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Abstract 

Microbiomes play crucial roles in human health and ecosystems, though our understanding of the 

fungal members severely lags that of bacteria. And despite the rise in fungal infections, there are 

few treatments for them, and no fungal alternatives to bacteria-targeting phage therapies. Along 

with the myriad additional ways fungi interact with our agriculture, ecological, and food 

production systems, tools to engineer fungi in situ would be extremely valuable, whether to 

mitigate fungal infections or otherwise modify microbiome members. Transkingdom conjugation 

(TKC) offers a possibility for both, as the phenomenon of DNA transfer from bacterial cells to 

eukaryotes enables in situ modifications of yeasts. While such genetic transfers have been known 

to naturally occur in a wide range of eukaryotes, and are thought to contribute to their evolution, 

TKC has been understudied as a technique in synthetic microbial consortia or fungal treatment. 

One major obstacle to widespread use of TKC is its limited DNA transfer efficiency, due to the 

requirement for cell-to-cell contact. In this work, I utilize interactions between genetically tractable 

Escherichia coli and Saccharomyces cerevisiae to control the incidence of TKC. I test the 

landscape of population interactions between the bacterial donors and yeast recipients to find that 

bacterial commensalism leads to maximized TKC, both in culture and in mixed colonies. I 

demonstrate the capacity of cell-to-cell binding via mannoproteins to assist both TKC incidence 

and bacterial commensalism in culture, and model how these tunable controls can predictably yield 

a range of TKC outcomes. Further, I demonstrate that these lessons can be utilized to lastingly 

alter a recipient population, by both “rescuing” a poor-growing recipient population, and 

collapsing a stable population via a novel TKC-mediated CRISPR/Cas9 system. Finally, I 

demonstrate tools toward controlling TKC in space and time via optogenetic (light) control. 

 

 



 

 

iv 

Table of Contents 

Acknowledgments............................................................................................................................ i 

Abstract .......................................................................................................................................... iii 

Table of Contents........................................................................................................................... iv 

A brief note on the organization of this text .................................................................................. 1 

Chapter 1: Introduction ................................................................................................................. 1 
1.1 Fungal pathogens, bioproduction, and the need for in situ perturbation ........................................................ 1 
1.2 Bacterial mechanisms for targeted delivery of macromolecules in microbial consortia ................................ 3 
1.3 Conjugation to eukaryotes in the Type IV Secretion System ......................................................................... 5 

1.4 Figures ................................................................................................................................................ 8 
1.4.1 Figure 1: methods of plasmid transfer in T4SS ........................................................................................... 8 

Chapter 2: Tunable population dynamics in batch culture affect TKC ....................................... 9 

2.1 Introduction: levers of control ......................................................................................................... 9 

2.2 Results............................................................................................................................................... 10 
2.2.1 Tunable population dynamics in batch culture affect TKC outcomes ....................................................... 10 
2.2.2 Mannoprotein-based cell adhesion mediates TKC .................................................................................... 13 
2.2.3 Deterministic models reveal limitations of key parameters: “free” cell model ......................................... 14 
2.2.4 Deterministic models reveal limitations of key parameters: clumped cell model..................................... 18 

2.3 Discussion ......................................................................................................................................... 20 

2.4 Figures and Tables ........................................................................................................................... 26 
2.4.1 Figure 1: Batch culturing reveals relationships between population ratios and TKC ............................... 26 
2.4.2 Figure 2: Mannose disruption of cell aggregates lowers TKC, interrupts bacterial commensalism ......... 35 
2.5.3 Figure 3: Deterministic modeling predicts TKC rates, proximity benefits ............................................... 41 
2.5.4 Table 1: Free-cell model parameters.......................................................................................................... 46 
2.5.5 Table 2: Clumped-cell model parameters .................................................................................................. 47 

2.5 Materials and Methods ................................................................................................................... 48 
2.5.1 Strain and plasmid construction ................................................................................................................ 48 
2.5.2 Batch culture and TKC counting ............................................................................................................... 50 
2.5.3 Flow cytometry .......................................................................................................................................... 51 
2.5.4 Microscopy of culture aggregates.............................................................................................................. 52 
2.5.5 Clumping image analysis .......................................................................................................................... 53 
2.5.6 Data analysis and figures ........................................................................................................................... 55 
2.5.6 Table 3: Strains used in this study ............................................................................................................. 56 
2.5.6 Table 4: Plasmids used in this study .......................................................................................................... 56 

Chapter 3: Spatial dynamics of TKC in mixed colonies ............................................................. 57 

3.1 Introduction: maximizing the boundary space of mixed colonies .............................................. 57 

3.2 Results............................................................................................................................................... 58 
3.2.1 Building a TKC reporter for tracking transconjugants spatially ............................................................... 58 
3.2.2 TKC in colonies follows feeding trends, with greater variability ............................................................. 60 
3.2.3 Developing an agar pad protocol to elucidate colony genesis at single-cell resolution ............................ 62 

3.3 Discussion ......................................................................................................................................... 64 

3.4 Figures .............................................................................................................................................. 67 
3.4.1 Figure 1: Creation of TKC reporters. ........................................................................................................ 67 
3.4.2 Figure 2: Mixed colonies follow culture dynamics, show increased TKC with spatial mixing................ 70 



 

 

v 

3.4.3 Figure 3: Agar pad imaging of proto-colonies .......................................................................................... 79 

3.5 Materials and Methods ................................................................................................................... 81 
3.5.1 Colony culturing and preparation .............................................................................................................. 81 
3.5.2 Colony imaging and analysis..................................................................................................................... 82 
3.5.3 Table 1: Strains used in this study ............................................................................................................. 85 
3.5.4 Table 2: Plasmids used in this study .......................................................................................................... 85 

Chapter 4: Altering recipient outcomes by tuning populations ................................................. 86 

4.1 Introduction ..................................................................................................................................... 86 

4.2 Results............................................................................................................................................... 87 
4.2.1 Harnessing population dynamics to rescue a recipient population through TKC ..................................... 87 
4.2.2 TKC-mediated CRISPR killing can be interrupted by mannose addition ................................................. 88 

4.3 Discussion ......................................................................................................................................... 90 

4.4 Figures and Tables ........................................................................................................................... 95 
4.4.1 Figure 1: TKC-mediated rescue of unhealthy recipient populations via population tuning ..................... 95 
4.4.2 Table 1: Rescue model parameters (values in green diverge from clump-model parameters) ................ 102 
4.4.3 Figure 2: TKC-mediated killing drives recipient population collapse, is mannose-interruptible. .......... 103 

4.5 Materials and Methods ................................................................................................................. 112 
4.5.1 Rescue growth model .............................................................................................................................. 112 
4.5.2 CRISPR-Cas9 plasmid and strain construction ....................................................................................... 113 
4.5.3 Determination of TKC count ................................................................................................................... 114 
4.5.4 Batch culturing measurements ................................................................................................................ 114 
4.5.5 Table 2: Strains used in this study ........................................................................................................... 115 
4.5.6 Table 3: Plasmids used in this study ........................................................................................................ 115 

Chapter 5: Optogenetic control of TKC ..................................................................................... 117 

5.1 Introduction ................................................................................................................................... 117 

5.2 Results............................................................................................................................................. 119 
5.2.1 pDawn shows prolonged activation with low intensity, short-pulsed light signal .................................. 119 
5.2.2 Deletion of TraJ from T4SS genes leads to reduced TKC, toward opto-control .................................... 120 
5.2.3 Opto-TraJ donors fail to generate light-activated TKC........................................................................... 121 

5.3 Discussion ....................................................................................................................................... 122 

5.4 Figures ............................................................................................................................................ 125 
5.4.1 Figure 1: pDawn stimulation by automated blue-light batch culture system .......................................... 125 
5.4.2 Figure 2: Opto-TKC control construction ............................................................................................... 128 
5.4.3 Figure 3: Opto-TKC donors fail to conjugate with light activation ........................................................ 130 

