the producer mutants. Under such 

circumstances, the producers grow slowly and therefore to lower final density as 

there is a trade-off between antibiotic production and growth rate. The mutant 

cannot increase in frequency within its own population. However, if this producer 

mutant arises in a spatially segregated environment, separated from the rest of the 

conspecifics, then despite growth rate limitations, they can grow to the carrying 

capacity of the space, as the benefit of antibiotic production is not shared. In a 
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spatially segregated environment, the mutant can rise to a higher frequency within 

its population given that the associated cost is not too high (Gorter, Manhart, and 

Ackermann 2020).  

 

In my experiments with a synthetic microbial community, while the cells 

were compartmentalized, the secondary metabolites diffused between the droplets. 

Understanding the effects of differential confinement in droplets can guide us to 

extend the utility of this platform to natural systems where producers secret 

secondary metabolites that diffuse between droplets. 

To establish a spatially segregated, high-throughput bacterial culturing 

method, I have built a microfluidics emulsion droplet platform. The platform is 

modular, and it includes a droplet generator for single and co-culture encapsulation 

and a droplet sorter with a module for re-injection of droplets into the microfluidic 

device. Microfluidic droplet generator produces millions of uniform droplets in a 

relatively short time, where each droplet acts as an individual reaction vessel for 

testing bacterial experimental evolution. The goals of this portion of my work 

include:  

• Device fabrication and optimization for droplet production  

• Optical set-up and operation of fluorescence-activated droplet sorting  

• Droplet characterization for stability, resource privatization, and 

biocompatibility  
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• Optimization of bacterial growth condition and calculating the droplet carrying 

capacity  

• Exploration of image analysis techniques to measure bacterial growth within 

droplets  

3.3. Results 

3.3.1. Droplet production without microfluidics 

Initially, to produce emulsion droplets with approximately 40μm diameters, 

modifications were made to the method published by Bachmann et al., (Bachmann 

et al., 2013). To produce water-in-oil-based emulsion droplets, we vortex bacterial 

growth media (water phase) and 2-(Trifluoromethyl)-3-ethoxydodecafluorohexane 

(oil phase). The resulting droplets were highly poly-disperse with diameters 

ranging from 10 to 70μm (Figure 3.2). Therefore, to produce mono-dispersed 

emulsion droplets, droplet microfluidic devices are used henceforth.  
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Figure 3.2: Emulsion size distribution. To produce droplets without using 

microfluidics, slight modifications were made to the protocol from Bachmann et 

al., (Bachmann et al. 2013). Droplets of an average 40µm diameter were produced 

by vortexing the oil and the culture media. Emulsion diameters was measured 

using ImageJ.  

3.3.2. Microfluidic droplet production  

To produce monodisperse droplets, a microfluidic droplet generator device 

(DD01) was fabricated using the design provided by Dr. Eric Brouzes (Brouzes et 

al. 2009). DD01 has an inlet for the aqueous phase containing the bacterial culture 

and an inlet for the oil phase. These two immiscible liquids are focused at the flow-

focusing junction to form uniform droplets (Figure 3.3). The pressure and viscous 

stress exerted by the oil flowing from both sides of the flow-focusing junction 

breaks the aqueous phase into droplets (Najah, Griffiths, and Ryckelynck 2012).   

At the flow rates of 90 μl/h for the aqueous phase and 180 μl/h for the oil phase, 
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uniform droplets of 65μm in diameter (144pl volume) are produced at a rate of 

<1000 droplets/second. 

Figure 3.3: Microfluidic droplet device, DD01. T-junction where the oil and the 

media are focused to form droplets of about 65μm diameter. Visualized using a 

bright-field microscope (4x). 

The stability of the droplets produced by microfluidic devices depend on 

a) Surfactant concentration: The droplets produced within microfluidic devices 

experience shear stress that can destabilize droplets (Brouzes, 2012). Therefore, 

the surfactant concentration used to stabilize the droplets was increased from 

0.2% to 1.5% to obtain uniform droplets that were stable for days.  

b) Combination of oil and surfactant: I have used the combination of HFE7500 

fluorinated oil with Pico-surf 1 surfactant in this project. But there are many 

other combinations of oil and surfactant that can be used (Baret 2012). In such 

cases, the surfactant concentration to retain droplet stability will have to be re-

calculated. The choice of surfactant is crucial because, in addition to stabilizing 
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droplet interphase, they also affect the biocompatibility and exchange of 

molecules between droplets.  

c) Surface treatment: The microfluidic device channel surfaces were made 

fluorophilic to ensure reliable and monodisperse droplet production using 

Aquapel water-repellent solution (Mazutis et al., 2013). Surface treatment was 

done by injecting the Aquapel solution into the device channels and allowing it 

to react for 10-30s. The solution was then flushed out with pressurized nitrogen. 

Next, the channels were rinsed with emulsion oil to remove the unreacted 

solution, followed by a final flush with pressurized nitrogen.  

 

3.3.3. Droplet production with co-encapsulation 

To co-encapsulate two cultures within the droplets, a second droplet 

generator device (DD02) was fabricated using the design from Mazutis et al., 

(Mazutis et al., 2013). DD02 has an inlet for the oil phase and two inlets for the 

two different bacterial cultures that are targeted to the flow-focusing junction to 

form uniform droplets (Figure 3.4). This ensures that both the cultures flow side 

by side and do not mix before droplet formation. With the aqueous flow rates of 

10µl/min and oil flow rates of 15µl/min, we can produce the desired droplets of 

40± 2 μm in diameter (n = 1108, volume = ~33.5pL) at the speed of ~5000Hz 

(Figure 3.5).  
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Figure 3.4: Microfluidic droplet generator device DD02. T-junction where the 

oil and the 2 cultures are focused to form droplets of about 40μm diameter. 

Visualized using brightfield microscope (20x).  

 

Figure 3.5: Brightfield image of emulsion droplets and image analysis. A 

custom code in MATLAB was used for automated droplet identification and 

diameter measurements. Droplets were identified from the phase contrast image 

using a Hough transformation algorithm (OpenCV 3). 
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The size of the droplets can be controlled by changing the geometry of the 

flow-focusing junction or by changing the oil and aqueous flow rates. Here, I 

characterized the droplet size produced by the co-encapsulation device by varying 

oil and aqueous flow rates (Figure 3.6). At lower aqueous flow rates compared to 

the oil phase, smaller droplets are formed. As the flowrates of the aqueous phase 

increase, so does the droplet size. But when the aqueous flow rates are higher than 

the oil phase, no droplets are formed, and both the liquids co-flow into the outlet 

channel. At aqueous flow rates of 10µl/min and oil flow rates of 15µl/min, droplet 

production was stable for long durations and produced droplets of the desired size. 
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Figure 3.6: Micrographs of the microfluidic device operating at different flow 

rates. Droplet sizes produced can be modulated by the flow rates of the oil and 

aqueous phase. (A-C) As the flow rate of the aqueous phase approaches that of the 

oil phase, the droplet size increases. (D) However, at aqueous flow rates higher 

than the oil phase, no droplets are produced. 

3.3.4. Carrying capacity of drops  

The growth of cells in droplets is comparable with well-mixed suspension 

cultures. I have successfully tested the growth of E. coli, E. faecalis, and mycelial 

S. roseosporus cells in droplets. Published studies have also shown successful 

culturing of bacteria such as P. fluorescens, Rhodococcus rhodochrous, yeast, 
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mammalian cells, and even multicellular C. elgans in droplets without any toxicity 

or growth defects (Martin et al. 2003; Clausell-Tormos et al. 2008). The number of 

cells encapsulated within the droplet is dependent on the starting population size of 

the culture. 

We calculate the number of cells encapsulated within each droplet using 

estimations from Poisson distribution (Figure 3.7). Here, the probability of finding 

the number of cells per droplet, P(x)  is calculated by the equation, 

𝐏(𝐱)  = (𝐞−𝛌. 𝝀𝒙)/𝐱! 

where 𝜆 is the average number of cells per droplet. Experimentally, the 

initial population size of the culture determines the probability of the number of 

cells encapsulated within a droplet (Mazutis et al., 2013). For example, at an initial 

density of about 1.5x107 cells, the expected number of cells/droplets is 0.5 for a 

droplet size of 40µm. This corresponds to about 36.6% of the droplets with no 

cells, 36.8% of the emulsion droplets occupy single cells and 26.6% of the droplets 

occupy 2 or more cells (by substituting the values for λ=0.5 and x=0,1,2 in the 

equation). By using a lower cell concentration, we can encapsulate even single 

cells into the droplets, allowing us to do multiple replicates of single-cell analysis. 
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Figure 3.7: Poisson distribution for different values of x and λ. The number of 

cells encapsulated within each droplet can be calculated using estimations from the 

Poisson distribution. Here, x is the probability of finding the number of 

cells/droplet and λ is the mean number of cells in each droplet. (Mazutis et al., 

2013). 

To determine the carrying capacity of the droplets, the minimum initial 

population density of the bacterial cultures should result in at least one cell 

encapsulated per droplet. Specifically, overnight cultures of E. coli cells were 

diluted to 1.5 * 108 cells/ml, corresponding to an average of five cells per droplet 

resulting in about 0.7% of droplets with no cells (Figure 3.8). The droplets 

encapsulated with cells were then incubated in 50ml tubes for 24h at 37°C for 

optimal bacterial growth (figure b). 50ml tube has been determined to allow 
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sufficient gas exchange for aerobic growth of cells, unlike in Eppendorf tubes. 

(data not shown). 

Figure 3.8: Encapsulation of fluorescently labeled E. coli cells and growth 

within droplets. The initial population densities of the cells were chosen such that 

nearly all the droplets encapsulated at least one cell. The colony-forming units 

(CFU) were calculated after growth to calculate the carrying capacity of the 

droplets. 

The colony-forming units calculated at the beginning and end of the 

incubation suggest an average carrying capacity of 150 cells/droplets, 

corresponding to 4-5 doublings. The overall population density in droplets reached 

over 5 * 109 cells/ml. This is significantly higher than the density of the cultures 

grown in the test tubes of 4 * 108 cells/ml. A droplet environment might provide 
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more efficient utilization of nutrients and therefore cell growth compared to the 

well-mixed conditions. 

The number of cells in the droplets can also be calculated from fluorescent 

images of the cells within the droplets. In this method, we do not have to 

incorporate all the droplets with cells, as the cell count can be done per droplet. 

Droplets with fluorescently labeled cells were imaged using the 20x objective of 

the Nikon Ti2E inverted microscope with appropriate fluorescent filters. To detect 

the encapsulated cells within the droplets, I used the Python code from Hsu et al., 

which uses SimpleBlobDetector object (OpenCV 3) to count fluorescent cells (Hsu 

et al., 2019). After 24 hours of droplet incubation, we see that cells undergo about 

4-5 doublings within droplets of ~40um diameter (Figure 3.9). This is in 

accordance with the CFU values previously calculated.  
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Figure 3.9: Image analysis to measure the carrying capacity of the droplets. 

Carrying capacity of the droplet calculated by encapsulating droplets with an 

average of less than one cell per drop and allowing the cells to grow at 37°C. After 

24 hours, the droplets were imaged using the 20x objective of the Nikon Ti2E 

inverted microscope with a fluorescent filter. The brightfield and fluorescent 

images were analyzed using a SimpleBlobDetector object (OpenCV 3) to count 

fluorescent cells per droplet using the Python code from Hsu et al., (Hsu et al., 

2019). 

Bacterial co-culture using DD02: For the bacterial co-encapsulation 

strategy, we calculated the estimated number of co-encapsulations based on the 

Poisson distribution. Assuming that the rates of encapsulation of cells through the 

two inlets of the device are mutually independent, the probability of encapsulation 

of the two cell types in a single droplet is equal to  

P(x1, x2) =  e−λ1 .
(λ1. x1)

x1!
 . e−λ2 .

(λ2. x2)

x2!
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where λ1 and λ2 are the average number of respective cell types in droplets. With 

λ1= 5 and λ2 =1.0, the probability of co-encapsulation is  

P(x1 ≥ 1, x2 ≥ 1) =  (1 − e−λ1). (1 − e−λ2) 

= (1 − 0) . (1 − 0.634) 

=  1 𝑥 0.366 =  0.366 

That is, 36.6% of the droplets produced have co-encapsulated at least one of 

each cell type. This corresponds to about 5.4 million co-encapsulated droplets per 

hour of production.  

Figure 3.10: Probability of cell encapsulation for λ 0.5 and 5. The number of 

cells encapsulated within each droplet is calculated using estimations from the 

Poisson distribution. Here, x is the probability of finding the number of 

cells/droplet and λ is the mean number of cells in each droplet.  
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3.3.5. Droplet sorting  

The droplet sorting module is engineered to enable the separation of droplets 

based on fluorescence into either collection channel or waste channel. Sorting 

works on the principles of di-electrophoresis, where a non-uniform electric field is 

applied to induce polarization of droplets and media (Mazutis et al. 2013). The 

electrodes fabricated within the microfluidic device induce a non-uniform electric 

field that creates a dipole effect in the droplet. When a droplet carrying a detectable 

fluorescent cell passes through the laser path, the emitted fluorescence signal is 

recorded. Only when the detected signal is above a preselected threshold, the 

sorting electric field is turned on (Figure 3.11).  
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Figure 3.11: Fluorescence intensity of individual droplets during sorting. The 

height of the peak represents the intensity of the detected signal over time. By 

determining the sorting threshold (voltage amplitude), we can eliminate droplets 

with no cells or droplets with cells other than GFP labeled receiver cells from the 

collection channel. The peak between 7872.5 and 7873ms corresponds to a bright 

drop that is targeted for sorting. 

The dielectric permittivity of aqueous droplets is higher than the fluorinated 

oil, therefore a positive dielectrophoretic force acts on the droplet to direct it 

towards the collection channel (Mazutis et al. 2013). The sorting junction is 

designed such that the collection chamber has higher resistance than the waste 

chamber (Mazutis et al., 2013). Therefore, in the absence of an electric field, all the 

droplets enter the waste chamber. Fluorescent activated droplet sorting has been 



76 
 

applied to sort for droplets at frequencies of up to a few kHz (Mazutis et al. 2013; 

Agresti et al. 2010). 

To successfully sort for droplets carrying sfGFP-labelled cells, we have set 

up optics to detect the fluorescent cells, process the signal, and control electrode 

activation on the microfluidic sorting chip - DD03. DD03 design incorporates two 

modules: pico-injection and droplet sorting. The pico-injection module has an inlet 

for pre-formed droplets and an inlet for the oil phase that intersect at the spacing 

junction (Figure 3.12). The purpose of this module is to reinject the droplets 

collected from DD02 and to control the distance between each droplet entering the 

sorting module. When the droplets are correctly spaced (the distance between the 

droplets is approximately ten times the size of the droplet), the error rate for sorting 

becomes negligible (Mazutis et al., 2013). To achieve this, the droplets produced 

from DD02 were injected at a flow rate of 20μl/h and the oil phase was injected at 

the rate of 200μl/h. The spaced droplets from the pico-injection module enter into 

he sorting module, where the droplets can be sorted into a collection or a waste 

chamber via di-electrophoresis (Mazutis et al., 2013) (Figure 3.13).  
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Figure 3.12: Pico-injection module of the microfluidic droplet sorter device. 

The pico-injection module has an inlet for pre-formed droplets and an inlet for the 

oil phase that intersect at the spacing junction. The oil and aqueous flow rates were 

determined such that each droplet was sufficiently spaced for detection at the 

sorting module. 
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Figure 3.13: Sorting module of the microfluidic droplet sorter device DD03. 

The optimally spaced droplets from the pico-injection module pass through a 

narrow channel that pinches the droplet for detection. Based on the intensity of the 

recorded signal, the droplet will be either sorted to the high resistance upper 

sorting or enter the waste channel. The triangle mark indicates where the laser 

beam is focused.  