5.5 Materials and Methods ................................................................................................................. 134 
5.5.1 Construction of opto-strains .................................................................................................................... 134 
5.5.2 Blue-light stimulation in batch culture .................................................................................................... 134 
5.5.3 Intraspecies opto-TKC experiment .......................................................................................................... 135 
5.5.4 Table 1: Strains used in this study ........................................................................................................... 136 
5.5.5 Table 2: Plasmids used in this study ........................................................................................................ 136 

Chapter 6: Discussion ................................................................................................................ 137 

6.1 Summary of major findings, in brief ........................................................................................... 137 

6.2 Future directions and opportunities ............................................................................................ 138 
6.2.1 …In this system ....................................................................................................................................... 138 
6.2.2 …In a new system ................................................................................................................................... 141 



 

 

vi 

6.3 Concluding remarks ...................................................................................................................... 143 

7 References ............................................................................................................................... 145 

Appendix A: Secrete to Beat the Heat (News & Views Article) ................................................ 162 
A.1 Body text.................................................................................................................................................... 162 
A.2 Figure 1: Cooperative secretion of glutathione extends the habitable temperature range for yeast. ......... 165 

Appendix B: Give and Take in the Exametabolome (News & Views Article) .......................... 167 
B.1 Body text .................................................................................................................................................... 167 
B.2 Figure 1: SeMeCos to determine the effects of auxotrophs. ...................................................................... 171 

Appendix C: Protecting Soil Resources by Improving the Wisconsin Farmland Preservation 

Program (Policy Memo)............................................................................................................. 173 
C.1 Executive Summary ................................................................................................................................... 173 
C.2 Soil erosion and Wisconsin ........................................................................................................................ 173 
C.3 Farmland Preservation Program ................................................................................................................ 174 
C.4 Farmland Preservation lacks sufficient tilling standards ........................................................................... 174 
C.5 Policy recommendations ............................................................................................................................ 175 
C.6 Appendix .................................................................................................................................................... 176 
Potential problems and solutions with minimal tilling ..................................................................................... 176 

 

 

 



 

 

1 

A brief note on the organization of this text 
 

A publication containing many of the findings here is forthcoming and will likely be submitted by 

the defense of this dissertation. But, given that it will span a variety of sub-projects, and that I 

considerably expand upon these topics below, I’ve opted to break paper contents into dissertation 

chapters based on subject matter instead of maintaining the flow of the manuscript. Moreover, I 

divide the introductory notes into those that are generic for all the findings—immediately 

following this—and those that are chapter-specific. I hope that this increases the narrative flow 

and avoids content repetition. That said, many findings will reference methods etc. across chapters, 

and for those purposes, I include hyperlinks within the text. The discussion is similarly split into 

chapters, with a brief cumulative summary, future directions, and concluding remarks at the end. 

 

Chapter 1: Introduction 
 

1.1 Fungal pathogens, bioproduction, and the need for in situ perturbation 
 

Extraordinary advances have been made in recent years elucidating the composition and function 

of microbiome members, but the vast majority of this work has focused on bacterial species, and 

often overlooks fungal participants1. And even though the number of fungal cells in the human 

body is orders of magnitude less than that of bacteria, fungi play important roles in human and 

environmental health. Many fungal pathogens live as commensals in humans before becoming 

infectious, whether due to hospital-derived nosocomial infections or auto-immune disorders, both 

of which are on the rise2. Candida species cause many such nosocomial infections, resulting in a 

range of candidiasis symptoms that can lead to sepsis3. Common skin residents in the Malassezia 

genus have been implicated Chrohn’s disease4 and tumorigenisis5. Moreover, many fungi infect 
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plant and/or other animal species, often causing crop loss6. Some environmentally-important fungi 

can also infect humans through spore inhalation, such as Aspergillus and Blastomyces species7,8, 

the latter of which is endemic to the Great Lakes region and recently caused infections in dozens 

of paper mill workers in nearby Michigan, killing at least one9. 

 

Unlike bacterial infections, for which we have several antibiotics, there are only four main classes 

of antifungals, largely due to the similarity of pathogenic fungi to their eukaryotic hosts, which 

makes antibiotic treatment strategies more difficult10,11. The most used classes—azoles and 

echinocandins—target membrane development, as one of the key differences between fungal and 

mammalian cells12,13. And while a growing field of phage therapies is promising for treating 

bacterial infections14, there are no known correlates to phages for fungal treatment15. Like many 

pathogenic bacterial species, antibiotic resistance among pathogenic fungi is on the rise, making 

this dearth of treatment options even more important. One possible solution to this growing 

concern is to harness the advances of synthetic biology to engineer bacteria for fungal perturbation 

in situ. Bacterial intervention is especially intriguing given the prevalence of bacterial-fungal 

interactions in the wild and in pathogenic mixed biofilms16–18, suggesting that both mutualistic and 

antagonistic natural communications between such species can serve as scaffolds for engineered 

treatments. For example, natural antifungal activity of the gram-positive bacterium Rhodococcus 

rhodochrous has been harnessed to mitigate infection by Pseudogymnoascus destructans, which 

causes White-Nose Syndrome in bats19 (which is a healthy reminder, too, of fungal risks to climate-

threatened species20), but could hypothetically be enhanced and/or better controlled by synthetic 

modifications to this or other bacterial treatment strains.  
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Moreover, any system of fungal perturbation by bacteria would have myriad implications for 

synthetic microbial consortia and the bioproduction of useful products. Microbial consortia 

consisting of bacteria and yeast species has been engineered to produce a range of useful 

compounds, especially alcohols and organic acids such as ethanol, isobutanol, and lactic acid21, by 

making use of species’ respective metabolic strengths. Mixed consortia with the common 

Saccharomyces cerevisiae, i.e. baker’s and brewer’s yeast, have been used to produce insulin and 

vaccine components22. Many food-related processes utilize mixed consortia, including 

kombucha23 and lactic-acid-bacteria (LAB) products such as soy sauce24. Additionally, several 

other useful products generated from yeasts independent of bacterial involvement could feasibly 

be perturbed by synthetic bacterial inclusion, including biofuels, alcohols, and enzymes degrading 

cellulose and lignocellulose21. Importantly, the examples listed above utilize diffusible outputs 

from bacterial species, limiting their specificity in complex environments, in which a diversity of 

cells may encounter and respond to such molecules25. Most such cases are static changes to the 

bacteria strains, limiting dynamic control, too. This work therefore seeks to further develop 

bacterial tools that are more programmable, to expand upon the range of fungal perturbation 

options.   

(Return to top) 

 

1.2 Bacterial mechanisms for targeted delivery of macromolecules in microbial consortia 
 

Bacteria deploy a range of cell-to-cell communication mechanisms that can be—and in many cases 

have been—utilized to directly perturb recipient populations in situ. Collectively these 

mechanisms are known as secretion systems, and there are at least seven major types, characterized 

by membrane export machinery spanning bacterial membranes, and a proteinaceous pilus that 

connects to a recipient cell and deposits macromolecules26,27. Most of these secretion systems, 
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such as the Type VI Secretion System (T6SS), primarily export targeted proteins for bacterial 

defense. T6SSs have received notable attention recently toward this goal of targeting eukaryotes 

in situ, with examples including fungal death28. Moreover, T6SSs (more specifically, the similar 

eCIS) have been shown to be programmable by modifying their receptor targets, so as to specify 

cells into which killer payloads are delivered29. 

 

Alternatively, bacterial conjugation utilizes the Type IV Secretion System (T4SS) to deliver DNA 

to recipient cells, offering a more-readily modified payload, given the diversity of tools researchers 

have for manipulating DNA, and the fact that conjugative DNA can vary widely in sequence length 

without impairment30. Conjugation is a form of horizontal gene transfer (HGT) that allows the 

exchange of genetic information among bacteria in the wild31, but has also been used to engineer 

organisms in situ32,33. It has been used for probiotics34, to modify crops for desired traits35, and to 

identify and alter function in undomesticated microbial species32,36. It can occur between bacteria 

and a variety of eukaryotic recipient cells, too, most commonly from bacterial donor 

Agrobacterium tumefaciens to plant cells37. While A. tumefaciens is uniquely well-studied in 

performing transkingdom conjugation (TKC) with plants in the wild, other highly genetically 

tractable bacteria, such as Escherichia coli, can be modified to perform TKC with diatoms38–41, 

mammalian cells42, and multiple yeast species43–47. Moreover, many in situ conjugative functions 

have been shown among bacterial species, that could feasibly be modified for use with eukaryotic 

recipients, including targeted killing3848,49, integration of plasmid DNA into recipient genomes32,36, 

and programmable activation via cell-to-cell adhesion50.  

(Return to top) 
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1.3 Conjugation to eukaryotes in the Type IV Secretion System 
 

While the T4SS in Agrobacterium tumefaciens may be the best known natural conjugation system 

between bacteria and eukaryotic recipients, several similar donor species, especially those of the 

Rhizobium genus, can utilize the A. tumefaciens T4SS system if introduced to the bacteria 

artificially15. Moreover, it’s thought that HGT occurs regularly in the wild, though the vast majority 

of such events are only elucidated post hoc, such as the evolutionary evidence of HGT to yeasts 

from other bacterial species, including relatives of E. coli51,52. The human bacterial pathogen 

Bartonella henselae is also thought to transfer genetic material to infected cells via a conjugation-

like mechanism, after invading the host animal cell15. In E. coli, several conjugation systems have 

been discovered for interbacterial gene transfer—the first of which was the fertility “F plasmid”—

some of which have been synthetically adapted to allow transfer to eukaryotes. These systems are 

identified by incompatability type (“Inc-type”, i.e. ability of the cell to maintain two such plasmids 

simultaneously) and mobilization genes used, but all include an origin of transfer sequence (oriT) 

that flags the DNA for transfer into recipient cells53. For A. tumefaciens and related “Vir” systems, 

transferred DNA is in the form of a linear fragment, known as transfer DNA or T-DNA, that is first 

cut out of a large plasmid before transfer, and is protected by a series of proteins encoded by 

mobilization genes15. For B. henselae and modified E. coli systems, the oriT resides on plasmid 

DNA, which is cut, linearized, transferred, and recircularized in the recipient cell. Expression of 

conjugative machinery and plasmid transfer has been shown to be growth stage-dependent for 

several Inc-types in E. coli53. In this work, I utilize an IncP-type T4SS system (aka RP4, RK2), 

first isolated from an infectious Pseudomonas aeruginosa hospital strain54 which was shown to be 

remarkably stable across growth phases in the study listed above, and has a wide host range, i.e. it 

can be transferred to a large diversity of recipient cells55,56. 
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Conjugative transfer of DNA occurs in multiple stages in the bacterial cell. First, a complex of 

proteins called the “relaxosome”, containing catalytic relaxases, nicks the conjugative plasmid at 

the origin of transfer (oriT), and transfers one strand of the plasmid DNA to the membrane-bound 

type IV secretion system (T4SS)57. Key genes for this process are included in the Tra1 region, 

including relaxase operon TraI-H, which together nick and bind to the oriT58–60.  The T4SS 

transports the relaxosome-DNA complex through both membranes and a pilus connecting the 

donor and recipient cells. Some studies on the related F plasmid T4SS suggest that DNA only 

transfers upon cytoplasmic connection between donor and recipient cells, wherein donor cells 

receive molecular signals confirming this connection before initiating transfer61, though whether 

this is the case for transfers to eukaryotes in unknown. For E. coli T4SS, the DNA re-circularizes 

in the recipient cell to recreate the original plasmid62. While the exact mechanism of DNA 

recircularization in yeast recipients is not well understood15, studies have suggested that the 

required machinery is provided by the bacterial relaxosome itself, and doesn’t depend on recipient 

DNA repair systems47. And unlike for A. tumefaciens T-DNA transfer, which includes associated 

proteins that enable transport through the nuclear envelope, it’s less clear whether the E. coli 

relaxosome can transport its associated ssDNA into the recipient nucleus, or if passive transport 

occurs only after disruption of the nuclear envelope during cell division, as has been seen for B. 

henselae63. Conjugation can occur via either a cis mechanism, in which the plasmid carrying the 

relaxosome genes itself contains an oriT and thus is transferred to a recipient cell, or a trans 

mechanism, in which the oriT is on a separate plasmid, which gets transferred, enabling a wide 

range of possibilities of DNA that gets transported64 (Fig 1). 
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TKC is currently limited as a tool for synthetic biology by its relatively low efficiency65. The vast 

majority of conjugation research has focused on lowering efficiency further66,67, in an effort to 

prevent the spread of antibiotic resistance, which occurs through conjugative transfer of resistance-

coding genes68. Conjugation rates between E. coli and Saccharomyces cerevisiae are typically 

below 1 in 1,000 yeast cells69, though recent work has succeeded in generating >10x DNA-transfer 

rates by selectively mutating the T4SS machinery64. Another recent approach demonstrated 

increased conjugative efficiency between bacteria, but used glass beads to colocalize donor and 

recipient cells, limiting its wider usefulness49. TKC recipients are also unable to propagate 

conjugative plasmids, whereas bacterial recipients can act as conjugative donors, allowing logistic 

transconjugant growth over time49. Here, I’ve focused on IncP-based TKC between E. coli and S. 

cerevisiae, not because this consortium necessarily affords the greatest opportunities for 

pathogenic treatment or biotechnological production, but because these species are highly 

genetically tractable, and allow the greatest possible flexibility in generating foundational insights 

regarding how we might put TKC to use in any mixed consortium.   

(Return to top) 
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1.4 Figures 
 

 
 

1.4.1 Figure 1: methods of plasmid transfer in T4SS 

For this IncP T4SS system, DNA transfer to recipient yeasts can either occur in cis or in trans. For 

cis TKC, the plasmid encoding the T4SS (pTA-Mob 2.0) also contains yeast centromeric DNA 

maintenance machinery, yeast selection genes HIS3 and URA3, and the transfer recognition 

sequence, oriT, at which the relaxosome nicks plasmid DNA and transfers it through the pilus to 

the recipient. In trans TKC, the T4SS-encoding plasmid (pTA-Mob 1.0) lack the sequences for 

yeast maintenance, yeast selection, and the oriT sequence. Thus, a second plasmid is required for 

trans-TKC, which carries these elements and is transferred to recipients. 

(Return to top) 
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Chapter 2: Tunable population dynamics in batch culture affect TKC  
 

2.1 Introduction: levers of control 
 

One potential strategy to control TKC rates in a targeted way is to tune donor and recipient 

populations, since TKC rates have been shown to increase substantially with higher donor-to-

recipient ratios, at least at short time scales69. For intraspecies co-cultures, such control of steady 

state population ratios is achievable by engineering cross-feeding into strains, e.g. by making each 

strain auxotrophic for an essential amino acid that the other strain overproduces, allowing 

population tuning by manipulating these amino acid concentrations70. Other forms of metabolic 

dependency can be established for specific consortia, such as a 2015 study that created mutualism 

between E. coli and S. cerevisiae by using xylose as a carbon source, only consumable by E. coli 

cells, which then produce acetate, normally a bacterial toxin but for utilization by S. cerevisiae71. 