3.3.5.1. Sorting operation optimization 

For efficient sorting, I first optimized the flow rates of the oil and droplet 

phase. While the detection system can acquire data at 100kHz, the flow rates for 

the sorting system were much lower to ensure that the droplets were sufficiently 

spaced, and in the absence of an electric field, the droplets did not enter the sorted 

output channel (Figure- 3.14).  
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At oil flow rates of 480 µl/h and droplet flow rates of 20 µl/h, all the 

droplets flowed only to the lower channel. At these flow rates, the detection rate of 

the droplet was about 100Hz, according to the custom LabVIEW sorting program 

(Mazutis et al. 2013). To improve the sorting speed, I tested different combinations 

of the flow rate, keeping the ratio of oil to droplet flow rate ratio to about 20-25. 

While at these higher flow rates, droplets entered the correct output channel, and 

the detection speed increased up to 150-200 Hz, the sorting efficiency reduced 

drastically. This is because the droplets were too closely spaced to one another and 

the sorting signal for one droplet was incorrectly applied to the neighboring 

droplet. Therefore, the sorting experiments were done using flow rates of 480 µl/h 

and 20 µl/h for oil and droplet respectively. 

 

Figure 3.14: Time-lapse micrographs of droplet flow in the absence of an 

electric field. At oil flow rates of 480 µl/h and droplet flow rates of 20 µl/h and in 

the absence of an electric field, all the droplets enter the lower unsorted channel. 
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Next, at the same flow rates, I tested sorting of droplets filled with on 

average 50 JS006.ALT E. coli cells expressing sfGFP under constitutive Iq 

promoters. These droplets pass through a point in the microfluidic sorting chip 

where it is irradiated by a 488nm laser. The resulting fluorescence signal passes 

through a 525nm bandpass filter and is picked up by the photomultiplier tube 

(PMT). This signal is recorded on the custom LabVIEW program (Mazutis et al. 

2013), where we can set a voltage threshold above which an electric current will be 

sent to the electrodes on the microfluidic device for sorting. The parameter for 

choosing the current output on the program is designed to be proportional to the 

recorded signal. Therefore, for efficient sorting, the laser power, the PMT gain, and 

the background noise subtraction has to be optimized. For all my experiments, I 

have kept the laser power at 80% (50mW) and used the background subtraction 

option “ON” in the LabVIEW program. For efficient sorting droplets with 

fluorescent cells, a gain less than 0.4 was too low. However, at a gain of 0.5 and 

higher, the peaks were clearly differentiated from the background (Figure 3.15). 

The program relies on the peak as well as the width of the signal for detection and 

sorting. This provides us with a second parameter to differentiate the signal from 

the background. The width of the peak is proportional to the size of the droplet 

represented as the x-axis in the time scale of ms.  
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Figure 3.15: Fluorescence intensity of individual droplets detected. The height 

of the peak represents the intensity of the detected signal over time. At PMT gain 

of 0.4, the signal was too low for efficient detection and proportional application of 

the electric field. At gain above 0.5, the signal strengths are strong enough to 

determine the sorting threshold (V), and sort for sfGFP-labelled cells. 

 

Figure 3.16: Demonstration of sorting pulse applied when the signal is above a 

preset threshold. When the detected PMT voltage is above a preset threshold, 

600V, a sorting pulse is applied to sort the droplets. 



82 
 

To trigger droplet sorting, when the fluorescent signal above the threshold is 

detected, an electric wave of 0.5 - 1kV, 5 cycles of 60kHz (Figure 3.16) is applied 

onto the electrodes that are aligned at the sorting junction of the microfluidic 

device. Due to the asymmetric design on the outlet channels, by default droplets 

enter the bottom channel when the electric field is not activated. But in the 

presence of the electric field, the droplets with signals above the threshold are 

pushed to the collection channel (Figure 3.17). 

 

Figure 3.17: Time-lapse micrographs of droplet sorting. When the fluorescent 

signal above the threshold is detected, an electric field is applied to the electrodes 

that are aligned at the sorting junction of the microfluidic device. Droplets with 

signal intensity above the threshold are pushed into the sorted chamber by a 

phenomenon called dielectrophoresis. 
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Figure 3.18: Histogram of droplet fluorescence. By knowing the range of 

fluorescent signals from the droplet, we can decide the percentage of droplets to be 

sorted using a histogram of the number of droplets versus signal strength. Here, the 

gray vertical line indicates the droplet detection threshold and the purple line 

indicates a sorting threshold. 

To determine the sorting threshold, it is critical to know the overall signal 

intensity range of the culture. In this graph, the range of the droplet fluorescence is 

from 0.1 to 0.6 volts. To sort 50% of droplets, the sorting signal has to be above 

0.25V. The higher the threshold set, the fewer droplets are collected. Based on the 

downstream application, the value has to be carefully chosen. For experiments, 

where we serially propagate the culture after sorting, we need to collect a sufficient 

number of cells. Therefore, the number of signal peaks detected and sorted 

recorded by the program can be used to determine the duration of sorting. 

For evolution experiments, we determined that I have to sort the droplets for 

10 hours to collect a sufficient number of cells (~100 drops/s). However, I 
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observed that over such long periods of time, the baseline signal changes over 

time, therefore it is essential to monitor the detection and sorting signal over time 

(Figure 3.19). The sorted droplets are collected in an Eppendorf tube, followed by 

de-emulsification and recovery of the cells for analysis and the next iteration of the 

serial propagation.  

 

Figure 3.19: Shift in the basal fluorescent signal. For experiments that require 

long sorts, it is essential to monitor the droplet detection and sort thresholds as the 

basal signal changes over time. 
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3.4 Discussion  

Microfluidic droplets provide various advantages as a culturing method as 

they are modular, require small volumes of reagents or cultures, and can provide 

controllability of population size and the number of doublings. However, it is 

important to note that the setting up of additional modules can be expensive and 

labor-intensive. A limitation of using droplets as a culturing system is that at the 

end of the growth cycle, the droplets are broken and the cells are released, 

removing the spatial segregation previously induced. This creates new ecologies 

that enter the next round of propagation. It is also difficult to do any multi-step 

assays in droplets, without decapsulating or using complex additional modules.  

In this thesis, I have fabricated droplet generators for making 40um and 

65um droplets. We have extended this capability to produce 92µm and 250µm 

droplets (courtesy of Dr. Seo) by changing the flow-focusing junction channel size 

on the microfluidic droplet generator device. The right choice of droplet size will 

depend on the application. For example, if we need a large population size at the 

beginning of the experiment, then it is advisable to use smaller droplets, such that a 

large number of droplets are available in a small volume. In 1ml droplet culture, 

we can get about 30 million 40µm droplets, this provides a large initial population 

size, even at very low lambda values. However, for certain cell types like 

streptomyces, which grow as mycelial mats (discussed in chapter 5), we need 
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larger droplets to prevent clogging of the device channels and to let efficient 

growth of cells. However, with larger droplet sizes, the starting population density 

will be reduced for the same emulsion volume. In 1 ml droplet culture, we get 

about 7.3 million 65µm droplets. Also, for a greater number of generations, larger 

droplets can be used. For cells expressing lower fluorescent signal, increasing the 

droplet size and therefore the number of cells within the droplet can thus enhance 

the signal strength for sorting (Figure 3.20).  

 

Figure 3.20: Fluorescence signal from 40 and 65µm droplets. By using larger 

droplet sizes, we can achieve more doublings within the droplet and therefore 

achieve higher fluorescent signal strength. This is particularly attractive for cells 

with low fluorescent intensity.  



87 
 

Currently, the droplets are generated at 3000-5000 Hz speed. To collect 1ml 

of the emulsion culture (30million drops) takes 40-50 minutes. The production 

time can be further reduced by fabricating devices that have multiple flow-focusing 

junctions and can produce droplets parallelly.  

Using the optical setup of the droplet sorting we can record droplet signals at 

the rate of 100kHz, however, the sorting speeds are less than 1000Hz. The droplet 

sorting speed is the limiting factor in analyzing millions of droplets. It currently 

takes 10hours to sort for 2-5 million drops. The sorting speeds can be improved 

with better device fabrication and optimization of droplet size, flow rates, 

fluorescence signal intensity. It is also possible to sort on more than one color with 

added laser modules (Hu, Eustace, and Merten 2015). 

We propose that the microfluidic modules can be connected sequentially to 

handle the droplets in multiple ways for downstream application. Currently, the 

microfluidic platform includes droplet production, incubation, pico-injection, and 

sorting modules (Figure 3.21).  
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Figure 3.21: Microfluidic emulsion droplet pipeline. Bacterial cultures are co-

encapsulated within the droplets using the co-encapsulation device, followed by 

overnight incubation of the collected droplets in a 50ml tube at optimum 

temperatures for growth. Based on the fluorescent intensity of the cells in the 

droplet, they are sorted through fluorescent activated droplet sorting (FADS) 

device. The sorted droplets can be decapsulated and to recover the cells for 

downstream application 

Based on the interaction of sub-communities needed, the initial population 

density of the cultures (λ values) should be determined. The cells can then be 

encapsulated in the droplets using a microfluidic droplet generator and collected 

off-chip to incubate at appropriate temperatures for a specific duration of time to 

allow for bacterial growth and interaction. Based on the fluorescence intensity of 

the droplets after incubation, they can be sorted using the FADS module. When the 

cells of interest can be genetically labeled for fluorescence, the droplets carrying 

those cells can be directly sorted after growth. However, when working with wild 
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isolates or with microbes that are difficult to label, an indirect method of sorting 

out the competing population of cells has to be applied, given this cell type can be 

fluorescently labeled.  The sorted droplets can be visualized directly or de-

capsulated to release the cells for analysis. The de-emulsified cells can also be re-

encapsulated into new droplets for the next iteration of serial propagation.   

In my thesis, I will be mainly using the droplet co-encapsulation device for 

droplet production and encapsulation of producer, non-producer, and receiver cells 

in co-culture. The next chapter focuses on characterizing the dynamics of this 

three-member synthetic community in droplets and understanding the various 

parameters affecting the outcomes of this microbial interaction. 
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Chapter 4 

Investigating the dynamics of a synthetic 

microbial community in droplets 

This chapter is in preparation for submission to a peer-reviewed journal as 

Prabhakar RG, Fan G, Alnahhas RN, Hirning A, Bennett MR, Shamoo Y. 

Dynamics of a synthetic microbial community in a spatially structured 

environment. In prep. 2021. 

4.1. Background 

In their native environment, microbes are typically surrounded by 

multispecies communities where they compete for scarce resources and limited 

space. They compete for the resources either by indirect exploitative competition 

or by direct interference competition (Gorter et al. 2021). In exploitation 

competition, the focus is on resource consumption to deprive the competitors. This 
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is accomplished through metabolic changes that increase growth rates or 

metabolite secretion that harvest nutrients. Whereas in interference competition, 

the focus is on eliminating the competitors by producing antimicrobials ranging 

from strain-specific bacteriocins to more broad-spectrum antibiotics and peptides 

(chemical warfare). Over the years, the applications for such secreted metabolites 

with bioactive properties are well recognized for human use. Therefore, by 

understanding microbial competition, we can better predict bacterial community 

dynamics and metabolite production for industrial, environmental, and biomedical 

purposes.  

Although characterizing native microbial interaction provides the most 

relevant data for understanding and mapping the secreted metabolites and 

metabolic networks, such studies are typically limited by complexity, 

inaccessibility, and difficulty in genetic manipulations. Therefore, to evaluate the 

complexity of such natural community interactions, researchers can modulate a 

synthetic community using model organisms such as E. coli or yeast to study its 

ecology in a controlled and reproducible manner (Zhalnina et al. 2018; Zengler et 

al. 2019). Using synthetic biology tools, studies are developed to resemble key 

features of natural ecosystems such as mutualism, or predator-prey interactions in 

terms of logic and dynamics (Balagaddé et al. 2008; Kerr et al. 2002; Hosoda et al. 

2011). Such model systems are accessible for developing predictive models and 
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principles to explore the ecological, functional, and structural features of the 

community in a predictable manner (Alnahhas et al. 2019; Chen et al. 2015).  

Here, I have developed a three-member synthetic E. coli community to study 

the outcomes of interference competition mediated through secreted metabolites in 

structured droplet environments. In nature, the secreted metabolites produced by 

even a single species are tremendously diverse not just in terms of their structure 

and function but also their physical properties. Therefore, when studying such 

molecules in a droplet environment, it is important to account for their varying 

properties, such as solubility in emulsion oil, which can impact their degree of 

privatization. In fact, most of the secreted metabolites predicted from S. 

roseosporus have a logP value greater than 1, indicating lipophilicity 

(StreptomeDB). The dynamic outcome of a community, therefore, depends on 

factors such as concentrations of metabolites secreted, the cost and benefits of 

producing such metabolites, and the initial population size of the community. 

Using the experimental evolution strategy described here, we can systematically 

study the effects of each of these parameters on microbial interactions.  

In synthetic systems, accounting for these parameters can guide design 

principles for promoter strength, choice of effector molecules used, the duration of 

microbial interaction, and other culturing conditions. In addition to secreted 

metabolites, common tools used in synthetic biology such as inducer molecules 

(IPTG), antibiotics (tetracycline), and nutrients (glucose) can also influence 
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microbial interaction due to their different degrees of diffusion between droplets 

(Weitz et al. 2014; van Tatenhove-Pel et al. 2021). Understanding these factors can 

favor the development of novel applications using the spatial patterning afforded 

by the droplet system. While, in natural systems, the properties of the secreted 

specialized molecules are usually unknown, careful considerations in designing the 

co-culturing conditions are essential, to avoid unintentional community outcomes, 

that are mainly influenced by the rise of cheater populations. Therefore, the 

synthetic community described here serves as a model system to characterize the 

key factors influencing the outcomes of the microbial interactions in droplets.  

4.2. Rationale 

To study competitive interactions in laboratory conditions, the choice of 

culturing environments is crucial to predict the outcomes of competition. Consider, 

interference competition where one cell type within a population (producer) 

secretes small molecules that can kill a sensitive competitor (receiver). Here, the 

Producer incurs the cost associated with producing the molecules (West et al. 

2006). In a well-mixed environment such as test tubes, the molecules secreted by 

the producer are shared by all the members of the population, creating an 

opportunity for cheats (non-producers) who do not pay the cost of production but 

gain benefits from the reduced receiver population. However, in a structured 

environment like agar plates, the producers and non-producers can be 
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compartmentalized and therefore the producers can preferentially benefit by killing 

the receiver despite the fitness cost due to resource privatization (Chao and Levin 

1981). Therefore, the producers should potentially grow to higher cell densities in 

a structured environment compared to a well-mixed culture.  

To test the efficiency of the emulsion droplets as a spatial segregation 

method, I use the well-studied model organism, Escherichia coli, as a test system. 

Here, we have rationally engineered competitive interactions among Producer (P), 

Non-producer (N), and the sensitive Receivers (R) in E. coli to study competitive 

outcomes in a well-mixed environment versus spatially structured conditions. The 

Producer strain kills a competitor Receiver strain, mediated through secreted small 

molecules (3-oxo C12 HSL). The Non-producer strain is a phenotypic (and 

genotypic) variant of the Producer that cannot kill the Receiver strain as it has an 

early stop codon in the lasI gene required for AHL production.  
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Figure 4.1: Rationale for using droplets as a culturing method. Unlike in well-

mixed cultures, in droplets we can control the initial population ratio of the 

members in a community, to achieve subcommunities of Producers and Receivers 

(P:R), or Non-producers and Receivers (N:R). In P:R co-encapsulation, Producers 

can reach the carrying capacity of the droplet by killing the sensitive Receivers. 

However, in droplets with N:R, both share the nutrients and space, thus keeping 

the population size of Non-producers under control. 

To study microbial community dynamics, we employ microfluidic emulsion 

droplets as a structured and high-throughput culturing environment because 

compartmentalization is known to benefit high yielding cells from faster growers 

(Bachmann et al. 2013). In droplets, by controlling the starting population density, 

we can ensure that the Receivers are either co-encapsulated with Producers or 

Non-producers unlike in well-mixed cultures where the three strains interact. I 
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tested an experimental evolution strategy by serially propagating the mixed 

population in emulsion culture iteratively to enrich for producers.  I also tested the 

effects of parameters such as concentration of quorum sensing molecules secreted, 

duration of incubation, and initial population density on this community dynamics. 

We employed mathematical modeling to understand the effect of dilution rate, 

droplet carrying capacity, and spiking with additional Receivers to explore the 

benefits of using droplets to study microbial interaction. 

The goals of this portion of my work include:  

• Establishing and characterizing a synthetic E. coli community 

• Determining privatization of secreted quorum sensing molecule in droplets 

• Studying the community dynamics in well-mixed cultures vs droplets 

• Determining the various factors affecting the enrichment of Producers in 

droplets 

o The concentration of quorum sensing molecules secreted 

o The duration of microbial community interaction 

o The droplet carrying capacity  

o The dilution rate for serial propagation  

• Building a mathematical model to predict the impact of spatially patterning and 

explore the effects of various factors on the outcomes of this microbial 

interaction 
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4.3. Results 

4.3.1. Establish and characterize the synthetic E. coli community 

To study the dynamics of microbial interactions in spatial structures, we 

rationally engineered Producer (P), Non-producer (N), and Receiver (R) interaction 

in E. coli JS006.ALT (Stricker et al. 2008) mediated through quorum sensing (QS) 

molecule production. The Producer strain synthesizes the QS molecules that can 

inhibit the growth of Receiver cells when induced by isopropyl β-d-1-

thiogalactopyranoside (IPTG). The strains are fluorescently labeled with super-

folder green fluorescent protein (sfgfp), super-folder cyan fluorescent protein 

(sfgfp), or mCherry to identify and calculate the strain ratios.  

The Producers have a plasmid coding for IPTG induced expression (Plac) of QS 

gene lasI and a second plasmid coding for the constitutive expression (PIq) of 

sfCFP for strain identification. LasI synthases produces N-(3-Oxododecanoyl)-L-

homoserine lactone (C12-oxo-HSL). Importantly,  QS molecules diffuse out of the 

cell into the media and nearby cells (Pesci et al. 1997).  

The Receiver strain has a plasmid coding for constitutive expression (PIq) of 

quorum sensing response regulator, lasR, and sfGFP for strain identification. It 

also has a second plasmid coding for two toxic genes, holin and lysin. Holin and 

lysin expression is inducible using IPTG and C12-oxo-HSL (Plas-lac). Expression of 

these genes in the presence of QS molecules kills the Receiver cells as holin forms 
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pores in the cell membrane and lysin degrades the peptidoglycan layer in the 

Receiver cells (Lemire, Yehl, and Lu 2018). 

 

Figure 4.2: Schematic of the Producer and the Receiver strain gene circuits. 

The Producer cells secrets QS molecules (3OC12HSL) to communicate with 

receiver cells, on induction by IPTG. The secreted AHLs bind to the engineered 

hybrid promoter (Plas-lac) along with the constitutively expressed quorum sensing 

response regulator, LasR to induce the expression of the lysis genes, holin, and 

lysin in the Receiver cells. Expression of these toxic genes within receivers leads to 

receiver cell death. The Producers and the Receivers each produce a different 

fluorescent protein, sfCFP, and sfGFP respectively for strain identification.  

We engineered a third strain, the Non-producers which is a phenotypic and 

genotypic variant of the Producers. The Non-producer strain contains a plasmid 

coding for IPTG induced expression (Plac) of a mutated lasI gene such that they can 

no longer produce functional QS molecules to kill the Receiver cells. The fourth 

amino acid in the lasI gene, glutamine (CAA) was modified into a stop codon 

(TAA), resulting in an early termination of AHL synthase synthesis. The Non-
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producer cells have a constitutive PIq promoter that drives the expression of 

mCherry for strain identification.  

 

Figure 4.3: Schematic of the Non-producer strain gene circuit and a schematic 

of lasI gene. The Non-producer strain contains a plasmid coding for IPTG induced 

expression (Plac) of a disrupted lasI gene*. The fourth amino acid in the lasI gene, 

glutamine (CAA) was modified into a stop codon (TAA), resulting in an early 

termination of AHL synthase. The Non-producers constitutively express mCherry 

for strain identification.  

The interaction of the three strains was tested using an agar diffusion assay. 

By directly spotting the C12-oxo-HSL molecules on an agar plate overlaid with the 

Receiver cells, as shown in Figure 4.4 even at 5nM C12-oxo-HSL, a ZOI is 

observed suggesting that the Receivers are very sensitive to the QS molecules 

(Figure 4.4A). Similarly, when the Producer cells were spotted on an agar plate 

overlaid with the Receiver cells, we see a clear zone of inhibition (ZOI) or killing, 
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whereas the Non-producer cells do not induce any Receiver cell lysis as the QS 

production is disrupted.  

   

Figure 4.4: Zone of inhibition assay on agar plates overlaid with the receiver 

cells. (A) The left plate shows the ZOI as the Receiver strain responds to different 

concentrations of QS molecules. (B) The right plate shows the response of the 

Receivers to the Producers and the Non-producers. 

Overall, the three strains interact as follows – the Producers can kill the 

Receivers by the production of AHL molecules, which is representative of 

interference competition. While the interaction between Producers and Non-

producers (P:N) or Receivers and Non-producers (R:N) is through resource 

competition, which is analogous to exploitative competition (Figure 4.5).  
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Figure 4.5: Schematic of the producer, receiver, and non-producer 

interactions in a co-culture. The Producers can kill the Receiver cells by 

producing the QS molecules, but Non-producers cannot. Producers and Non-

producers themselves compete for resources by exploitative competition. 

4.3.2. Producing AHL molecules incurs a fitness cost on the producer 

In a monoculture, when the producers are induced with 1mM IPTG, which 

produces the strongest induction of QS molecule production, we see that the 

Producers have a growth rate of 0.623/h and reaches a final optical density of ~0.8, 

while the Non-producers have a growth rate of 0.682/h and reaches a higher optical 

density of ~1.3, under same growth conditions (Figure 4.6). This is because the 
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Producers are burdened with a fitness cost associated with the QS molecule 

production.  

 

Figure 4.6: The growth curve of Producers and Non-producers at 1mM IPTG. 

In monoculture, Producers grow to a lower final density compared to Non-

producers due to costs associated with AHL production. 

When the Producers are not induced by IPTG, we see that their growth rate 

and final density is comparable with that of the Non-producers further linking the 

fitness trade-off between the costly AHL molecule production and growth (Figure 

4.7).  
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Figure 4.7: Growth curve for Producers when induced for QS molecule 

production in monoculture. The Producer strain contains a plasmid coding for 

lac induced expression of quorum sensing (QS) gene lasI. Therefore, at different 

concentrations of IPTG, the lasI expression is regulated. From the growth curve we 

see that as the IPTG concentration increases, the growth rate and the final density 

of the Producer decreases. 

4.3.3. The Non-producer benefits in the presence of AHL as the common 

resource  

In well-mixed suspension conditions at 1mM ITPG induction, when I co-

culture equal population ratios of Producers and Receivers (P:R), the Producers kill 

all the Receiver cells by secreting the QS molecules (Figure 4.8A and B). Even 

though AHL production negatively affects Producer growth, they benefit when in 

competition with sensitive Receivers, and can take over the population (Figure 
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4.8C). We can analyze the population sizes using the fluorescence reading for 

Producers and Receivers in the P:R co-culture after 24h of growth. The 

fluorescence measurements of the Producers in mono-culture and P:R co-cultures 

remain similar, while fluorescence reading for Receivers in co-culture is close to 

the background. 

Figure 4.8: Producers can take over the population by eliminating the 

sensitive Receivers. (A and B) When equal population ratios of Producers and 

Receivers (P:R) are co-cultured at 1mM IPTG induction, the Producers (CFP) kill 

all the Receiver cells (GFP) by secreting the QS molecules. However, when 

Producers are co-cultured in the presence of equal population densities of Non-

producers and Receivers (P:N:R), the Producer population size is significantly 

reduced even though all the Receivers are killed. Unpaired t-test P ≤ 0.001, n=3. 

(C) From the fold change of the Producers and Receivers in co-culture (P:R) 

compared to their monoculture, we see that due to interference competition, 

Producers do not need to share the resources with sensitive Receivers in co-culture, 

and can take over the population. P= Producer in monoculture; R = Receiver in 

monoculture; P:R= Producer and Receiver in co-culture; P:N:R= Producer, Non-

producer, and Receiver in co-culture. 
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Whereas when I co-culture the Non-producers and the Receivers under 

similar conditions, they have to share the resources in the media because of the 

absence of AHL needed for antagonism (Figure 4.9A and B). While the 

fluorescence measurements for the Non-producers in co-culture do not 

significantly change compared to the monoculture, the presence of Receiver 

fluorescence indicates that the final density of the Non-producers has not reached 

100% of the population (Figure 4.9C). 

 

 Figure 4.9: Non-producers and Receivers compete for common resources. (A 

and B) When equal population ratios of Non-producers and Receivers (N:R) are 

co-cultured at 1mM IPTG induction, both the strains compete for resources. Since 

the Non-producers have a higher growth rate compared to the Receivers, their 

population size is slightly larger after 24h of growth.  However, when Non-

producers are co-cultured in the presence of equal population densities of 

Producers and Receivers (P:N:R), the Non-producer population size does not 

change significantly (C) From the fold change of the Non-producers and Receivers 

in co-culture (N:R) compared to their monoculture, we see that due to resource 

competition, neither of the strains can take over the population. N= Non-producer 
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in monoculture; R = Receiver in monoculture; N:R= Non-producer and receiver in 

co-culture; P:N:R= Producer, Non-producer, and Receiver in co-culture. 

In contrast, when I co-culture the three strains together (P:N:R), the 

population density of the Producers is significantly reduced (Figure 4.8). AHL 

secreted by the Producers kills off the Receivers. The benefit of reduced 

competition is shared by both the Producers and Non-producers alike. Since Non-

producers do not have a fitness cost of producing QS molecules, they have higher 

growth rates, and therefore grow better than Producers in this mixed culture 

(Figure 4.10).  Analyzing the fold change of fluorescence of each strain in co-

culture to that in their monoculture suggests that when Producers are mixed with 

Non-producers, the cost of AHL production is borne by the Producers alone but the 

benefit in terms of reduced Receiver competition is shared. It is also consistent 

with our prediction that the secretion of common resources such as QS molecules 

can favor cheating behavior in a community (West et al. 2006). 
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Figure 4.10: Non-producers can cheat in the presence of Producers in a mixed 

population. When I co-culture the three strains together (P:N:R), the population 

density of the Producers significantly reduces. AHL secreted by the Producers kills 

off the Receivers. The benefit of reduced competition is shared by both the 

Producers and Non-producers alike. Since Non-producers do not incur the fitness 

cost of producing the QS molecules, they have a higher growth rate, and therefore 

grow better than Producers in this mixed culture. P:N:R= Producer, Non-producer, 

and Receiver in co-culture 
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4.3.4. Diffusion of AHL between droplets 

A well-known strategy to prevent cheating is by spatially segregating the 

Producers from the Non-producers. While the privatization of cells within the 

emulsion droplets is well established in the literature, diffusion of quorum sensing 

molecules is not well studied (Weitz et al. 2014). To test the privatization of AHL 

molecules within droplets, I co-encapsulated Producers and Receivers such that all 

the droplets had at least one Receiver (λ= 5-10) and on average less than one 

Producer cells (λ= 0.5) within a 40 µm droplet. This accounts for about 17.11% of 

the droplets that have co-encapsulation. If the AHL does not diffuse between the 

droplets, then we should see that only in the droplets with both Producers and 

Receivers, in about 17% of the droplet, Receivers are killed. However, we see that 

the Receivers in all the droplets were killed within 24h of growth, suggesting that 

the QS molecules secreted by the Producers diffused to the neighboring droplets 

(Figure 4.11).  
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Figure 4.11: AHL diffuses between the emulsion droplets. (A) I co-

encapsulated about 37% of the droplet with Producers and Receivers (t=0) and 

incubated the droplets for growth. (B) After 24h of incubation, since the AHL 

molecules diffuse between the droplets, all the Receiver cells are killed even in the 

neighboring droplets. Note: Receivers = green cells; Producers = white cells.  

Since the exposure time for Producers is optimized for the signal at maximum 

growth, we cannot see single encapsulated cells at t0. It is also important to note 

while visualizing the microscope images that the encapsulated droplets are 

incubated in a 50ml tube off-chip. Samples are visualized under the microscope at 

t0 and t24 in a capillary tube, therefore the location of the droplets to each other is 

not maintained in this process.  
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To detect how fast the AHL diffuses between the droplets, we designed a 

reporter strain using E. coli JS006-ALT such that the reporter expresses sfGFP in 

response to even 5nM of AHL molecules (Figure 4.12A and B).  

 

 

Figure 4.12: Reporter to detect AHL diffusion. (A) Schematic of reporter strain, 

E. coli JS006-ALT that expresses sfGFP in response to AHL molecules. (B) 

Fluorescence reading from the reporter when induced by 5nM AHL.  

I encapsulated the reporter strains in droplets and mixed them with an equal 

number of droplets containing 50nM AHL molecules, to visualize AHL diffusion 

between droplets. After incubation, the AHL molecules can diffuse to the 

neighboring droplet containing the reporter strain. We can detect GFP expression 

within 2h of incubation at 37°C as shown in Figure 4.13. AHL molecules are 

known to partially dissolve in the oil phase as they are slightly hydrophobic (logP 

0.2-2) and therefore diffuse directly through the oil and at the interface between the 

A B 
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touching droplet, through surfactant (Weitz et al. 2014). However, the diffusion 

rate in droplets is expected to be slower than in well-mixed suspension with a 

diffusivity of Doil ≈ 1 μm2 /s in droplets and Dbulk ≈ 100−1000 μm2 /s in bulk 

(Weitz et al. 2014).  

 

Figure 4.13: AHL diffuses between droplets in less than 2h. (A) In the positive 

controls, the AHL molecules were added to the same droplets as the reporter, 

whereas in the test condition (B), 50 nM AHL molecules and the reporter cells are 

in different droplets that are mixed together. We observe GFP expression by the 

reporter within 2 hours of incubation. 

When the resources are completely privatized within the droplet, Millet and 

colleagues show that the muconate producers are enriched 6-fold in droplets 
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compared to the well-mixed bulk cultures (Millet, Vélez, and Michener 2019). 

However, in my experiments, as AHLs diffuse through the emulsion oil, droplets 

can only compartmentalize the Producer cells, but not the secreted QS molecules. 

Consequently, the Non-producers in the neighboring droplets can still benefit from 

the reduced Receiver competition even without producing the costly molecules.  

 Though I tried to find solutions to prevent AHL diffusion between droplets, 

by using AHL degrading enzymes as a sink, we realized that the solution would be 

specific to this system alone. To generalize the findings, we want to test the effect 

of just the microbial compartmentalization but diffusing resources on the 

community dynamics. This finding could be more relevant to natural systems 

where we are interested in enriching for novel producers, but the secreted 

metabolites might diffuse between the droplets. We are essentially stress testing 

the limits of the droplet system as culturing platform to enrich for novel metabolite 

producers.  

4.3.5. Strategy to enrich for the Producers from a mixed population of Non-

producer and Receivers 

Producers of secondary metabolites have many biotechnological 

applications, so to tailor the community dynamics for producer enrichment, we 

developed a serial propagation strategy in emulsions. We predicted the two reasons 

for producer enrichment are the spatial confinement of Producers from Non-
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producers and the resource competition imparted by the Receivers on the Non-

producers.  

• The confinement of Producers in droplets allows them to grow to the 

carrying capacity of the droplet by eliminating the Receivers in spite of 

growth rate limitations. Producers that secrete AHL are able to kill up to a 

100-fold excess of Receivers (Figure 4.14). I would like to note that even 

though the Producers kill all the Receiver cells, they do not grow to the same 

density as a monoculture. This can be explained through the resource 

utilization by the Receivers before their death.  

 

Figure 4.14: Producers can kill up to a 100-fold excess of Receivers. (A) At 

1mM IPTG induction, when Receivers are co-cultured at 10-fold or 100-fold 

excess to producers, all the Receivers are killed (Receiver fluorescence is close to 

the background). (B) At these initial population ratios of Producers to Receivers 

(P:R), after incubation, the Producers take over the population. 