Such a strategy, while perhaps tunable (though it would appear to only have one experimental 

“knob” in the form of xylose concentration), cannot readily be extended to other consortia, whereas 

amino acid cross-feeding allows independent control of each amino acid’s concentration, and can 

be extended to myriad consortia, since the nutrients are universally required for survival and have 

well-characterized genetic controls in many species. Much of this work thus utilizes strains of E. 

coli and S. cerevisiae mutated to allow tunable population control via engineered cross-feeding 

between E. coli and S. cerevisiae.  

 

Complicating such a strategy for steady state culture, E. coli is capable of adhering to S. cerevisiae 

(and other eukaryotic cells) via the mannose-sensitive type I fimbriae, due to mannoproteins in 

yeast cell walls72–74. And because cross-feeding is highly dependent on spatial context of cells—

due to the dependence of each strain on diffusible products75—aggregation between bacteria and 
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yeasts would alter any assumption of homogeneity in culture. This doesn’t obviate the ability to 

tune population dynamics necessarily, but rather affords another opportunity to tune said dynamics, 

by controlling cell-cell adhesion in addition to metabolic cross-feeding. Such a strategy has 

recently been employed to show increased cross-feeding between aggregates of E. coli and S. 

cerevisiae, versus a co-culture in which mannose-supplemented media precludes aggregation76. 

Thus, this chapter focuses on 1) tuning co-cultures metabolically, by targeted cross-feeding 

mutations and environmental nutrient limitation, 2) changing aggregation, or “clumping” between 

cells, by mannose addition, and 3) modeling interactions to discern the effects of these tunable 

experimental knobs, and to predict unknown facets of the system. 

(Return to top) 

 

2.2 Results 
 

2.2.1 Tunable population dynamics in batch culture affect TKC outcomes 
 

To determine if we can control TKC frequencies by tuning steady state population growth, we 

designed strains of E. coli and S. cerevisiae to be obligate mutualists when deprived of nutrients. 

We utilized a previously studied yellow-fluorescent yeast strain77 that’s tryptophan auxotrophic 

(Trp-, Δtrp2) and leucine overproducing (Leu++, LEU4FBR)78, and developed a corresponding 

leucine-auxotrophic, tryptophan-overproducing cross-feeder E. coli that expresses mCherry. 

Because we hoped to tune nutrients (especially amino acids) in batch culture media, we sought to 

use minimal media for growing co-cultures containing E.coli and S.cerevisiae. Initial experiments 

were performed in equal parts M9 bacterial minimal media and synthetic complete (SC) yeast 

media, with glucose levels at the higher SC-media concentration of 2%. These experiments 
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resulted in co-cultures heavily dominated by bacteria, with no stable obligate mutualism at 0% 

leucine and tryptophan.  

 

Thus, we screened four experimental conditions for steady-state maintenance of each strain over 

several days, via Tecan Spark fluorescence plate reader (Fig 1a), especially looking for 

maintenance of obligate mutualism at 0% LW (Fig 1b). 1) A range of L and W concentrations at 

50:50 SC:M9 were used to get a full sense of whether any benefit between cross-feeding strains 

could be found, even at [LW] > 0%. Minimal benefits were seen for crossB grown in co-cultures, 

but they were inconsistent over time. 2) We increased initial cell densities, with each strain 

combined in equal proportions, from 2-fold overall density (2E7 each cell type per well) to 5-fold 

density (5E7 each strain). All samples in this and subsequent conditions were grown at 0% LW. At 

each increased density, cross-feeder bacteria showed an ability to survive off of yeast, especially 

cross-feeder yeast, but cross-feeder yeast weren’t able to survive off bacteria. 3) We varied the 

input ratio of cells from 10:1 yeast-to-bacteria to 1000:1 yeast-to-bacteria, all up from the previous 

1:1. These results showed varying levels of crossB survival in co-culture, but as before, no 

corresponding crossY survival. 4) We changed the proportion of minimal media from equal parts 

SC-to-M9, to a range of SC:M9 ratios: 60:40, 75:25, 90:10, and 100:0.  All ratios showed an 

improved ability for crossY to survive in culture at 0% LW, though all bacteria were unable to 

survive in 100% SC; this latter observation proved very useful in selecting for yeast, as TKC-

selection plates didn’t require any bacterial antibiotics at 100% SC agar. Of the media ratios tested, 

the 75:25 SC:M9 results showed the best ratio of cross-feeder paired growth vs. pairings with a 

WT strain, and so that media type was used in all subsequent experiments. Importantly, though, 

this ability of crossY to survive at 0% W was never seen again, though the steady state 
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concentrations of yeast cells in other conditions were much more favorable to yeast and allowed 

better population tuning than 50:50 SC:M9.  

 

After screening for optimal co-culture conditions, we batch cultured cells for six days in minimal 

media with a range of strain-dependent leucine and tryptophan concentrations. Relative growth 

was measured in 15-minute intervals using a Tecan fluorescence reader, and in most cases, 

additionally measured at day-ends via flow cytometry (Fig 1a). In most cases, bacterial and yeast 

populations failed to establish stable cross-feeding with leucine and tryptophan fully removed from 

media, and competition between species acted as the primary driver of population outcomes. 

Cross-feeding bacteria (“crossB”) temporarily survived via leucine secreted by cross-feeding yeast 

(“crossY”) before the latter was outcompeted, driving down both populations; in contrast, 

auxotrophic yeasts did not benefit similarly from Trp-overproducing bacteria. Moreover, 

auxotrophic bacteria survived from WT yeasts (“wtY”) at 0% leucine and tryptophan (0% LW), in 

an apparent commensal relationship, suggesting either a low but significant level of basal leucine 

secretion from wtY or sufficient yeast lysate for crossB survival. WT bacteria (“wtB”) did not 

provide a similar benefit for cross-feeding yeasts (Fig 1c,d).  

 

We quantified TKC between bacteria and yeasts by plating 100uL of each batch culture condition 

onto TKC-selective media at ~24-hour intervals. We measured population effects on TKC both in 

cis—with the self-transferring plasmid pTA-Mob 2.0—and in trans, via a two-plasmid system 

including the oriT-lacking pTA-Mob 1.0 and a separate, yeast-selectable transfer plasmid (see Intro 

Figure 1). Contrary to previous work demonstrating higher TKC rates with more donor bacteria69, 

we found an inverse correlation between donor-to-recipient ratios and TKC counts (Fig 1e). This 

trend became more pronounced with time and manifested as a linear fit on a log-log plot (Fig 1f). 
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The correlation was weaker for trans TKC; as in previous work, we found markedly lower trans 

TKC rates relative to cis TKC30, which might have lessened the correlations in trans (Fig 1g). 

Importantly, the trend was not exclusively due to changes in recipient yeast populations, since the 

TKC-per-recipient rates also increased over this time (Fig 1h). These findings suggest that, despite 

the lack of stable cross-feeding at 0% LW, we can still control TKC by tuning populations, since 

steady-state ratios of donors-to-recipients are inversely correlated to TKC counts.    

(Return to top) 

 

2.2.2 Mannoprotein-based cell adhesion mediates TKC 
 

Since TKC depends on cell-cell collisions in culture, we explored how known adherence 

mechanisms between E. coli and S. cerevisiae affect TKC. Mannoproteins are ubiquitous in fungal 

cell walls74, and type I fimbriae in E. coli bind to these72,73, forming bacteria-yeast “clumps” that 

can affect cross-feeding dynamics76. We thus repeated our batch culture experiments for population 

dynamics and TKC with- and without mannose added to the media, which saturates bacterial 

mannose receptors and reduces clumping. These cultures were measured for fluorescence as per 

previous experiments, but here were also imaged via fluorescence microscopy to measure the 

extent of clumping. 