A B 
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• However, when there is even a 10-fold excess of Receivers in coculture with 

Non-producers, the final population ratios of Non-producers are shared with 

the Receivers (Figure 4.15A and B). Limiting the number of Non-producers 

in the mixed population keeps the cheating phenomenon in check and 

therefore benefits Producer growth.  

  

Figure 4.15: Final population density of non-producers can be limited by 

adding excess receivers. (A) At 1mM IPTG induction, when Receivers are co-

cultured at 10-fold or 100-fold excess relative to Non-producers, they both share 

the resource and reach the maximum capacity of the culture together. (B) At these 

initial population ratios of Non-producers to Receivers (P:R), after incubation, the 

population size of the Non-producers can be controlled. 

A B 
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Therefore, we chose the population densities such that Receivers were about 

5 to 10 times higher than Producers and Non-producers. This starting population 

density of Receivers, Producers, and Non-producers corresponds to λ values of 5, 

0.5, and 0.5 respectively. Initial population ratios were determined by plating 

dilution on LB kanamycin and ampicillin plates. Based on the expected Poisson 

distribution (Appendix: Equation 6.9) within a 40-micron droplet, Figure 4.16 

shows the expected distributions for 15 million droplets.  

 

Figure 4.16: Probability of initial population number of Producer, Non-

producers, and Receivers in droplets. Due to the population size of the culture 

used for encapsulation, most of the droplets, have only Receiver cells (top 7). The 

next favorable combinations have Receivers co-encapsulated with either Producers 
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or Non-producers (P:R or N:R). The reduced population densities for Producer 

variants ensure that they are not co-captured in the same droplets.  

By characterizing the droplets with the type of cells encapsulated, we can 

calculate the probability for each type of droplet (Described in detail in Appendix 

A.3.). This corresponds to a probability that out of 15 million droplets: 

• 0.41% droplet has no cell, and 60.24% droplet has Receivers alone. 

• 0.21% droplet has Producers alone, and 17.11% droplet has Producers and 

Receivers (P:R) co-encapsulation. 

• 0.21% droplet has Non-producers alone, and 17.11% droplet has Non-

producers and Receivers (N:R) co-encapsulation. 

• 4.89% droplet contains both Producers and Non-producers  

Of all the droplet types that contain Producers, 77% of that is not in co-

encapsulation with Non-producers. This limits the competition between the 

Producers and Non-producer based on growth rate alone. This should reduce 

sharing of reduced Receiver competition benefits and therefore benefit Producer 

enrichment.  

Also, as Producers can kill up to 100-fold excess of Receivers after the first 

round of growth when induced by 1mM IPTG (Figure 4.14), if we continue to 

serially propagate the culture, it will result in competition between just the 
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Producers and Non-producers as Receivers are eliminated. Therefore, at the 

beginning of each new iteration, we spike the culture with fresh Receiver cells. We 

modeled a “no adding” and “adding” strategy to decide that adding Receivers at 

the beginning of each iterative growth cycle limited Non-producer enrichment in 

the population (Figure 4.17). The benefits in terms of Producer enrichment were 

more prominent when the concentration of the secreted molecules or the density of 

the Producers in the population was reduced.  
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Figure 4.17: Effect of receiver spike on Non-producer growth. We modeled a 

“no adding” and “adding” strategy to decide if Receiver spiking at the beginning of 

each iterative growth cycle. By adding Receivers we can limit the Non-producer 

growth within each droplet. P = Producer; N = Non-producer; R = Receiver.  

4.3.6. Co-culturing in a spatially segregated environment benefits the 

enrichment of producer strains.  

To test the enrichment of Producers in droplets compared to test tubes, we 

designed a competition-based experimental evolution strategy. Here we co-

cultured the three strains in well-mixed test tubes or in emulsion droplets. The 

initial population density was chosen as mentioned previously to correspond to a λ 

of 5 for Receivers and 0.5 for Producers and Non-producers. The same initial 

density was maintained in the test tube study. This corresponds to about 7.5*107 

cell/ml of Receivers, 7.5*106 cell/ml of Producers and Non-producers each grown 

in LB with antibiotics and induced by 1mM IPTG for AHL production. The 

cultures were then incubated with shaking for the test tube condition or co-

encapsulated within droplets and incubated without shaking. After 24h of growth 

and incubation, fluorescence measurements of the cultures were made. To 

propagate the culture for the next round of growth, the cultures were then diluted 

50x and spiked with 1.5*107 cells/ml of Receiver cells. This was iterated every 24h 

for 4 cycles. While the fluorescence reading corresponding to  Producers, Non-

producers, and Receivers can be used to compare between the two culturing 
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conditions (Figure 4.18), the population ratio provides an understanding of the 

community dynamics between the three strains within a given culturing condition 

(Figure 4.19).  

 

Figure 4.18: The producer, the Non-producer, and the Receiver growth trends 

in the competition-based experimental evolution. (A) From the CFP 

fluorescence reading, the Producers are enriched after one cycle of growth both in 

the droplet (dotted line) and test tube (solid line) conditions. However, the 

Producers have grown to higher density in droplets compared to the well-mixed 

suspension conditions. (B) The growth of Non-producers is more controlled in 

spatially segregated droplets compared to the test tube condition. (C) As expected 
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at 1:10 Producer to Receiver ratio, Receivers are killed both in droplets and test 

tube environments. 

From the cyan fluorescence measurements, we can see that after 24h of 

growth in the droplets, Producers are enriched both in the droplets and the test 

tube. However, the Producer population increase does not continue into the next 

growth cycle. This might be explained by the increase in the Non-producer 

population, which benefits from the increased AHL molecules in the culture that 

reduces Receiver competition. This suggests that when the secreted common good 

is not privatized, there might be a ‘glass ceiling’ or a limit to the Producer 

enrichment in a mixed population.  Even though the Producer growth trend is 

similar in both well-mixed and droplet conditions, the population size of the 

Producers in droplets is higher than in test tubes. This is because of the gradual 

increase in the Non-producer population in droplets that is the result of the finite 

carrying capacity of the droplets. Even though the Non-producers can cheat in the 

presence of the diffused AHL, they can only grow to the carrying capacity of the 

droplet they are encapsulated in. This local control limits their overall population 

size in a culture. 

By comparing the population ratio of the three strains between test tube and 

droplet environments, we can see that the Producers reach about 25% of the 

population after one growth cycle compared to less than 1% in the test tube 
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condition (Figure 4.19). Unlike the well-mixed culture, in a spatially segregated 

environment, the benefits of the secreted AHLs are available to the Producer first 

and therefore can offset the competition from cheaters. At 1mM IPTG, AHL 

production is at the maximum induction. In this scenario, the droplet system is very 

similar to the test tube condition, where the excess AHL diffuses and completely 

eliminates the Receiver population. To limit the access of AHL benefits to the 

Non-producers, we decided to reduce the concentration of AHL produced and the 

incubation time for the interaction.  

 

Figure 4.19: Population ratio of the three strains in test tube and droplets. 

While the growth trend of the Producers is similar in the two culture conditions, 

producers reach about 25% of the population in droplets (A) after one growth cycle 

compared to less than 1% in the test tube condition (B). Culturing parameters: 

Population ratio of Producers, Non-producers, and Receivers at the beginning of 

the experiment is 1:1:10, 1mM IPTG induction, 24h growth cycle.  
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4.3.7. The concentration of AHL produced affects the dynamics of this 

microbial community 

I wanted to limit the sharing of AHL molecules secreted by the Producers 

with Non-producers in droplets. By reducing the concentration of AHL produced, 

and the incubation duration, we hypothesized that there would be more droplets 

with the Receiver and Non-producer co-encapsulation where the receivers are not 

killed by AHL diffused from droplets with Producers. This should limit the Non-

producer population by favoring competition with Receivers in the same droplet.  

We can control AHL production by reducing IPTG. When we co-culture P:R 

at a 1:10 ratio, with different induction rates of AHL, we see that the Receiver 

population decreases with increasing AHL induction. By controlling the amount of 

AHL produced, we can control the extent to which Receivers are killed (Figure 

4.20).  
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Figure 4.20: Receiver killing can be regulated by varying the concentrations 

of AHL by altering the concentration of IPTG. At different concentrations of 

IPTG, different concentrations of AHLs are produced, which can go on to induce 

Receiver cell death. Here, we have co-cultured Producers and Receivers in 1:10 

population ratio and induced AHL production by changing IPTG concentrations. 

As the synthesis of AHL increases, more Receivers are killed. 

To test the enrichment of Producers when induced by different 

concentrations of IPTG for AHL production, I performed a similar competition-

based experimental evolution. Here we co-cultured the three strains in emulsion 

droplets induced by 1mM, 0.1 mM, and 0.05mM IPTG respectively. The initial 

population density was chosen as mentioned previously to correspond to λ of 5 for 

receivers, 0.5 for Producers, and Non-producer each. The cultures were co-
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encapsulated within droplets and incubated without shaking. After 12h of growth, 

the fluorescence measurements of the cultures were measured (Figure 4.21). To 

propagate the culture for the next round of growth, the cultures were diluted 50x 

and spiked with fresh Receiver cells to a density of 1.5*107 cells/ml. This cycle of 

emulsion decapsulation, spiking, and co-encapsulation was iterated every 12h for 6 

cycles.  
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Figure 4.21: The producer, the non-producer, and the receiver growth trends 

in the competition-based experimental evolution at different IPTG 

concentrations. (A) From the CFP fluorescence measurements, the fluorescence 

of the Producer population at 0.05mM IPTG induction is higher than at 1mM 

IPTG. (B) The growth of Non-producers is more controlled when a larger fraction 

of the Receivers are not killed at the lower concentration of AHL. (C) As expected, 

even fewer Receivers are killed at 0.05mM IPTG during the first growth cycle. 
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From the cyan fluorescence measurements we can see that after 12h of 

growth in the droplets, Producers are enriched in both IPTG concentrations tested. 

However, the fluorescence measurements for Producers at 0.05mM IPTG is higher 

than at 1mM IPTG. In addition, the enrichment of Producers is maintained even 

after the second growth cycle. The increase in the population of Producer at lower 

rates of  QS synthesis might be explained by increased Non-producer and Receiver 

competition in droplets where the QS molecules did not diffuse to concentrations 

that can kill the Receiver cells. But as the iterative cycle continues, with the 

increased Producer population, the concentration of AHL secreted and thus 

diffused also increases leading to Non-producer rising in the population again. 

That is, because of the diffusion of the secreted quorum sensing molecules, an 

increase in the Producer population benefits the Non-producers as well. We will 

need to incorporate novel strategies in the future to uncouple the enrichment of 

Producers from Non-producers, to increase the population size of the Producers to 

higher numbers. 

We can also see this by comparing the population ratio of Producers 

between the droplets with different rates of AHL synthesis (Figure 4.22). Here, as 

the concentration of AHL production decreases, and therefore Receiver killing 

reduces, the enrichment of Producers is enhanced. At 0.05 mM IPTG induction, 

the Producers are enriched in the first two growth cycles (Figure 4.23).   
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Figure 4.22: Population ratio of the three strains at different IPTG 

concentrations. As the concentration of IPTG decreases from 1mM (A), 0.1mM 

(B) to 0.05mM (C), the Producer population size increases. At 0.05Mm IPTG, the 

increased producer population is maintained even after a second growth cycle. The 

population ratio of Producers, Non-producers, and Receivers at the beginning of 

the experiment is 1:1:10, and a 12h growth cycle was performed in droplets. 
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Figure 4.23: Microscopic images of the droplets at the end of each growth 

cycle. When the culture is induced by 0.05mM IPTG, the droplets that are 

comprised mainly of the encapsulating producer are white. The Producer 

population increases from t0 to t12 and t24. However, when the culture was 

induced by 1mM IPTG, non-producers take over the population by the third 

growth cycle. The population ratio of Producers, Non-producers, and Receivers at 

the beginning of the experiment is 1:1:10 and a 12h growth cycle was performed in 

droplets.  

4.3.8. Effect of the initial population size of the producer 

Next, to test the effect of the initial population size of the Producers on the 

community dynamics, I performed a similar competition-based experimental 

evolution study in droplets induced by 0.05mM IPTG. Here, the initial population 

densities for Receivers and Non-producers were maintained to the previous 
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experiments (λ = 5 and 0.5 respectively). However, the Producers were diluted 10-

fold from the previous experiments (λ = 0.05), resulting in ~1.2 million drops co-

encapsulated with Producer cells in a 1ml culture with 30 million droplets. This 

corresponds to a population ratio of P:N:R = 0.1:1:10 respectively. After 12h of 

growth and incubation, the fluorescence of the cultures was measured. To 

propagate the culture for the next round of growth, the cultures were diluted 50x 

and spiked with fresh Receiver cells to a density of 1.5*107 cells/ml. This cycle of 

emulsion decapsulation, spiking, and co-encapsulation was iterated every 12h for 5 

cycles.  

The fluorescence for the Producers at this initial population density is below 

the detectable limit using a microplate reader (Figure 4.24). We see that the 

reduced producer population results in an increased Receiver population. More 

receiver cells in the culture also ensure that the Non-producers do not take over the 

population. Our initial hypothesis was that we can increase the Producer 

population size comparable to previous experiments (P:N:R = 1:1:10), through 

iterative competitive evolution. However, due to the larger ratio of Non-producers 

in the population, more droplets now have Producer and Non-producer co-

encapsulation. This bottlenecks Producer enrichment due to the growth rate 

limitations.  
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Figure 4.24: The Producer, Non-producer, and Receiver growth trends at 

lower initial population density. To detect the Producer enrichment, I imaged a 

sample of the culture at the end of each growth cycle and visualized the Producer 

(white color), Receiver (green), and Non-producer (red) fluorescent data on the 

microscope (Figure 4.25). The number of droplets with Producer cells increases 

from t0 up to t48. To further quantify this enrichment, I will analyze colony counts 

from the population collected at the end of each growth cycle.  
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Figure 4.25: Fluorescence microscopy of the droplet cultures at the end of 

each growth cycle. When the culture is induced by 0.05mM IPTG, the droplets 

co-encapsulated with Producers (white cells) increase from t0 to t48. The 

population ratio of Producers, Non-producers, and Receivers at the beginning of 

the experiment is 0.1:1:10, 12h growth cycle in droplets.  

4.4. Discussion  

The goal of this section was to employ emulsion droplets as a culturing 

method to analyze the dynamics of a mixed population containing the Producers, 

the Non-producers, and the Receivers. Our results demonstrated that the QS 

molecules secreted by the producers diffuse between the droplets. This creates a 
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partial segregation environment, where the producing cells are compartmentalized 

from Non-producers, but the benefits from the secreted molecules are shared with 

the Non-producers.  

Using a competition-based experimental evolution strategy, we show that 

the Producers are enriched in the droplets in spite of AHL diffusion, due to the 

segregation of Producers from Non-producers. To understand the mechanism that 

drives this microbial interaction, we further developed a simple mathematical 

model. A full description of the model is provided in Appendix A. Our model 

confirms the Producer enrichment in droplets compared to the well-mixed 

conditions, even when we assume that the signal diffuses extremely fast (Figure 

4.26). The Producer growth in the droplet is not hindered by their reduced growth 

rate as they can still grow to the carrying capacity of their captured droplet. 

 

 

 

 



133 
 

Figure 4.26: Model prediction for the three-population in the test tube and 

droplet environments. We see that the Producers (blue) are better enriched in the 

droplet environment (dotted line) compared to the test tube condition (solid line). 

The number of each type of cell is plotted against time in hours. P = Producers; N 

= Non-producers; R = Receivers. Parameters: 1mM IPTG, 24 hour incubation and 

population ratio of P:N:R = 1:1:10. 

Using the experimental and mathematical models, we show that the enrichment 

of producers in droplets is dependent on many factors.  

● The concentration of the secreted metabolite: Here, we showed that with 

the decrease in AHL molecules secreted, Producers are better enriched 

(Figure 4.27). This is because the Receivers are not completely eliminated 
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from the culture and therefore the growth of Non-producers is limited 

because of competition with the Receivers in a co-encapsulated droplet. 