 

Fluorescence microscopy analysis replicated previous findings showing that adding mannose to 

growth media prevented most bacteria-yeast clumping (Fig 2a). Image analysis demonstrated that 

the size of yeast clumps—a proxy for number of yeast cells per clump—increased concurrent with 

the number of bacteria in a clump (“coincident bacteria”), implying that bacteria mediate cell 

clump formation (Fig 2b,c). Interestingly, we found that mannose-infused media prevented nearly 
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all TKC, with only a few samples yielding single-digit TKC counts by the end of a six-day time 

course, roughly 10 fold fewer than corresponding samples without mannose (Fig 2d). Moreover, 

mannose-supplemented samples showed fundamentally altered dynamics for crossB_wtY 

pairings, with auxotrophic crossB cells unable to survive at 0% leucine, and with much lower 

growth at higher percentages of leucine relative to mannose-free samples (Fig 2e,f). Thus, mannose 

interrupted the commensal dynamics previously seen without mannose. 

(Return to top) 

 

2.2.3 Deterministic models reveal limitations of key parameters: “free” cell model 
 

To explore how the “knobs” of our system could be tuned to best affect population ratios and TKC, 

and to better understand the differences between clumping and non-clumping populations, we used 

a set of ordinary differential equations (ODEs) to deterministically model our experimental 

conditions, based on previous work modeling cross-feeding co-cultures70,79. We first fit the results 

from mannose-supplemented experiments to a system of two ODEs representing total bacteria and 

total yeast (including transconjugants). We ran Latin Hypercube Sampling iteratively to randomly 

sample all parameters within a predicted range and calculated total error between model outcomes 

and fluorescence data for bacteria and yeast. We then used this error to rank model parameters, 

which we adjusted and rerun until key results were demonstrated for each cell pairing: namely, 

susceptibility to amino acid supplementation, steady-state survival, and approximate donor-to-

recipient ratio. 

 

Growth equations for bacterial and yeast growth were derived from Pearl-Verhulst80 logistic 

growth, for which cells’ growth were determined by its (monoculture) growth rate R, carrying 

capacity K, and death rate D. Modifications for co-culture conditions included deviations from 
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monoculture carrying capacity term and amino acid secretion terms70,79. For the effect of one 

species on limiting the carrying capacity of the other, a multiplier c was used to account for 

incomplete ecological niche overlap. The global concentration of amino acid supplemented to 

media G and amino acid secretion α—dependent on secreting cell’s concentration—together 

modified the growth rate of each species. Monod term k determined a strain’s susceptibility to 

amino acid changes.  

 

Transconjugants grew similarly to yeast, and thus had a nearly identical growth equation. 

Transconjugants were also added to the system by bacterial and yeast collisions, as modified by 

TKC rate term γ. Note that because the growth equation for yeast dY/dt was compared to yeast 

fluorescence data (see below), Y was a representation of all yeast, including transconjugants, and 

thus had no term depleting cells proportionate to TKC rate γ, as has been modeled by others81,82.  

 

Growth equations for bacteria (B), yeasts (Y), and transconjugants (T) in “free-cell” model: 

𝑑𝐵

𝑑𝑡
= 𝑅𝑏 ∗ 𝐵 (
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We first estimated growth rates R and carrying capacities K by fitting integrated versions of 

simplified monoculture growth equations (lacking amino acid terms, death rates, and co-culture 

modifications) to monoculture fluorescence data at 100% amino acids in solution. Global amino 

acid concentrations G were known (see Methods for molar values), and initial guesses for cell 
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secretion α were based on literature values for similar strain mutants—0.022 gTrp/CDW*hr for 

ΔtrpR bacteria83, and 7*105 moleculesLeu/cell*s for Leu++ yeasts77—taken for 1 hour, with an 

assumed bacterial CDW = 3*10-13 g/cell. Using these, we arithmetically derived Monod terms k 

for cross-feeder monoculture fits using the equation Rmax = R * [AA]/([AA] + k), where [AA] = 

limited amino acid concentration, over a range of supplemented values.  

 

For all subsequent terms and fits, we used Latin Hypercube Sampling (LHS) to fit a MATLAB 

ODE solver. We set upper and lower bounds for each parameter, between which 100,000 random 

parameter guesses were generated, each of which was put through the ODE solver. Each model 

output, determined by that guess’s randomized parameters, was compared to fluorescence data, 

error between the two was calculated, and random model guesses were ranked by lowest calculated 

error. 

 

We then estimated niche overlap terms c using fluorescence of WT co-cultures at 100% amino 

acids, for each WT donor variant (plasmids carried). Original parameter ranges were set widely 

for simplified conditions—e.g. c was initially sampled between -1 and 2 for WT pairings (Fig 

3a)—then tightened for full-model fitting. 

 

For batch co-culture fitting, we compared fluorescence values to a modified version of ODE solver, 

in which we fed each days’ model outputs into the next day’s initial conditions. In this way, we 

were able to emulate batch culture dilutions at the times experimentally performed and keep the 

ODE solver in time units of hours. We ignored day 1 growth for both measurements and model, as 

variation in cell counts among strains initially adapting to batch culture conditions proved 
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extremely unpredictable and resulted in errant model fits. To allow for experimental variation, we 

incorporated noise into day-end outputs at a rate of +/- 20%, before feeding them fed back into the 

solver as next-day initial conditions. Initially, we only calculated error between model and 

measured data for bacterial and yeast growth signals (not TKC values), and we ranked fits 

according to those errors. We manually assessed means of each model’s 1000 best fits (top 1%) 

for each cell pairing based on three criteria: 1) susceptibility of each strain to changes in amino 

acid concentration, 2) steady-state persistence of each strain, and 3) approximate D:R ratio of cells. 

We manually modified means to best reflect these priorities, and then fed them back into the solver. 

We repeated this process several times, until model outputs no longer improved upon experimental 

matches (Fig 3b). Model thus represented a local minimum for fitting parameters and is not meant 

to represent a unique fit. 

 

Once a representative parameter set was acquired for each species’ growth in co-culture, we fixed 

all parameters besides TKC rate γ, and we tested γ across a range of possible outcomes (10-6 – 10-

2) for each cell pairing and concentration of added leucine and tryptophan. Note that, unlike 

bacterial and yeast growth equations, each of which maintains a single fluorescence unit (mCherry 

or ymCitrine), transconjugant equations include a combination of each fluorescence type. To 

account for this, the transconjugant model converts each cell type from fluorescence to cell count 

before multiplying by γ—using conversion factors derived by comparing flow cytometry data (cell 

counts) to fluorescence data—after which the entire frequency term is multiplied again by 

ymCitrine/cell, to maintain units of ymCitrine for transconjugants. Because transconjugants were 

modeled in units of ymCitrine, and because half of each growth well’s volume was plated for TKC 

counts, we divided model outputs for TKC by 2*Citrine/cell. We incorporated averages from each 
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condition’s TKC data into TKC-sweep plots by altering heatmap colormaps according to where 

color (row-fraction of total output range) matched TKC counts. 

 

Once we found best-fit approximations of parameters in bacterial and yeast growth equations 

(Table 1), we tested a wide range of TKC rates (γ) against data from mannose-supplemented 

experiments, to determine order of magnitude for TKC given random cell collisions in culture. 

Though this plasmid transfer term has been previously approximated at 4*10-3 using a similar 

model for enteric bovine E. coli84, we found that γ would have to be significantly lower, roughly 

between 7*10-6 and 4*10-5, to recapitulate our results in media containing mannose (Fig 3c).  

(Return to top) 

 

2.2.4 Deterministic models reveal limitations of key parameters: clumped cell model 
 

After testing the free cell model against experimental data, we modified deterministic equations to 

capture aggregation (“clumping”) dynamics between the species. Specifically, three equations 

were added to the system, tracking 1) formation of clumps, as determined by some constant rate 

of aggregation for every random free-cell collision; 2) total clumped bacteria, based on both 

growth of already-clumped bacteria, or additional collisions between clumps and free bacteria; 3) 

total clumped yeast, based on growth of already-clumped yeast or additional collisions between 

clumps and free yeast. The latter clumped-cell growth equation terms were similar to free-cell 

growth, except for modified growth rates (starting values ~1/3 free cell values) and proximity 

terms P, which allow for altered amino-acid feeding from opposing cell type in a clump. We 

additionally modified free-cell growth equations to be carrying capacity-limited by summing 

clumped and free cells in the total per species. Finally, we modified the transconjugant equation to 
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include a second TKC rate γc, based on total number of clumped-bacteria and clumped-yeast 

interactions. We also changed the growth rate for transconjugants to the clumped-yeast rate, to 

reflect the expectation that most transconjugants require clumping at some point. 

 

Growth equations for bacteria (B), yeasts (Y), transconjugants (T), total clumps (C), clumped 

bacteria (Cb), and clumped yeasts (Cy) in “clumped-cell” model: 
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We fit clumped-cell dynamics similarly to free-cell equations, using LHS and the ODE batch 

solver. We additionally modified model outputs in two ways. We limited clumped-bacteria outputs 

to 10 bacteria per clump (based on image analyses, see Methods), beyond which clumped bacteria 

counts were subtracted from clumped-bacteria model outputs for each day and added to free-

bacteria counts, before the next day’s growth was modeled. We also added final clumped-cell 

model outputs to total free-cell outputs before comparing to fluorescence data, which doesn’t 

distinguish between the two.   
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We compared batch co-culture LHS model outputs similarly to free-cell LHS fitting, using error 

between the model and experimental data, but here we calculated error between each experimental 

result: total bacteria, total yeasts, TKC counts, number of clumps, clumped bacteria, and clumped 

yeast (Fig 3d). Upon deriving fits that recapitulated main experimental outcomes, we swept key 

clumping parameters P and γc across a range of values to find approximate viable values. TKC rate 

sweeps of γ and γc yielded several values of each that were able to recapitulate the data, though 

they roughly fell into two categories: low γc with γ in the range of 3*10-4 – 6*10-4, or low γ with γc 

in the range of 2*10-5 – 4*10-5 (Fig 3e). P value sweeps show an apparent amino-acid secretion 

increase on the order of 50x from wtY, for crossB cells to be able to grow in 0% leucine (Fig 3f). 

While P mathematically serves to multiply the amino acid secretion term in the model, it could 

just as likely result from leucine in yeast cell lysate or some other mechanism of bacterial benefit. 

This model assumes that the vast majority of transconjugants result from clumped interactions, 

though it’s not clear how transient clumps are, so the free-cell TKC transfer rate here accounts for 

TKC from cells measured to be “free” despite having previously been clumped at some time 

between measurements. 

(Return to top) 

 

2.3 Discussion  

I set out to control TKC rates by tuning donor and recipient populations. Largely, I think this was 

successful, though not in the way I intended. My efforts to engineer cross-feeding between E. coli 

and S. cerevisiae proved elusive, despite other researchers’ success in similar systems70,76,85. 

Initially, experiments were performed on timescales < 24 hours, based on TKC-delivery protocols 

that show efficiency changes for different population ratios69, but I found that the populations 
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never reached steady-state on such timescales, complicating tests of my population-tuning 

hypothesis (data not shown). Moreover, keeping to the “long view” goals of microbiome in situ 

perturbation and fungal probiotics, understanding steady-state dynamics is key for any future 

prolonged application of donor cells in a system. E.g., how long must donors persist to achieve 

sufficient TKC for a given application? Thus, any ability to engineer variable steady-state ratios 

between the populations proved effective in testing this hypothesis—regardless of whether the 

populations achieved stable obligate mutualism—and the divergence of population outcomes 

between commensalism and competition served this function. That these outcomes had such a 

reproducible effect on transconjugant numbers, with lower donor-to-recipient ratios leading to 

increased TKC, bears two major implications: first, it shows that tuning TKC via population 

control is possible, and second, because so much of this control stems from a commensal 

relationship, it shows that it’s possible to engineer only the donor strain to alter TKC. This latter 

point is significant toward the goal of applying donor cells to modify a microbial system.  

 

It's important to note, too, that many recent works have measured TKC rates as a frequency of 

transconjugants per recipient cells30,64,69,86, though some examples exist of quantifying conjugation 

as a rate of cell coincidence, similar to the modeling I’ve done here81,82,87. While both 

quantifications have value, with the former being especially useful toward conjugative alternatives 

to yeast transformation and the latter useful for predictive modeling, I’ve taken a slightly different 

approach here and focused on net outcomes given both populations, and therefore have mostly 

reported raw transconjugant counts and changes in overall recipient population. (The modeling 

rate version does account for both populations, but doesn’t intrinsically prescribe population 

outcomes, as rates such as γ are constant regardless of each population, more on that below). Still, 
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the frequency of transconjugants was important to track, as it naively would seem that lower-

growing donors would allow better-growing recipients due to lower competition, and that that 

alone could account for increases in overall transconjugants. While recipients’ ability to grow 

better does explain part of the phenomena observed in these experiments, a steady increase in the 

frequency of transconjugants demonstrates that TKC is continuing to occur in culture, versus a 

fixed percentage of transconjugant yeast growing on par with the rest of the yeast population.  

 

Early co-cultures of E. coli and S. cerevisiae showed large amounts of aggregation between cells—

in many cases, enough for cells to quickly precipitate out of solution—though it was unclear the 

cause for this. Testing a variety of bacterial and yeast strains showed that it was not metabolic-

dependence based, i.e., several prototrophic strains clumped as much as auxotrophic ones. 

Growing co-cultures with a membranous “transwell” divider demonstrated that contact between 

the species was required to achieve aggregation, as separated co-cultures didn’t form aggregates 

(data not shown). These early results suggested mannoprotein binding between cells—versus, e.g., 

intraspecies flocculation in yeast—but adding mannose to my growth media didn’t seem to have 

a major effect. It wasn’t until the serendipitous work by Scarinci and Sourjik76 that I realized I 

simply added too little mannose (100 mM, vs. >200 mM for 4% w/v mannose) in these tests to 

successfully disrupt clumps. And while the clumping tests presented above recapitulated that non-

dependent cells still form clumps, the fitness benefit bestowed upon dependent bacteria by 

clumping was remarkable, whereby auxotrophic bacteria were only able to survive from WT yeast 

when allowed to clump. Not only does this comport with the work by Scarinci and Sourjik, it 

potentially adds to the incredible list of adaptive strategies E. coli have to metabolically benefit 

from cells in co-culture, many of which have been elucidated in recent years by work in the Kost 
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lab85,88,89. In these cases, E. coli are found to form membranous nanotubes that connect to the 

cytoplasms of prototrophic cells, not only enabling direct resource sharing between cells, but 

actually increasing the production of said resources by disabling feedback control in the “feeder” 

cells, turning them into over-producers. While it seems unlikely that such nanotubes could disrupt 

fungal cell walls, there is a possibility that nutrients are exchanged through the conjugative pilus, 

as other secretion systems allow a diversity of macromolecular transport and share common 

ancestry124. Perhaps the simplest explanation—still revelatory in terms of bacterial adaptive 

strategies—is that binding to fungal mannoproteins brings bacteria in close enough proximity to 

diffusible goods to utilize them more effectively. Roughly speaking, if nutrients diffuse 

exponentially77, the 50x benefit to auxotrophic bacteria predicted by the clumping model above 

would correspond to ~4x proximity to a producer yeast (since ln(50)~4), an intuitively reasonable 

change for bound vs. free bacteria. A final possibility is that aggregation causes yeast cell death, 

allowing bacteria access to lysed nutrients, to which agar pad imaging (See 3.5.4.C) lends some 

support. And yet such an explanation would run against TKC results showing clumped cells 

persisting as transconjugants, so at least some fraction of clumped cells must survive. In any case, 

considering the ubiquity of mannoproteins in the cell walls of fungal species74, and the propensity 

of the type I fimbriae to bind to them72,73, it seems likely that this aggregation is a native adaptive 

strategy to increase fitness and/or parasitize eukaryotic hosts, and can thus be utilized for systems 

with other recipient species.  