After 4 iterative growth cycles, as the Producer population level has risen to 

kill all the Receivers in the culture, we begin to see a decline in the Producer 

population. This transient state is also influenced by the increased number of 

droplets with Producer and Non-producer co-encapsulations. 

 

Figure 4.27: Mathematical model prediction of the three-population at 

different concentrations of AHL production. AHL production is linked to IPTG 

induction. We see that the Producers (blue) are better enriched at 0.05mM IPTG 

(dotted line) compared to 1mM IPTG (solid line). Lower concentrations of AHL 

secreted limits cheating by the Non-producers, as the benefit of killing the 

receivers is limited mostly to the producing cells. The number of each type of cell 
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is plotted against time in hours. P = Producers; N = Non-producers; R = Receivers. 

Parameters: 1mM IPTG, 12 hour incubation and population ratio of P:N:R = 

1:1:10. 

• The duration of microbial interaction: Here, the populations encapsulated 

within droplets are incubated for either 12 hours or 24 hours (Figure 4.28). 

A shorter incubation period can limit AHL accumulation in the culture. We 

see that in the first 50 hours of growth, Producers are better enriched in the 

shorter, 12-hour interaction condition. However, after this growth period, as 

more Producers are co-encapsulated with Non-producers, and as the 

Receiver population has declined, the Producer enrichment also declines. 

Short incubation periods also ensure that the transient nature of the 

Producers is reached earlier. For 12h cycles, the Producers start declining at 

around 50 hours, while for 24-hour cycles, the transient state is around 70 

hours. More experiments are needed to confirm the optimum growth period, 

which ensures that the Producers have grown to the carrying capacity of the 

droplet, but the AHLs have not accumulated enough to eliminate the 

Receivers in all the Non-producer co-encapsulated droplets. As this criterion 

depends on the concentration of AHL secreted and the Producer population 

size, the choice of the incubation duration will be specific to the 

experimental design. 
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Figure 4.28: Model prediction on the effect of duration of incubation. We see 

that the Producers (blue) are better enriched in 12-hour (dotted line) compared to 

24-hour (solid line) growth cycles. A shorter incubation cycle also ensures that the 

Producer reaches the transient state sooner. For 12h cycles, the Producers start 

declining at around 50 hours, while for 24-hour cycles, the transient state is around 

70 hours. The number of each type of cell is plotted against time in hours. P = 

Producers; N = Non-producers; R = Receivers. Parameters: 0.05 mM IPTG, 12 

hour incubation and population ratio of P:N:R = 1:1:10. 
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● Initial population density of the Producer: We showed that with the 

reduced initial population density of the Producer, it takes more cycles to 

enrich for the Producers. Using the current competition-based experimental 

evolution strategy, the Producer enrichment cannot be maintained as the 

Non-producer population rise ensures more droplets have Producer : Non-

producer co-encapsulation. In these droplets, the cells with a higher growth 

rate win. Therefore, to achieve continued Producer enrichment, additional 

screening strategy such as fluorescent activated droplet sorting is necessary. 

The other parameters that can be controlled towards achieving this goal 

include modulating the dilution rate and the size of the Receiver spike at the 

end of each growth cycle. 
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Figure 4.29: Model prediction of the three-population when the initial 

population size of the Producer is reduced 10-folds. We see that the Producers 

(blue) are enriched after each growth cycle. However, the enrichment is slower and 

takes longer. The number of each type of cell is plotted against time in hours. P = 

Producers; N = Non-producers; R = Receivers. Parameters: 1 mM IPTG, 12 hour 

incubation and population ratio of P:N:R = 0.1:1:10. 
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Overall, the competition-based coculturing strategy tested here was directed at 

enriching for the producers of a secondary metabolite. As the nature of the secondary 

metabolite, nutrients or inducers are diverse, we used a simple mathematical model to 

simulate their enrichment at different dilution conditions. In the “No diffusion” 

condition, the secreted metabolite is highly hydrophilic and does not diffuse between 

the droplets, in the “Fast diffusion” condition, the secreted metabolite is highly 

lipophilic and can immediately partition into the emulsion oil, and finally, in the 

“Middle diffusion” condition, we modeled about 50% diffusion rate, where some of 

the secreted metabolites diffuse immediately and can accumulate in the surrounding 

droplets. 

Using the competitive co-culturing strategy in droplets (Figure 4:30), we can 

see that when the secreted metabolite is truly privatized, the Producers can be 

continuously enriched without interference from the Non-producers. Here, the benefits 

of the secreted metabolite are not shared. Whereas, in the “fast diffusion”, the 

Receivers win in the current experimental scheme due to the spiking of Receiver cells 

after each round. This is because, the benefits of the secreted metabolite are shared by 

both the Producers and the Non-producers, which leads to the decline of the Producer 

population. This condition can be comparable with a well-mixed suspension culture. 

Interestingly, in the “Middle case”, partial diffusion of the secreted metabolites 

provides sufficient benefit to see Producer enrichment. However, this is a transient 
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condition, where the increase in the Producer population is coupled with an increase in 

cheating. 

 

Figure 4.30: Model prediction for different diffusion rates of the secreted 

metabolite between droplets. We see that the Producers (blue) are enriched in the 

“No diffusion” condition where the secreted metabolite is truly privatized. The 

Non-producers are enriched in the “Middle diffusion” condition, which favors 

sharing of the benefits from the secreted metabolite. And the Receivers are 

enriched in the “Fast diffusion” due to quick elimination of the Producer cells and 

the iterative spiking of Receiver cells at the end of each growth cycle. The number 

of each type of cell is plotted against time in hours. P = Producers; N = Non-
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producers; R = Receivers. Parameters: 1 mM IPTG, 12 hour incubation and 

population ratio of P:N:R = 0.1:1:10. 

Since the extent of metabolite diffusion impacts the dynamics of an interacting 

community, observing the outcomes of this interaction can inform better experimental 

design. For example, if the Receiver population size increases after each cycle, then it is a 

good indication that the desired producer population is declining. This could also indicate 

a fast diffusion condition, where the Producers of the costly metabolites do not gain any 

benefits.  We can therefore redesign the experiment with different population ratios, 

culture dilutions, or Receiver spikes to enrich the Producers. 
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Chapter 5 

Co-culturing S. roseosporus and E. faecalis in 

emulsion droplets 

5.1. Background 

Actinomycetes including streptomyces are a major source of new active 

metabolites, as they produce structurally novel and diverse natural products 

(Donadio, Monciardini, and Sosio 2007).  A major challenge in discovering the full 

metabolic potential of these microbes is the transcriptional silencing of BGCs 

under laboratory growth conditions. Understanding their life cycle and mimicking 

their native growth environment in the laboratory can guide us towards accessing 

the metabolic potential of these incredible microbes.  

Streptomycetes are soil bacteria that have life cycles and growth conditions 

more complicated than other bacteria. They exhibit varied morphological and 
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physiological states, including spores, substrate hyphae, and aerial hyphae, 

allowing them to prosper in a wide range of environments (Figure 5.1). Under 

favorable conditions, spores germinate to form vegetative substrate mycelia that 

branch into the surface in search of nutrients. In response to nutritional or other 

stress signals, substrate mycelia undergo programmed cell death to supply nutrients 

to the developing reproductive aerial mycelia. These aerial filaments undergo cell 

division to reach multicellularity before forming spores with a single copy of the 

genome.  

When grown on agar media, the production of antibiotics coincides with 

morphological differentiation and aerial mycelial formation (Bibb 2005). Whereas, 

in liquid culture, the onset of secondary metabolite production coincides with the 

culture entering the stationary phase (Gramajo, Takano, and Bibb 1993). 

Therefore, antibiotic production is growth-phase dependent and is an essential 

consideration for discovery strategies. 
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Figure 5.1: The Streptomyces life cycle. Under favorable conditions, spores 

germinate to form substrate mycelia. When nutrients are limited, spores give rise to 

multicellular aerial hyphae with septal structures. Hardening of the septal walls, in 

turn, gives rise to spores, which are sturdy even in harsh environmental conditions. 

Antibiotic production corresponds with the onset of aerial hyphae formation. The 

pictures on the right show a colony of Streptomyces spp. at 40x magnification 

(top), scanning electron micrographs of substrate mycelia (middle), and 400x 

magnification of aerial hyphae and spore chains (bottom) of Streptomyces 

coelicolor grown on agar. Figure reproduced from (Seipke, Kaltenpoth, and 

Hutchings 2012). 

5.1.1. Modular genomic organization for specialized metabolite production 

Unlike other bacteria, Streptomyces have a large, linear genome ranging 

from 6 Mb to 10 Mb, with S. roseosporus genome size of about ~8 Mb (Okamoto 

2009; Kieser et al. 2000; Miao et al. 2005). Larger genomes are a clue for 
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antibiotic-producing ability: they have gene clusters for producing specialized 

metabolites, in addition to the genes that are vital for bacterial growth. These 

biosynthetic gene clusters (BGCs) code for mostly polyketide synthases (PKS), 

and non-ribosomal protein synthases (NRPS), but also, bacteriocins, terpenoids, 

siderophores, and other natural products (Okamoto 2009). Because polyketides and 

non-ribosomal peptides are assembled in an ordered, assembly-line fashion using 

large modular enzymes like PKS and NRPS, we can predict their products 

rationally (Fischbach and Walsh 2006).   

5.1.2. The biosynthetic gene cluster for daptomycin production 

Daptomycin (DAP) is a cyclic lipopeptide made up of 13 amino acids, 

produced by S. roseosporus through the NRPS mechanism. The intricacy of 

metabolites produced by Streptomyces is apparent from the complex structure and 

the presence of non-proteinogenic amino acids like ornithine (Orn), kynurenine 

(Kyn), and 3-methyl glutamic acid (3mGlu) in DAP (Figure 5.2). DAP is 

synthesized by a large modular enzyme complex called non-ribosomal peptide 

synthases (NRPS). NRPS enzyme complexes have multiple sub-units that perform 

specific tasks and are thus used as an identifier in novel cryptic pathways to predict 

their structure and functions.  

Specifically, DAP NRPS has three subunits DptA, DptBC, and DptD, each 

with a specialized catalytic domain. Each subunit has five, six, and two domains, 
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respectively, that are arranged in orderly, repeated modules.  The modules find and 

activate specific amino acids to covalently bind them together in proper order. 

Therefore, we can identify each module by the presence of activation (A), 

covalently binding (PCP), or condensation domains (C) (Figure 5.2) (Challis 

2008).  

DAP assembly starts with DptE (an acyl-CoA ligase) and DptF (an acyl 

carrier protein, ACP). These two enzymes activate and incorporate decanoic acid 

(10C fatty acid) moiety to the first amino acid by adenylation in the A-domain of 

the DptA sub-unit. DptA and DptBC sequentially add the subsequent amino acids. 

DptI (an S-adenosyl methionine (SAM)-dependent methyltransferase) and an 

unknown aminotransferase synthesize MeGlu from α-ketoglutarate, which is added 

to the assembly by DptD. Finally, the amino acid core is cyclized by an ester bond 

catalyzed by the thioesterase (TE) domain of DptD to produce DAP as a cyclic 

lipopeptide. From the mechanism for DAP production, we see that functions of 

some regions of the NRPS domains (A, PCP, and C) are conserved, which allows 

us to identify other NRPS based BGCs using bioinformatic tools like antiSMASH 

or BLAST (Medema et al. 2011), even when the product is cryptic. Overall, the 

DAP production mechanism shows that to produce an antibiotic, we need 

coordinated efforts of a large number of genes. 
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Figure 5.2: Daptomycin biosynthesis by non-ribosomal peptide synthase 

mechanism in S. roseosporus. DAP is initiated by DptE and DptF, which transfers 

the 10C fatty acid to DptA. DptA and DptBC add specific amino acids and 

covalently bind them. α-ketoglutarate in converted to MeGlu by DptI and an 

unknown aminotransferase. DptD adds the last two amino acids- Kyn and MeGlu 

and is also responsible for the cyclization of the ring using the TE- domain. 

Epimerase (E) domains convert L-amino acids to their D-isomers. The cyclization 
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position is shown in grey. A, adenylation; AL, acyl-CoA ligase; AT, 

aminotransferase; C, condensation; E, epimerization; MT, methyltransferase; PCP, 

peptidyl carrier protein. Figure reproduced from (Robbel and Marahiel 2010) 

In our search for new antibiotics against resistant pathogens, we can either 

develop novel analogs to previously discovered antibiotics such as DAP or develop 

methods to activate the silent BGCs for the production of new bioactive 

metabolites.  

Extensive research is conducted for combinatorial biosynthesis of novel 

DAP variants to increase its efficiency or yield (Grünewald et al. 2004; Lam et al. 

2013; Nguyen et al. 2006; Elshahawi et al. 2017). Nguyen et al., replaced the 

DptBC module in the NRPS system to modify the cyclic core, exchanged other 

modules and enzyme subunits, or inactivated one of the NRS enzymes and varied 

the lipid tail to find efficient DAP variants (Nguyen et al. 2006). A study by Zhang 

et al. also showed that modifications in the erythromycin BGC created eight 

successful analogs by changing the chiral pairs of deoxy sugar substrates (G. 

Zhang et al. 2015). This study emphasized the flexibility of NRPS enzymes to 

accommodate molecular variations resulting in three analogs that had bioactivity 

against erythromycin-resistant pathogens. However, combinatorial biosynthesis is 

difficult and might result in products without bioactivity. Therefore, by employing 

a competition-based activation of the cryptic pathway, we want to rely on the best 
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chemists, the microbes themselves to produce bioactive metabolites against the 

pathogen of interest. Here, the idea is to set up a platform to generate a pipeline of 

active compounds either by activation of cryptic pathway or diversification of 

molecules to target drug-resistant pathogens. 

Generally, to awaken the cryptic pathways or identify novel analogs, three 

types of strategies are employed – cluster identification and refactoring, expression 

of the biosynthetic gene cluster in a heterologous host as chassis, and co-culturing 

of producer strain in microbial consortia (K. V. Baker, Takano, and Breitling 

2018). 

1. Cluster identification - Due to the reduced cost and availability of bacterial 

genomic sequences and novel bioinformatic tools, various BGCs are now 

routinely discovered. As mentioned earlier, antiSMASH is a powerful 

genome mining tool that relies on the conserved Pfam, adenylation domains, 

or sequence similarity of the transcription factor binding site on the promoter 

to search for putative BGCs (Medema et al. 2011; Blin et al. 2017). 

Identifying a putative cryptic gene cluster can enable the construction of 

synthetic minimal gene assembly, where the native regulators can be 

replaced by well-studied regulators, in a modular fashion. It can also provide 

information about pathway-specific regulators or global regulators that can 

be targeted for disruption. While genetic manipulation in some of these 

bacterial species can be challenging, Zhang et al. have successfully 
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engineered a CRISPR-Cas9 mediated promoter knock-in approach in the 

fastidious S. roseosporus to successfully express polycyclic tetramate 

macrolactam (PCM) gene cluster (M. M. Zhang et al. 2017). Since this 

method relies on brute force activation of BGC, sometimes the produced 

product does not have bioactivity properties.  

2. Chassis - Heterologous expression of BGCs in a genetically tractable host is 

another well-studied way for activating, refactoring, and titer improvement 

of the cryptic pathways (Miao et al. 2005). This can be particularly useful 

while working with organisms that are difficult to culture or perform genetic 

manipulation. Model streptomycetes such as S. coelicolor and S. lividans are 

usually used for this purpose (Nah et al. 2017; Ahmed et al. 2020). However, 

sometimes cloning the BGC into a new host does not yield the functional 

product as the bioactivity might be dependent on a secondary metabolite as 

seen in a study by Meng et al., where deletion of a partner BGC, can affect 

the yield of pristinamycin I (Meng et al. 2017) 

3. Coculturing - Coculturing is a classical method of studying bacterial 

interactions. This can also be an efficient method for secondary metabolite 

production as interaction for resources can mimic the natural ecosystems 

where microorganisms grow. Many studies have shown that when mycolic 

acid-containing bacteria is co-cultured with streptomyces spp., new 

metabolites are produced (Hoshino et al. 2015; 2018; Onaka et al. 2015). 
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This shows that when a potential antibiotic producer is challenged with a 

competitor, their biosynthetic potential can be enhanced. However, not all 

the metabolites produced by these studies have useful bioactivity. While 

coculturing can elicit the production of specialized metabolites, they might 

not produce products with the desired bioactivity. Therefore, we propose 

rationally choosing the co-culturing partners. Co-culturing a potential 

antibiotic producer with a human pathogen has been successfully applied 

previously to identify three new antibiotics and several analogs from a 

marine-derived streptomyces spp. against Bacillus subtilis, methicillin-

sensitive Staphylococcus aureus (MSSA), methicillin-

resistant Staphylococcus aureus (MRSA), and Pseudomonas aeruginosa 

(Sung, Gromek, and Balunas 2017).  

In this section, I will discuss the culturing conditions to set up a competitive 

co-cultivation of S. roseosporus, a known antibiotic producer with E. faecalis, a 

human pathogen, to turn on new cryptic pathways or improve the metabolite titer 

of previously discovered pathways that are effective against the pathogen. As the 

activation of the BGCs depends on various physiological and environmental 

factors like growth stage, stresses, and signaling molecules (Yang, Han, and 

Vining 1995; Hobbs et al. 1992; Horinouchi and Beppu 1994), the choice of the 

culturing method is critical to activate cryptic metabolite production in 

Streptomyces.   
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5.2. Rationale 

Based on the investigation of the E. coli synthetic microbial community 

dynamics in emulsion droplets, we understand that spatial structures can support 

the growth of secreted metabolite producers and understand the various parameters 

that affect the enrichment. Therefore, we wanted to establish a similar interaction 

with Streptomyces and Enterococcus in droplets, to find the producers of a novel or 

improved secondary metabolites. Streptomyces roseosporus NRRL 11379, is a 

known DAP producer, which can inhibit the growth of Enterococcus faecalis, 

ΔliaR OG1RF (Davlieva et al. 2018; Reyes et al. 2015). However, as DAP is 

ineffective against resistant variants of E. faecalis, we hypothesize that a 

competition-based coculturing can trigger activation of a cryptic pathway or 

produce DAP-variant that is effective against E. faecalis for success in the 

population. To create a library of genomically variant starting populations of S. 

roseosporus, we can chemically mutagenize Streptomyces before co-encapsulation 

(Kieser et al. 2000). Also, while activating new BGCs is important, sometimes, the 

new BGCs do not need to be awakened. They are produced in low concentrations 

and therefore remain undiscovered. Traditional analytical methods are not sensitive 

to detecting such low concentrations of yield (K. V. Baker, Takano, and Breitling 

2018). So, we propose using droplets as high throughput spatially segregated 

culturing vessels and fluorescent activated droplet sorting as a screening strategy to 

increase the population size of the producers for detection. If successful, this 
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platform can be used to enrich novel metabolite-producing populations of 

Streptomyces from mixed cultures.  

The goals of this portion of my work include:  

• Optimize S. roseosporus growth in suspension and emulsion droplets. 

• Standardize daptomycin production in suspension and emulsion droplets. 

• Characterize daptomycin privatization in droplets. 

• Determine the co-culturing conditions for S. roseosporus and E. faecalis in 

droplets. 

• Analyze the biosynthetic potential of S. roseosporus using antiSMASH 

5.3. Results 

5.3.1. Optimizing Streptomyces roseosporus culturing condition in suspension 

Streptomyces spp. has an unusual morphological and physiological growth 

cycle among bacteria. Streptomyces roseosporus grown on ISP agar plates at 30°C 

shows distinct morphology where, after 24 to 48 hours of growth, white 

sporulating aerial hyphae (Figure 5.3A) are distinctly visible from the substrate 

mycelia that are embedded into the agar. Secondary metabolite production in these 

bacteria is growth-phase dependent (Kieser et al. 2000). On agar plates, it 

coincides with the onset of aerial hyphae formation. Therefore, after 48h of 

growth, we see a reddish-violet pigment, a secondary metabolite secreted into the 
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media (Figure 5.3B), which is characteristic of S. roseosporus grown on ISP2 

media and is used as a marker for identification.  

Figure 5.3: S. roseosporus NRRL 11379 morphology on an ISP media agar 

plate. (A) S. roseosporus grown on ISP media agar plates develops white 

sporulating aerial hyphae on the agar surface, while the substrate mycelia are 

embedded into the agar. (B) A reddish-violet pigment secreted into the media is 

characteristic of S. roseosporus grown on ISP2 media and is used as a marker for 

identification.  

Meanwhile, in liquid cultures, S. roseosporus growth conditions are equally 

complicated. When grown in ISP media, they form mycelial pellets that are 

composed of densely interwoven spherical hyphae. This makes accurately 

measuring their optical densities difficult (Figure 5.4). Inoculating spore cultures 

with glass beads while shaking has been shown to homogenize the culture for 

better optical measurements. In ISP2 media at 30°C, S. roseosporus has a lag phase 

of 6.75 hours and a doubling time of 6.84 hours (Figure 5.5).  
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Figure 5.4: S. roseosporus growth in liquid culture. In ISP2 liquid cultures, S. 

roseosporus grows as vegetative mycelia that form large pellets making accurate 

measurements of their optical densities difficult. 

 

Figure 5.5: Growth of S. roseosporus in ISP2 media at 30°C. In ISP2 media at 

30°C, S. roseosporus has a lag phase of 6.75 hours and a doubling time of 6.84 

hours. Shown here are the average optical density values of three replicate wells 

for each time point. 
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For co-culturing conditions where the optical densities of individual strains 

cannot be differentiated, we use fluorescence as a proxy for S. roseosporus growth 

(Figure 5.6). A fellow graduate student in the Shamoo lab has successfully 

optimized the plasmid conjugation protocols for fluorescently labeling S. 

roseosporus.  Currently, we have mCherry, sfGFP, and MHT (Methyl halide 

transferase, gas sensing reporter) labeled variants of S. roseosporus for strain 

identification.  

   

Figure 5.6: S. roseosporus grows as aggregates in liquid culture. (A) sfGFP-

labeled and  (B) mCherry-labeled S. roseosporus visualized using Zeiss LSM 710 

confocal microscope (63x). Image courtesy of Xinhao Song, Shamoo lab 
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5.3.2. Establishing growth conditions to produce daptomycin  

Since one of the expected outcomes of the competition-based co-culturing 

strategy was the production of daptomycin (DAP) variant or increased 

concentration of DAP, we set forth to optimize the culturing conditions for DAP 

production in droplets. The culturing conditions required to produce DAP by S. 

roseosporus are optimized based on the previously published protocols (Ng et al. 

2014; Li et al. 2013). The spores grown on the ISP2 agar plate were inoculated into 

primary seed culture and after 24h of growth, propagated to secondary and tertiary 

media before a final inoculation into the fermentation media. Serial propagation 

increases the biomass and therefore the concentration of DAP produced. Another 

important consideration for DAP production is the addition of sodium decanoate 

every 24h till the end of the culture. Sodium decanoate is a rich source of decanoic 

acid, which is an essential precursor for DAP production (Chakravarty and Kundu 

2016).  

An extraction step with methanol was needed to detect DAP after five days 

of fermentation culture. To verify DAP production, agar diffusion assays were 

conducted with OG1RFΔliaR, which is highly susceptible to DAP having a MIC 

<1μg/ml. Since DAP inhibits the growth of OG1RFΔliaR, clear zones of 

inhibitions are observed (Figure 5.7A). As a negative control, the Whatman filter 

discs with the fermentation extract were also placed on an agar plate spread with E. 
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coli BW2115. DAP is only active against Gram-positive bacteria, therefore DAP 

diffused from the filter discs cannot inhibit the growth of Gram-negative E. coli 

cells and thus no ZOI could be observed (Figure 5.7B). This suggests that the 

ZOIs in Figure 5.4A are caused by DAP or similar compounds.  

After establishing DAP production in suspension, the protocol was 

replicated in an emulsion droplet system. Here, after a few days of growth in 

suspension, the cells were washed and inoculated into fresh fermentation media, 

which is used as the aqueous phase in the droplet culture. Precursor sodium 

decanoate was added every 24h. Agar diffusion assay was conducted to establish 

DAP production (Figure 5.7A-3). 

Figure 5.7: DAP detected by agar diffusion assay. (A) The image on the left 

shows the zone of inhibition (ZOI) formed when the fermentation extract was 

added to the filter discs and placed on an agar plate spread with DAP-susceptible 

ΔliaR OG1RF. (B) The image on the right shows the agar diffusion assay with the 

same fermentation extract spotted on an agar plate overlaid with Gram-negative E. 

coli cells. 1 = fermentation extract from suspension culture, day 1; 2 = 

fermentation extract from suspension culture, day 2; 3 = fermentation extract from 

emulsion droplet culture, day 2. C = negative control, fermentation media. 
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The concentration of crude DAP in the fermentation extract was determined 

to be about 15-30 mg/L by HPLC. The analysis was carried out in the reverse 

phase using the PRP C-18 column. Detection of DAP took place at two different 

wavelengths, 220nm, and 365nm. Peak assignment was done using the retention 

time of a standard DAP purchased from TocrisTM. DAP resulted in a peak with a 

retention time of ~8min (Figure 5.8A). The concentrations of crude DAP were 

determined using the calibration curve method (Figure 5.8B).  

  

Figure 5.8: HPLC chromatogram for DAP. (A) Pure DAP (cyan) or the crude 

fermentation extract was injected into the HPLC column to detect peaks at 224nm. 

Peak from the crude extract had the same retention time as the pure DAP control at 

~8 min. (B) The standard curve was used to determine the concentration of DAP in 

fermentation extract to be about 15-30 mg/L. 
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5.3.3. Growth of S. roseosporus within the emulsion droplets  

Since S. roseosporus grows as a vegetative hyphal mass in liquid culture, it 

is necessary to understand their growth behavior within emulsion droplets. GFP-

labelled S. roseosporus spore stock was inoculated into ISP2 media. The culture 

was subjected to shaking with glass beads and incubated at 30°C. After 16h, the 

culture was filtered through a 0.4μm filter to remove mycelial pellets that could 

obstruct the microfluidic channels. The culture was then pumped into a 

microfluidic droplet generator to produce uniform droplets encapsulating 

Streptomyces mycelium. The droplets produced from the microfluidic devices were 

collected off-chip and incubated at 30°C for 24-48h. At different time points 

during the incubation, the encapsulated droplets were visualized under Zeiss LSM 

710 confocal microscope (Figure 5.9). Here, we can see the mycelial growth 

within the droplets. Since the cells grow as a mass of mycelia, CFU measurements 

can be inconsistent. Vortexing the cells with glass beads helps in disintegrating the 

pellet for better measurements. From preliminary results, the CFU data 

corresponds to about 104 colonies at t=0 to 106 colonies at t=48h. 
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Figure 5.9: Growth of S. roseosporus in emulsion droplets. GFP- labeled S. 

roseosporus cells were encapsulated in emulsion droplets using the microfluidic 

droplet generator. The cells were collected and incubated off-chip for 24 -48h at 

30°C. The droplets were loaded into microcapillary tubes and visualized at 

different time points. (A) Immediately after incubation t=0h, (B) 8h, (C) 36h. 

Visualized using Zeiss LCM 71O confocal microscope (63x). 

5.3.4. Daptomycin privatization in droplets  

To detect if daptomycin (DAP) diffuses between the droplets, I designed a 

reporter plasmid that expresses sfGFP in response to DAP (Figure 5.10). Plasmid 

pMSP3535, a shuttle vector that can replicate in E. coli and Gram-positive bacteria 

like E. faecalis (Bryan et al. 2000) was used as the vector. To induce sfGFP 

expression by DAP, I cloned a native E. faecalis promoter, PliaXYZ that is known to 

be induced by DAP mediated through LiaR, a cytoplasmic response regulator 

(Davlieva et al. 2015). We cloned a terminator from E. faecalis S613 TetM 
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downstream of the sfGFP to terminate transcription. This plasmid also had an 

erythromycin resistance marker for maintaining the plasmid. Since the induction of 

the promoter requires LasR, we transformed the plasmid into E. faecalis OG1RF 

and induced with 1µg/ml DAP supplemented with 1mM CaCl2 for sfGFP 

expression. This reporter strain expresses GFP fluorescence up to 5-folds higher 

than controls in 3h of induction with 1µg/ml DAP. 

  

 

Figure 5.10: Daptomycin reporter plasmid. (A) Schematic of the reporter 

plasmid that expresses GFP in response to DAP. (B) The reporter is induced by ~5 

folds in the presence of 1µg/ml DAP in 3h. 

To visualize possible DAP diffusion between droplets, I encapsulated the 

reporter strain in droplets and mixed them with an equal number of droplets 

containing 1µg/ml DAP. If DAP cannot diffuse through the emulsion membrane, 
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then the reporter strain will not turn on GFP expression. However, if DAP can 

diffuse to the neighboring droplet containing reporter strain, then we can detect 

GFP expression. In my experiments, even after overnight incubation, we did not 

observe GFP expression by the reporter strain, suggesting that DAP did not diffuse 

between droplets, under the tested conditions (Figure 5.11). It is difficult to test 

higher concentrations of DAP using this method, as the reporter cells are sensitive 

to DAP at concentrations higher than 2µg/ml. The privatization of DAP in 

emulsion droplets is not surprising as the partition coefficient of Cubicin (brand 

name of DAP) in 1- octanol/ water is determined to be -1.32, suggesting it to be 

highly hydrophilic (Cubist Pharmaceuticals, 2009).  
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Figure 5.11: The privatization of DAP in the droplets. (A) In the positive 

controls, DAP was added to the same droplets as the reporter, whereas (B)  in the 

test condition, 1µg/ml DAP and the reporter cells are in different droplets that are 

mixed together. At these concentrations, we do not observe GFP expression by the 

reporter, confirming limited or no diffusion of DAP between droplets. Note: The 

exposure for GFP was set high because the GFP expression by the native promoter 

is very weak. 

5.3.5. Optimizing E. faecalis growth condition for coculturing 

Enterococci have emerged as one of the major causes of hospital-acquired 

infections. OG1RF is an E. faecalis strain that is widely used in laboratories as 
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they are readily transformable by electroporation and are not resistant to commonly 

used antibiotics, other than rifampicin and fusidic acid (Bourgogne et al. 2008).  E. 

faecalis OG1RF has a doubling time of ~48min at 37°C in BHI, its recommended 

growth media (Figure 5.12). As the growth rate of E. faecalis and S. roseosporus 

is drastically different, in a coculture experiment, the fast grower can quickly take 

over the population. Therefore, for competition-based co-cultivation of E. faecalis 

and S. roseosporus, we wanted to find common growth conditions, where the 

growth rates of both the strains are comparable to avoid either one of them taking 

over the population quickly. Therefore, I tested OG1RF growth in different media 

conditions, including primary media and fermentation media at 30°C, which are 

favorable conditions for Streptomyces growth. In fermentation media, OG1RF 

grows to low final optical densities (OD ~0.25) but has a growth rate comparable 

with S. roseosporus. However, fermentation media has soybean flour and molasses 

which makes it opaque, and therefore challenging to apply fluorescence-based 

screening strategies in droplets. To find optimum culturing conditions, we need to 

do more studies, by changing temperatures, media conditions, and initial 

population sizes of the two species.  
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Figure 5.12: Growth curve of Enterococcus OG1RF in different media and 

temperature conditions. E. faecalis optimum growth conditions are BHI and 

37°C. However, to modulate their growth rate to match S. roseosporus, I grew 

them in primary and fermentation media at 30°C. Shown here are the average 

optical density values of three replicate wells for each time point. 

We have also tested other growth media (Figure 5.13) and population sizes 

(Figure 5.14), without success in matching the growth rates between the S. 

roseosporus and E. faecalis. Here, we used chromosomally labeled GFP strain of 

E. faecalis to monitor growth in coculture (DebRoy et al. 2012). Overall, more 

work in the direction of optimizing E. faecalis growth in coculture by further 

altering the temperatures or media condition are needed. 
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Figure 5.13: Growth curve of S. roseosporus and Enterococcus OG1RF in 

different media conditions.(A) The lag time of S. roseosporus grown in all the 

media conditions tested here is over 14 hours.  (B) E. faecalis reaches stationary 

phase within 14 hours of growth in the media tested. Experimental data from Dr. 