 

As stated above, my focus vis-à-vis TKC efficiency wasn’t to explicitly maximize, or even 

determine, a TKC rate, but rather to find and control the conditions that modify recipient 

populations. Still, due to the complex nature of population dynamics—whether due to metabolic 
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demands, aggregation, or the black box of basal interactions between this synthetically-combined 

consortium—and the inherent difficulty in experimentally testing TKC outcomes for so many 

conditional possibilities, I sought to generate a model by which I could predict likely outcomes. 

While I attempted to match parameters to objective phenomena and literature values, and to be a 

rigorously logical about the terms included, the sheer number of parameters all but guarantees a 

fit to the data; in short, there’s a strong possibility that the (clumped) model is overparameterized. 

This is especially the case for fitting clump data—number of clumps and clumped cells—given 

that these measurements were somewhat imputed from image data, and were only measured at 

endpoints. But as the adage goes, “all models are false, some models are useful,” and these proved 

no exception, as I was able to predict the effect of commensalism in my rescue assay, and show 

that there could easily be more viable conditions to that end than I had the capacity to test. 

Moreover, sweeping TKC terms γ against best-fit model parameters recapitulated many 

experimental outcomes, wherein transconjugant populations continued to grow unless yeast were 

driven out of co-culture. Predicting values for γ and proximity term P, while not an initial goal, 

allowed finer investigation of these key determinants, and hopefully contributes in an ever-so-

small way to the body of work focused on understanding these systems. While I’m far from the 

first to look at this—Levin et. al. set the stage for modeling conjugation in this way in 197881, and 

many others have followed82,87, with the 0.04 γ value used here provided by a more recent model 

of enteric bovine E. coli due to its similar modeling84—no research that I’ve found records such 

values for a transkingdom system, and indeed all of the work cited here is for single species, 

complicating any simple application of Levin’s or similar models. Finally, it’s worth pointing out 

the predominance of growth rates and ecological overlap terms (R and c, respectively, in models) 

on population outcomes, as opposed to, say, secretion of amino acids in cross-feeding. While the 
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cross-species limitation on carrying capacity c was outlined for a two-species system by other 

researchers70,79, it was theoretical in both cases, whereas here it’s tangibly obvious how much the 

differences between R and c of the two species supersede other effects, demonstrating why, e.g., 

commensalism is possible for the faster-growing bacterial species, but not yeast. That said, both 

of these terms depend on a myriad of factors that aren’t being modeled explicitly, such as sugar 

concentration, pH, secreted toxins, etc., and indeed multiple combinations of R and c are likely 

possible for fitting the data, together effectively forming a “consortial fitness” for a given co-

culture. Thus, it could be said that E. coli has a higher “consortial fitness” relative to S. cerevisiae 

in co-culture (when clumping is allowed), by virtue of both its higher growth rate and the extent 

to which it limits yeast growth, relative to the converse.  

(Return to top) 
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2.4 Figures and Tables 
 

2.4.1 Figure 1: Batch culturing reveals relationships between population ratios and TKC 
 

 
 

A. Experimental setup of batch cultures.  

Cells are combined in a 96-well microplate with varying levels of amino acid in a minimal media 

cocktail. Co-cultures and monocultures are incubated at 30°C with continuous shaking and 

measured for fluorescence of each species every 15 minutes. After 18-24 hours of growth, cells 

are diluted 1:10 into new media to continue growing. Simultaneously, a 1:10 dilution of cells is 

prepared for flow cytometry, and an undiluted 100 uL is plated onto TKC-selective plates.  
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B. Condition screening for batch co-cultures 

Fluorescence readings of cross-feeder bacteria (red traces) and cross-feeder yeast (brown traces) 

across several conditions during six days of batch culture. In each case, darkest traces pertain to 

co-culture with paired cross-feeder strain, mid-darkness traces with WT pair, and lightest traces 

monoculture (e.g. dark red is bacteria grown with cross-feeder yeast, mid-red trace is bacteria 

grown with WT yeast, light red trace is bacteria grown in monoculture); lines are means of three 

replicates, shading is 95% CI. (i) Cross-feeding strains grown across several limited amino acid 

concentrations (LW%, rows). (ii) Initial total cell density (rows), all 1:1 ratio between cell types, 

0% LW. (iii) Ratios of SC (yeast minimal media) to M9 (bacteria minimal media, rows), all 0% 

LW. (iv) Initial ratio of yeast to bacteria (rows), all at 0% LW. Across all conditions of 0% LW, 

75:25 SC:M9 (iii, 2nd row) showed the most promise for survival of both cross-feeders by the end 

of time course (dark traces). Vertical dotted lines represent gap in data. 
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C. Compositional outcomes of co-cultures.  

Split heatmap of bacterial cell counts (red) and yeast cell counts (yellow) for each co-culture 

pairing (columns) over a range of leucine and tryptophan (LW) concentrations (rows), from flow 

cytometry of batch culture day 6 (mean of four replicates). Counts are normalized to max cell 

counts per species—usually determined by input cell count, which is higher than carrying 

capacity—then multiplied uniformly to enhance color brightness, to better visualize low-growing 

populations. “crossX” pertains to cross-feeding cells (X = B for bacteria, X = Y for yeast), “wtX” 

to WT cells. At 0% LW, cross-feeding pairs’ (crossB_crossY) growth is imperceptibly small, 

crossB_wtY bacterial commensalism, wtB_crossY competitive exclusion of yeast. Experimental 

results are for cis-donors. Brightness is mean of four replicates. 

 

Fig 2: Batch culturing dynamics B. Growth summaries
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D. Growth trajectories for all cis-cell pairings at various amino acid concentrations.  

Normalized flow cytometry data for each cell pairing (columns) at four cross-fed amino acid 

concentrations (LW%, rows), for seven days’ batch culturing. Bacterial cell counts shown in red, 

yeast counts in yellow. Solid lines represent co-culture traces, which are matched with each cell’s 

monoculture traces (dotted) for comparison; shading is standard deviation (four replicates co-

culture, two replicates monoculture). Representative outcomes at 0% LW range from parasitism 

(crossB_crossY), commensalism (crossB_wtY), and competitive exclusion (wtB_crossY).   
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E. Normalized donor-to-recipient ratios correspond inversely to TKC counts.  

Ratios of normalized cell counts (cell count divided by maximum for that species across 

experiment) of bacterial donors and yeast recipients, calculated from flow cytometry data, plotted 

over time for each cell pairing, at 5% LW (left). Inset: determination of donor-to-recipient ratio 

(“D:R”), by dividing normalized bacterial (donor) count by normalized yeast (recipient) count. 

Raw TKC counts from colony forming units (CFU) on selectable media for the same conditions 

and cell pairings (right). Lines represent means of four replicates.  

 

Fig 2: Batch culturing dynamics C. D:R ratio, TKC
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F. Inverse correlation between donor-to-recipient ratios and TKC increases in time.  

Log-log distribution of donor-to-recipient ratio and TKC counts for each cell pairing at day 7, for 

all LW%, with linear fits (left). Slope of log-log fits of pairings on left, taken for all days of batch 

culture, showing decreasing slope over time (right). Black bars = standard error of mean. 