Yizhe Zhang, Shamoo lab. 
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Figure 5.14: Growth curves from S. roseosporus (RS) and E. faecalis (EF) 

coculture. (A) Fluorescence reading from the coculture experiments match the 

fluorescent reading of E. faecalis monoculture (B) at all the initial population 

densities tested. (C) S. roseosporus in monoculture at the same densities grow 

much slower compared to E. faecalis. Experimental data from Dr. Yizhe Zhang, 

Shamoo lab. 

5.4. Discussion 

The goal of this section was to employ the competition-based co-culturing 

strategy in droplets to complex microbes such as S. roseosporus and E. faecalis. 

Since S. roseosporus are fastidious microbes, they have specific growth 

requirements and grow very slowly. Therefore, the competing strain has to be 

chosen rationally to have comparable growth rates in a coculturing condition. 
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S. roseosporus was an ideal antibiotic producer candidate, as they are the 

commercial producers of DAP, which brings 600–700 million dollars per year in 

revenue to CUBIST (Liu et al. 2014). Identifying new metabolites or increased 

production of DAP could easily translate to commercial applications. Also, since 

we show the DAP does not diffuse between the droplets, competitive coevolution 

in droplets strategy is ideal for enriching the metabolite producer.  

Using the S. roseosporus genomic data, I performed an antiSMASH analysis 

(https://antismash.secondarymetabolites.org/#!/start), to identify the predicted 

cryptic pathways in S. roseosporus NRRL 11379  (Miao et al. 2005). In the “strict” 

regimen, we see that S. roseosporus NRRL 11379 has 28 identified secondary 

metabolite regions (Figure 5.15).  

 

 

 

https://antismash.secondarymetabolites.org/#!/start
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Figure 5.15: antiSMASH prediction of the cryptic metabolites in S. 

roseosporus NRRL 11379. The various regions mapped on the genome are shown 

at the top, with their predicted location on the genome. The cluster type of the 

prediction is reported. For example, NRPS = Non-ribosomal peptide synthase, T1 

PKS = Type I Polyketide synthase, Type III PKS = Type I Polyketide synthase, or 

RiPP-like = unspecified ribosomally synthesized and post-translationally modified 

peptide product. Similarity with other previously discovered clusters in the 

database is also provided. 

Over the last decade, five of the cryptic metabolites in S. roseosporus have 

been discovered using various methods. Mureidomycin A and its analogs were 

identified by constitutively expressing a promoter from a different Streptomyces 

spp. Mureidomycin has potent activity against P. aeruginosa (Jiang et al. 2015). 
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Arylomycin, a type II signal peptidase inhibitor was identified using MALDI 

imaging mass spectrometry  (IMS) (Liu et al. 2011).  Auroramycin, a polyene 

macrolactam effective against methicillin-resistant S. aureus, was activated using 

CRISRCas9 gene cluster activation (Y. H. Lim et al. 2018). And finally, 

napsamycin, a bacterial translocase I inhibitor, and stenothricin, a membrane 

structure disrupter was identified using MS/MS-based genome-guided approach 

(Liu et al. 2014). 

To further utilize the incredible metabolic potential of Streptomyces, we 

need novel culturing and screening strategies to activate and isolate the cryptic 

metabolite producers. Coculturing is an effective strategy to activate not just the 

metabolic pathways but also regulate the vast extra cellular sigma factors (ECF) in 

these microbes. These sigma factors are known to coordinate gene transcriptions in 

response to environmental signals such as stress or during morphological changes. 

Many Streptomyces species are known to have many ECFs, with over 50 ECFs in 

S. coelicolor and S. avermitilis, implying its extensive role in transcription 

regulation (Bentley et al. 2002; Ikeda et al. 2003). Since these sigma factors as a 

part of the RNA polymerase determine promoter sensitivity, they are considered to 

regulate transcription of silent genes. By developing a novel culturing strategy to 

utilize the enormous biosynthetic potential of Streptomyces, we can expand the 

search for new secondary metabolites, thus equipping the antibiotic pipeline for 

treating resistant infections. 
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Chapter 6 

Conclusion and Future Directions 

Overall, in this thesis, I employ a competition-based coculturing strategy to 

study the outcomes of a dynamic microbial community in emulsion droplets.  

First, I established the microfluidic droplet platform for droplet generation, 

incubation, and fluorescent-based droplet sorting (FADS). I showed that millions 

of monodispersed droplets can be produced in relatively short periods and stably 

stored for bacterial growth off-chip. The choice of droplet size depends on the 

downstream application with the consideration of expected initial population 

density (λ value), final population density (droplet carrying capacity), and the 

type of microbes encapsulated (filamentous Streptomyces vs E. coli). For 

experiments with bacterial interaction, the initial population densities (λ values), 

guided by the Poisson distribution are the key parameters to modulate. This 
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parameter controls the percentage of droplets with microbial co-encapsulations. 

Microfluidic droplets, therefore, provide controllability over parameters that 

impact microbial community dynamics, such as population size, number of 

generations, or species complexity in a high throughput spatially structured 

environment. Since the volume of culture or reagent required is comparatively 

small, it can lower the experimental cost and reaction times. Additional 

microfluidic modules such as FADS can be used to screen for genotypes of 

interest as the genotype is linked to the observable phenotype within the droplets 

(Tawfik and Griffiths’ 1998).  

Some of the next steps to pursue in enhancing the versatility of the 

microfluidic platform include: 

• Increasing the droplet sorting speeds: Currently, we can sort at 

a frequency of 150-200 droplets per second. However, for 

sorting a larger number of droplets, we need to increase the 

droplets sorting speed by optimizing the sorting setup to reduce 

noise and increase the efficiency of sorting at higher flow rates. 

We could further increase the droplet production rate by 

designing novel droplet generators that have multiple flow-

focusing junctions to produce droplets parallelly.  
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• Extend detection methods: Currently, to quantify population 

growth within droplets we mainly rely on fluorescence or 

optical density outputs of the droplet culture. Using plate 

readers, the lowest population sizes we can measure is about 

106 or 107 cells/ml. Therefore, we propose using gas sensing as 

an alternate method for detecting bacterial growth within 

droplets (Cheng et al. 2018). As droplets allow efficient gas 

exchange, I engineered an AHL inducible methyl chloride 

(CH3Cl) producing strain of E. coli. When this reporter was 

induced within a droplet, the emitted gas signal was recorded 

by gas chromatography. Even at a population density of 104 

cells/ml, a clear signal was detected (data not shown). More 

studies are needed to determine if we can induce gas 

production without breaking the droplets. This is possible if the 

required substrate can diffuse through the droplets like the 

quorum-sensing molecules. 

• Synthesize surfactants in-house: Currently, we rely on 

commercial proprietary surfactants for producing droplets 

(Pico-surf, SphereFluidics). However, it has become clear over 

the last year due to supply chain issues and changes in the 
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formulation, that developing the technology in-house can have 

advantages not just in terms of cost but also reliability. For 

bacterial growth in droplets, PFPE-PEG (perfluoropolyether- 

Polyethylene glycol) based surfactants are widely employed in 

the literature (Baret 2012). 

• While advances in microfluidic droplets system open up 

exciting avenues for research, the current limitations of 

adapting droplet systems in laboratories are mainly due to the 

cost and initial setting up needs technical expertise. Also, doing 

multi-step liquid handling is difficult in droplets. However, the 

invention of additional modules such as pico-injection or 

droplet merging has begun to address these concerns.  

Next, I built a synthetic E. coli community to characterize the various 

parameters affecting its population dynamics in droplets. In particular, the 

competition-based coculturing strategy was directed at enriching for the 

producers of a secondary metabolite. Since the secreted metabolite in this system 

diffuses between the droplets, it presented interesting partial privatization 

conditions in droplets, where the producing cells are privatized from other 

members of the community, but the secreted metabolites are shared. Using 
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experimental and mathematical models, we show that the compartmentalization 

of the Producers in the droplets alone helped enrich Producers compared to the 

bulk suspension condition. This is mainly because the growth of cheaters is 

controlled by the carrying capacity of the droplets addressing a typical limitation 

of suspension cultures, where one member can over-grow, limiting long-term 

observation of community interaction (Kim et al. 2008).   

We also show the variation in the population dynamics as an effect of 

different concentrations of AHL secreted by the Producers. At higher AHL 

production where all the Receivers are killed, the benefits are shared with the 

Non-producers, which due to higher growth rate can take over the population. 

However, at a lower concentration of AHL, fewer Receivers are killed and 

therefore Non-producer population is kept in check. In all the experiments tested, 

we see that the Producer enrichment is transient. As the Producer population size 

increases, so does the concentration of the secreted metabolite which favors 

cheater growth, shifting the population dynamics towards Non-producer 

enrichment due to their faster growth rate. Some of the strategies to pursue to 

diminish the transient state include: 

• To continue increasing the Producer population in the community 

we need to tune either the dilution rate or regulate the population 

size of the Receivers after each growth cycle. Once producers 
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reach higher densities, they are encapsulated into more droplets. 

This increases the probability of Producers being co-captured with 

cheaters preventing further enrichment. Using mathematical 

modeling, we want to test various dilution ratios and sizes of 

Receiver spikes to achieve continuing Producer enrichment, before 

testing it experimentally.  

• The effect of droplet size on this community dynamics is yet to be 

tested. While larger droplets allow for more doublings of 

producers, they can simultaneously benefit the cheaters in the 

presence of high concentrations of the diffused public good. 

Larger droplets can affect the temporal dynamics of this 

community interaction. 

• Currently, in the mathematical model, we have estimated the QS 

diffusion to be rapid and no preferential benefit is assigned to the 

producers. While this might be true for high concentrations of 

AHL produced, at lower concentrations of AHL, or lower 

densities of producers in the population, the QS diffusion cannot 

be a fixed number, instead, the parameter should be linked to 

population size or AHL concentration.  
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• We want to further test the limits of this experimental evolution 

strategy in terms of the minimum number of producer populations 

needed for enrichment. We want to outline the factors that need to 

be modulated when the Producers are over 1000-folds lower than 

the Non-producers. At these dilutions, since the Receivers are not 

eliminated, we will need to employ additional strategies such as 

FADS to sort out receiver droplets.  

While in this thesis, we have focused on studying the population dynamics 

with the goal of producer enrichment. This synthetic community can also be used 

to study ecological principles in terms of cheater invasion on the community 

stability, biodiversity, or emergence of ecological niche. We can also investigate 

temporal changes in the interaction in response to external signals or 

perturbations, to evolve or screen for novel microbial interactions within 

communities. Using synthetic biology and microfluidics, we can extend our 

understanding of microbial ecology by engineering cooperative or competitive 

communities to explore how these community interactions impact competition, 

cooperation, or combinations of these. The synthetic community described here is 

a simplified model to mimic natural conditions and has the utility to address 
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fundamental questions about diverse microbial interactions in both synthetic and 

natural environments.  

Finally, I outline the main factors to consider when working with complex 

soil bacteria and a human pathogen. We optimized the growth of S. roseosporus 

and show that the secreted antibiotic, daptomycin does not diffuse between the 

droplets. However, the growth rate of the competing strain was too fast for 

efficient co-cultivation within droplets. Therefore we need to do more work to 

either reduce the growth rate of E. faecalis or increase the growth rate of S. 

roseosporus. We could also test co-culturing different combination of potential 

antibiotic producer and pathogen that has comparable growth rates. Overall, this 

thesis lays the foundation for employing droplets as novel culturing methods in 

our vision for finding novel secondary metabolites with bioactivity against 

resistant pathogens.  
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Appendix A 

Modeling for: Investigating the dynamics of a synthetic 

microbial community in droplets 

This subsection was work done by Gaoyang (Bridget) Fan. 

A.1. Tube Condition 

A.1.1. Base Model 

To study the dynamical interaction among the three population groups, we 

will construct an ODE model describing the resource competition and the AHL-

induced lysis for receivers. Let 𝑃(𝑡), 𝑁(𝑡), and, 𝑅(𝑡) represents the population 

count of the producers, non-producers, and receivers, correspondingly at time 𝑡 ≥

0. Let 𝑄(𝑡) represent the AHL signal concentration in the system and assume it’s 

being produced at some constant rate 𝛼. Due to the limited nutrition supply in the 

tube, the growth rate of the three populations decreases as the total population 

increases. Assume that we can use the population size as a proxy to estimate the 

resource level. Let 𝑆(𝑡) = 𝑃(𝑡) + 𝑁(𝑡) + 𝑅(𝑡) represents the total population 

level in the tube. Assume logistic growth with a tube carrying capacity of 𝑆𝑚𝑎𝑥, 

we get the instantaneous rate of change for each population is, 

�̇� = 𝒈𝟏 (𝟏 −
𝑺

𝑺𝐦𝐚𝐱
) 𝑷,      Equation 6.1 

�̇� = 𝒈𝟐 (𝟏 −
𝑺

𝑺𝐦𝐚𝐱
) 𝑵,      Equation 6.2 
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�̇� = 𝒈𝟑 (𝟏 −
𝑺

𝑺𝐦𝐚𝐱
) 𝑹 − 𝒇(𝑸)𝑹,    Equation 6.3 

�̇� = 𝜶𝑷.        Equation 6.4 

Here, 𝑔1, 𝑔2, and 𝑔3 represent the maximum growth rate for the producers, 

non-producers, and the Receiver. At any given time 𝑡, the growth rate of a given 

population is proportional to the remaining nutrition in the tube, which is 

assumed to be proportional to the percentage of the carrying capacity that hasn’t 

been filled yet. In addition to resource-dependent growth, the receivers are being 

killed at AHL concentration-dependent rate 𝑓(𝑄). Assume a Hill function form 

of dependence with the maximum killing rate 𝛾, threshold 𝐾, and Hill coefficient 

𝑛. That is, assume 

𝒇(𝑸) = 𝜸
𝑸𝒏

𝑲𝒏+𝑸𝒏
 .      Equation 6.5 

Note that, due to the extra slow degradation rate of AHL signals, we don’t 

consider the loss of AHL signals, for the timescale of the experiment. In addition, 

due to different IPTG level leads to different Producer final population density. 

We modify the definition of 𝑆(𝑡) to be 𝑆(𝑡) = 𝜅𝑃(𝑡) + 𝑁(𝑡) + 𝑅(𝑡), where 𝜅 ≥

1. For instance, when IPTG is supplied at 1 mM, we take 𝜅 = 2 and when IPTG 

is not added, 𝜅 = 1. 
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A.1.2. Iterative Model 

To describe the periodic dilution every 𝑇 hours, we constructed the 

following iterative model.  

 

Here, 𝑑 describes the dilution factor and 𝑅∗ represents the number of 

receivers added in by the end of each cycle. 

A.2. Droplet Condition 

Due to the massive number of droplets, a probabilistic approach is needed 

to capture the resulting dynamics. 

A.2.1. Stochastic Loading of the Droplets 

Cells loading into the droplets is a stochastic process, where the total 

amount of cells and the combination of the cell types varies based on the droplet 

size, the ratio of different type of cells and the total population injected. Assume 

𝑀 ml of culture, containing 𝑛1 producers, 𝑛2 non-producers, and 𝑛3 receivers, is 

sent into the microfluidic device that produces droplets enclosing approximately 

𝑚 pl of culture each. The number of cells per droplet can be presented as a 

stochastic variable, 𝑋, that follows the Poisson distribution with expected cell per 

droplet 𝜆, where 
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𝝀 =
𝒔

𝒏
,        Equation 6.6 

Here 𝑠 = 𝑛1 + 𝑛2 + 𝑛3, represents the total population counts and 𝑛 =
𝑀

𝑚
, 

represents the approximate number of droplets. Then, we have the probability for 

a droplet enclosing 𝑥 number of cells can be calculated as, 

𝑷(𝑿 = 𝒙) =
𝝀𝒙

𝒙!
𝒆−𝝀.      Equation 6.7 

Given that a droplet contains 𝑥 cells, assume it consists of 𝑥1 producers, 𝑥2 

non-producers, and 𝑥3 receivers. The probability of such combination can be 

calculated using a trinomial distribution with, 

𝑷(𝑿 = (𝒙𝟏, 𝒙𝟐, 𝒙𝟑)|𝒙𝟏 + 𝒙𝟐 + 𝒙𝟑 =  𝒙) =
𝒙!

𝒙𝟏!𝒙𝟐!𝒙𝟑!
 𝒑𝟏

𝒙𝟏𝒑𝟐
𝒙𝟐  𝒑𝟑

𝒙𝟑 . 

 Equation 6.8 

Here, 𝑝𝑖 = 𝑛𝑖/s, for 𝑖 = 1, 2, 3, which describes the ratio of each cell type. 

Put everything together, we get that the probability of a droplet containing 

𝑥1 producers, 𝑥2 non-producers, and 𝑥3 receivers can be calculated as, 

𝑷(𝑿 = (𝒙𝟏, 𝒙𝟐, 𝒙𝟑)) =
𝝀𝒙

𝒙!
𝒆−𝝀 ⋅

𝒙!

𝒙𝟏!𝒙𝟐!𝒙𝟑!
 𝒑𝟏

𝒙𝟏𝒑𝟐
𝒙𝟐 𝒑𝟑

𝒙𝟑 .    Equation 6.9 
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A.2.2. Modeling Cell-cell Interactions Inside and Among the Droplets 

To introduce a computationally efficient method, we characterize the 

droplets by the different combinations of the three populations they initially 

contain. That is, by taking advantage of the discreteness of the initial conditions, 

we can track the dynamics of a finite number of combinations to estimate the 

expected population level in the system at any given time. Let 𝑘 index the type of 

droplets. Let 𝑃𝑘, 𝑁𝑘, and 𝑅𝑘 denotes the producer, non-producer and receiver 

population inside the 𝑘-th type of droplet. The we have that the probability of 

such type is  

𝑷(𝑿 = (𝑷𝒌(𝟎), 𝑵𝒌(𝟎), 𝑹𝒌(𝟎))).    Equation 6.10 

Furthermore, let 𝑄𝑘(𝑡) represents the AHL level inside the droplet. Then 

we have the total population inside the droplet at a given time 𝑡 is 𝑆𝑘(𝑡) =

𝑃𝑘(𝑡) + 𝑁𝑘(𝑡) + 𝑅𝑘(𝑡).  Assume that all droplets have the same carrying 

capacity of 𝑠max. Under similar logistic growth and AHL dependent killing 

assumptions to system (1), we can describe the dynamics inside each droplet 

type as the following equations,  

�̇�𝒌 = 𝒈𝟏 (𝟏 −
𝑺𝒌

𝒔𝐦𝐚𝐱
) 𝑷𝒌,     Equation 6.11 

�̇�𝒌 = 𝒈𝟐 (𝟏 −
𝑺𝒌

𝒔𝐦𝐚𝐱
) 𝑵𝒌,     Equation 6.12 

�̇�𝒌 = 𝒈𝟑 (𝟏 −
𝑺𝒌

𝒔𝐦𝐚𝐱
) 𝑹𝒌 − 𝒇(𝑸𝒌)𝑹𝒌.   Equation 6.13 
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By taking the following weighted sum,  

𝑷(𝒕) = 𝒏 ∑ 𝒑𝒌𝑷𝒌𝒌 (𝒕), 𝑵(𝒕) = 𝒏 ∑ 𝒑𝒌𝑷𝒌𝒌 (𝒕), 𝑹(𝒕) =

𝒏 ∑ 𝒑𝒌𝑹𝒌(𝒕)𝒌 ,        Equation 6.14 

we can get the total population for each type of cells at any given time 𝑡. 

 

Due to the diffusivity of the signaling molecules, all droplets are coupled 

through the shared environment. Depend on how fast signal diffuses and the 

percentage of droplets containing producers, we can get the following two 

extreme scenarios.  

⚫ Assume signal diffuses extremely fast or when there is a high 

percentage of droplet containing producer. Then, we have that the 

AHL level is the evenly distributed. The AHL level in each type of 

droplet can be estimated as, 𝑄𝑘(𝑡) = 𝑄(𝑡), where 

�̇� = 𝜶 ∑ 𝒑𝒌𝑷𝒌𝒌  .       Equation 6.15 

⚫ Assume that signal doesn’t diffuse outside of the droplet. Then we 

have that, for different droplet type, the AHL level 𝑄𝑘(𝑡) satisfies 

that 
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𝑸�̇� = 𝜶𝑷𝒌.       Equation 6.16 

Here we also consider a middle ground estimation, where 𝛽 = 50% 

percent of the signals will stay in the droplet and the rest will fast diffuse outside. 

Let 𝐷1 represents the set of the droplet types that initially contain producer. 

Correspondingly, let 𝐷0 represents the set of those don’t.   Then, for droplets 

containing producers, we have that, 

𝑸�̇� = 𝜶𝜷𝑷𝒌, ∀𝒌 ∈ 𝑫𝟏.      Equation 6.17 

For droplets doesn’t contain any producer, 𝑘 ∈ 𝐷0, we assume that  𝑄𝑘(𝑡) =

𝑄(𝑡), where 

�̇� =
𝜶(𝟏−𝜷)

∑ 𝒑𝒌𝒌∈𝑫𝟎

∑ 𝒑𝒌𝑷𝒌𝒌 , ∀𝒌 ∈ 𝑫𝟎.    Equation 6.18 

Here, we assume all droplets that doesn’t contain producers sense the same 

AHL level, because of the random distribution of those droplets. 
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A.2.3. Iterative Model 

To describe the periodic dilution every 𝑇 hours, we constructed the 

following iterative model. 
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A.3. Statistics on the First Cycle 

For the first cycle, 0.5 ml of the culture is sent to the platform. With the average size of 

the droplet being 33.5 pl, we get that the approximate droplet count is 

0.5 × 109pl

33.5 pl
≈ 15 × 106. 

In particular, the mixture contains 1: 1: 2 ratio of Producer (30 M/ml), Non-producer 

(30 M/ml), and Receiver (300 M/ml) culture. That gives us the total population of 82.5M, 

where 

P: 30 M/ml ⋅ 0.125ml =  3.75 M, 

N: 30 M/ml ⋅ 0.125ml =  3.75M, 

R: 300 M/ml ⋅ 0.25ml =    75 M. 

That give the initial  

𝜆 =
82.5 × 106

15 × 106
= 5.5. 

For the initialization of the droplets, we can characterize the droplets by the type of 

cells inside, and then calculate the corresponding probability for each type. We get the 

following result. 

• A. The probability that a droplet that 

1) is empty 

𝑝(𝑿 = (0,0,0)) =
𝜆0

0!
𝑒−𝜆 ⋅ 1 = 𝑒−5.5 ≈ 0.41% 

2) contains Receivers only 
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∑ 𝑝(𝑿 = (0,0, 𝑥3))

𝑥3>0

=
𝜆𝑥3

𝑥3!
𝑒−𝜆 ⋅ (

75

82.5
)

𝑥3

≈ 60.24% 

• B. The probability that a droplet that  

1) contains Producer only 

∑ 𝑝(𝑿 = (𝑥1, 0,0))

𝑥1>0

=
𝜆𝑥1

𝑥1!
𝑒−𝜆 ⋅ (

3.75

82.5
)

𝑥1

≈ 0.12% 

2) contains Producer and Receiver 

∑ 𝑝(𝑿 = (𝑥1, 0, 𝑥3))
𝑥1>0
𝑥3>0

=
𝜆𝑥1+𝑥3

(𝑥1 + 𝑥3)!
𝑒−𝜆 ⋅

(𝑥1 + 𝑥3)!

𝑥1! 𝑥3!
(

3.75

82.5
)

𝑥1

(
75

82.5
)

𝑥3

≈ 17.11% 

• C. The probability that a droplet that  

1) contains Non-producer only 

∑ 𝑝(𝑿 = (0, 𝑥2, 0))

𝑥2>0

=
𝜆𝑥2

𝑥2!
𝑒−𝜆 ⋅ (

3.75

82.5
)

𝑥2

≈ 0.12% 

2) contains Non-producer and Receiver 

∑ 𝑝(𝑿 = (0, 𝑥2, 𝑥3))
𝑥2>0
𝑥3>0

=
𝜆𝑥2+𝑥3

(𝑥2 + 𝑥3)!
𝑒−𝜆 ⋅

(𝑥2 + 𝑥3)!

𝑥2! 𝑥3!
(

3.75

82.5
)

𝑥2

(
75

82.5
)

𝑥3

≈ 17.11% 

• D. The probability that a droplet that contains both Producer 

and Non-producer, 
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∑ 𝑝(𝑿 = (𝑥1, 𝑥2, 𝑥3)) ≈ 1 − 0.41% − 60.24% − 2 ⋅ (0.12% + 17.11%)
𝑥1>0
𝑥2>0

= 4.89% 

For the droplets containing producers, 77% of them is not with non-

producers. In addition, 22.12% of the total droplets contains at least one 

producer. That is more than one in five. 
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Appendix B 

B.1. Microfluidic device fabrication 

For Photolithography I used SU8 photoresist, which is a negative 

photoresist that cross-links in response to intense UV light. Resists are poured on 

the wafer by spin coating. Based on the height of the layer needed, the variant of 

photoresists was chosen and spun at a specific speed. The coated wafer is aligned 

using a mask aligner and with a pattern, mark to transfer the pattern onto the 

wafer. After UV exposure, the unlinked photoresist is removed using a SU8 

specific developer, leaving behind the desired pattern on the wafer. This process 

is repeated for every layer on the final microfluidic device. Then the device is 

baked at an elevated temperature to ensure good bonding between the photoresist 

and the wafer. A releasing agent is applied to the wafer to facilitate the easy 

removal of PDMS monoliths. 

B.1.1. Preparation of the masks 

• The microscale pattern was created using computer-aided 

design software (CADS, AutoCAD, AutoDesk, Sausalito, CA, 

USA) using the designs from Mazutis and others. These 

designs were then printed on high-resolution (dpi) transparent 

sheets from__ company. These sheets were used as photomasks 

on a negative SU-8 2075 photoresists (MicroChem, Newton, 

MA, USA). : The DWG file for the droplet device was sent to 
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CAD art services to print the photomask. The rest of the steps 

were carried out in the cleanroom to avoid the introduction of 

dust into the design. We used an epoxy-based photoresist (SU-

8-2075) from Microchem to transfer the pattern from the mask 

to the wafer. 

• To pattern the UV light onto the wafer, a photomask is used. 

The mask blocks UV light except outside the design pattern.  

i. Trim the mask to the standard glass size 

ii. Apply a small amount of acrylate adhesive to all four corners 

of the borosilicate glass 

iii. Place the top of the mask (side without the silver emulsion), 

against the surface of the glass. 

iv. Allow the adhesive to cure 

v. Store the masks until needed 

B.1.2 SU-8 photolithography 

• It is a negative photoresist; i.e the light areas in the mask are 

polymerized and remain, the dark areas are not polymerized 

and are washed away. Exposure to UV light initiates the cross-

linking chain reaction. 
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• Clean the wafer by sonicating in acetone for 8 min, then clean 

with acetone, IPA, and blow-dry with filtered N2 

• Place the wafer on the spin coater 

• Apply photoresist to cover the wafer (about 3ml) 

• Spin at 500 rpm for 15 sec (acceleration at 100rpm/s), then at 

the required speed (3500rpm) for the 30s (acceleration at 

300rpm/s) to reach final thickness 

• Soft bake at 95C (check: 65C, then 95C for 5 min) on a 

hotplate for a specific time  (1min) based on layer thickness 

• Let the wafer cool to RT 

• Using the mask aligner, expose the photoresist to UV light 

through the mask – 150mJ/cm2 for 25um height. 

• Remove the wafer after exposure 

• To complete the cross-linking reaction, a post-exposure bake is 

performed at 95C on a hotplate for a specific time based on the 

layer thickness 

• Let the wafer cool to RT 

• Immerse the wafer in SU 8 developer for 45-60 seconds (me 5 

min) to remove uncross-linked photoresist 
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• Spray the wafer with SU-8 developer, isopropanol, and blow-

dry with filtered N2 

• Check the height of the features with the profilometer 

• Repeat the steps for all layers 

• After all the layers are constructed, hard bake the device to 

solidify the features. The hard bake is performed at 200C on a 

hot plate for 5 min (10min). 

• Let the wafer cool to RT 

• A release agent ((tridecafluoro-1,1,2,2-tetrahydooctyl)-1-

trichlorosilane) was added to the wafer for protection and easy 

removal of PDMS mold. The wafer is placed in a desiccator, 3 

drops of release agent are added to the weighing boat placed 

inside the desiccator. The desiccator is placed in the vacuum 

for 10 min to even distribute the release agent on the wafer. 

• To remove excess release agent, PDMS is applied to the wafer, 

cured, and removed in three rounds before the monoliths are 

used to construct the devices. 

• The wafer is then ready to mold PDMS (polydimethylsiloxane) 

monoliths. PDMS is a translucent, gas-permeable polymer. 
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B.1.3. Soft lithography 

• Microfluidic devices are constructed from a translucent, gas 

permeable polymer and bound to a glass coverslip, which 

allows for observation using microscopy. PDMS is gas 

permeable (6x gas permeability of water), and has same optical 

property as water (Ferry et al 2011) 

i. Wrap wafer in a single layer of aluminum foil. Such that when 

PDMS is poured, no leak is detected 

ii. 3.5g of catalyst (curing agent) was added to 35g of PDMS base 

and mixed thoroughly. The cloudy mixture was placed in a 

desiccator to remove bubbles.  

iii. This mixture was then poured on the treated wafer and cured at 

80°C for 16-18 hours. 

iv. Cooled PDMS slab was carefully cut into individual chips, using a 

razor blade. 

B.1.4. Preparing monoliths 

• After the PDMS has solidified, parts to connect the syringe 

reservoirs need to be punched through the PDMS block. 
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i. Remove the wafer (photoresist masters) from the oven and cool 

it to RT. 

ii. Run a razor blade around the edges of the wafer. Remove the 

aluminum foil from the bottom of the wafer and slowly lift the 

solid PDMS. SAFELY store the chip for later use. 

iii. Cut the edges of the chips on the monolith using sharp blade. 

iv. Punch holes for inlet and outlets in the chip using a biopsy 

punch, observing under a microscope for precision. Punch with 

the feature side up 

v. Clean the punched portions with tape 

vi. Submerge the chips in methanol in a crystallization dish 

vii. Sonicate in methanol for 8min using the sonicator placed in 

the fume hood to remove debris. 

viii. Discard the methanol and repeat the cleaning step. 

ix. Incubate the chips with feature side up in 80c oven for 30min 

(Do not increase incubation time for more than an hour; these 

devices can be used for 2 months) 

x. Remove the chips from the oven and cool to RT 

xi. Remove any debris using a scotch tape 
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B.1.5. Binding 

The punched and cleaned chips are bound to glass coverslips to enclse the 

channels. UV light and ozone are used to create radical groups on both sides, 

which then bond together when the surfaces are put in contact to create a covalent 

vond between the PDMS and the glass coverslip. 

i. Turn on the o2 regulator connected to UV/Ozone cleaner to 0.5 

standard cubic feet per minute (scfm) 

ii. Turn on the cleaner for 5 min to warm up the bulb 

iii. Clean 24 x 40mm #1.5 coverslips by rinsing with isopropanol and 

blow drying with N2 

iv. Clean chips with scotch tape.  

v. Place 2-4 chips – feature side up- and cover slips in the cleaner. 

Run for 3 min 

vi. Quickly invert the chips onto the cover slips. Place them in 80c 

oven top shelf overnight. 

vii. Next day. Chips are removed from the incubator. Better 

results are seen when the molds are allowed to dry for another day 

at RT 

a. At this point, the chips are ready to be connected to the 

tubings. 
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B.1.6. Hydrophobic surfaces using Aquapel 

To render the top part of the device hydrophobic we inject fluorinated oil 

(Novec 7500, 3M, MN) containing 1 vol% trichloro1H,1H,2H,2H-

perfluorooctyl)silane (Sigma-Aldrich, MO) into this section of the device. 
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