 

Fig 2: Batch culturing dynamics D. D:R ratio vs. TKC, fits



 

 

33 

 

G. D:R ratios vs. TKC counts.  

Log-log plots of donor-to-recipient ratios (D:R) and TKC, for cis-donor (left column) and trans-

donor (right column) cultures, for each day’s measurements (rows). Note that while cis-transfer 

conditions show a negative correlation between D:R and TKC, trans-cultures don’t obviously 

follow this trend, possibly due to low TKC near the detection limit. 
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H. Transconjugants as fractions of yeast populations over time.  

Percent transconjugants (per total yeast) for cis-donor cultures, trans-donor cultures, and trans-

donor colonies over 6-7 days. Transconjugants measured as CFU per 100 μL culture or CFU per 

colony. Yeast counts from flow cytometry, back-calculated to represent 100 μL or entire colony. 

Note that, for both culture examples, transconjugant fractions increase for all pairings until leveling 

off at ~day 5, suggesting that increased TKC for certain pairings is not solely a function of higher 

yeast populations. Also note that trans-donor pairings show lower TKC in general.  
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2.4.2 Figure 2: Mannose disruption of cell aggregates lowers TKC, interrupts bacterial 
commensalism 

 

A. Mannose interrupts mixed aggregates in culture.  

Microscopy images of batch co-culture after six days, either without (left) or with (right) mannose 

supplemented in media. Cells shown are trans-WT bacteria (wtB) and cross-feeding yeast (crossY) 

at 15% LW, diluted 1:10, imaged with a 10x objective. Scale bar = 100 μm. 
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B. Clump sizes increase with coincident bacteria.  

Sizes of clumps, as determined by image analysis, plotted against number of coincident bacteria 

(number of distinct bacteria identifiable in proximity to yeast events) after six days of batch culture. 

Ellipses are fit to include 95% of points for each cell pairing (color) and LW% (rows), for samples 

without mannose (left) or with mannose (right).  
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C. Histograms of clump sizes and coincident bacteria.  

Histograms of clump sizes (top), as determined by image analysis, after six days of batch culture, 

either with mannose (orange) or without it (blue). Means of each distribution is shown in vertical 

lines. Log-frequency histograms of coincident bacteria shown at bottom for the same samples. 
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D. Interrupting clumps with mannose depresses TKC.  

Raw TKC counts (CFU) for samples at four different %LW (rows) without mannose 

supplementation (left column) are ≥ 10x those with mannose supplementation (right column). Data 

is colored by cell pairing, lines are means of three replicates. 
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E. Interrupting clumps with mannose prevents commensalism for cross-feeding E. coli.  

Normalized donor-to-recipient ratios for commensal crossB_wtY pairing, calculated from 

fluorescence data, for mannose-minus (blue) and mannose-plus (red) samples, shows that 

clumping is required to sustain cross-feeding bacteria with WT yeast, especially at lower LW%. 

Bars represent mean of three replicates, error bars 95% CI, significance via two-sample t test, p = 

0.0010, 0.0041, 0.0071, and 0.018, for LW = 0%, 5%, 10%, 15%, respectively. 

 

Fig 3: Clumping
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F. D:R ratios show increased commensalism for crossB in clumped cultures, decrease in TKC.  

Left: donor-to-recipient ratios for each cell pairing (color) and LW% (row), for samples with or 

without mannose (columns) over six days’ batch culture. Note how the crossB_wtY pairing (green) 

ratio stays fairly consistent without mannose—wherein cells can clump—but drops with LW% in 

samples with mannose supplemented. Right: TKC counts from all days and % LW (rows), with or 

without mannose (columns). 

(Return to results) 
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2.5.3 Figure 3: Deterministic modeling predicts TKC rates, proximity benefits 
 

 
A. Example parameter distributions for niche overlap terms c.  

Example of parameter exploration using Latin Hypercube Sampling of ecological overlap terms c 

for each WT cell pairing at 100% LW. Each histogram color represents a different plasmid 

combination for WT donor cells, to account for slight fitness differences. Columns show top 10, 

100, and 1000 parameter guesses for cb (top) and cy (bottom), based on a simplified version of 

free-cell model that omits amino-acid feeding, TKC, and death rates. Means of these distributions 

served as initial guesses in full free-cell model, and are meant to demonstrate the wider range of 

parameters explored before the full model was fit. 
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B. Free-cell model fits for bacteria and yeast in co-culture.  

Fluorescent data (dots) of bacteria (red) and yeast (blue) with mannose is compared to predictions 

(lines) from free-model, given parameters listed in Table 1. Each cell pairing (rows) and LW% 

(columns) are shown over six days of batch culturing. Free-cell model was fit to prioritize three 

specific outcomes: 1) susceptibility of each strain to changes in amino acid concentration, 2) 

steady-state persistence of each strain, and 3) approximate D:R ratio of cells. 
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C. TKC rate-term sweep for “free” cell model.  

Heatmaps showing predicted number of transconjugants (color) for a range of TKC rates γ (y-axis) 

over six days’ batch culturing, for all experimental conditions, assuming cells are unable to clump, 

and thus conjugate via random collisions. Cyan heat markers represent experimental TKC counts 

for the four conditions that had counts above zero with mannose, i.e. in the unclumped samples. 

Gray line at γ=0.004 represents literature prediction for enteric E. coli TKC rate, orange lines 

represent range of TKC-rate values matching data, roughly between 7*10-6 and 4*10-5. 
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D. Clumped-cell model fits for free cells, clumped cells, and number of clumps.  

Top: fluorescent data (dots) of free bacteria (red) and yeast (blue) without mannose is compared 

to predictions (lines) from clumped-model, given parameters listed in Table 2. Each cell pairing 

(rows) and LW% (columns) are shown over six days of batch culturing. Bottom left: image analysis 
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estimates for number of clumps (dots) with model predictions overlain (lines) for each condition. 

Bottom right: image analysis estimates for clumped bacteria (orange) and clumped yeast (blue) 

with overlain model fits (lines) for each condition. 

 

 
 

E. TKC rate-term sweep for “clumped” cell model.  

Heatmaps showing predicted number of transconjugants (color) for a range of “free” TKC rates γ 

(y-axis) and “clumped” TKC rates γc (x-axis), for all experimental conditions at day six of batch 

culturing. Cyan cells represent experimental TKC counts from samples without mannose.  
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F. Proximity term sweep for “clumped” model.  

Heatmaps showing predicted bacterial fluorescence signal (color) for range of proximity-benefit 

multiplier P (y-axis) over six days, for crossB_wtY condition at 0% LW. Orange bar shows 

approximate P value matching experimental co-culture data, i.e. a P value high enough (~50) to 

allow crossB growth solely from clumping to wtY. 

(Return to results) 

 

2.5.4 Table 1: Free-cell model parameters 

Var Parameter Unit Model Fits per Cell Pairing 
crossB_crossY crossB_wtY wtB_crossY wtB_wtY 

Rb Bacterial growth rate hr-1 0.75 0.66 0.75 0.75 

Ry Yeast growth rate hr-1 0.60 0.59 0.58 0.58 

Kb Bacterial carrying capacity mCherry 3500 2987 3201 3500 

Ky Yeast carrying capacity ymCitrine 2600 3044 3039 2998 

cb Ecological niche overlap 

(effect of bacteria on yeast) 

Unitless 0.80 0.84 0.80 0.80 

cy Ecological niche overlap 

(effect of yeast on bacteria) 

Unitless 0.95 0.99 0.90 0.90 

Gb Global amino acid (for 

dependent bacteria) 

Molar 

 
100% leucine = 7.622*10-4 M 

Gy Global amino acid (for 

dependent yeast) 

Molar 

 
100% tryptophan = 2.449*10-4 M 

αb Secreted amino acid (for 

dependent bacteria) 

Molar/ 

mCitrine 
1E-4 1E-10 1E-4 1E-10 
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αy Secreted amino acid (for 

dependent yeast) 

Molar/ 

mCherry 
1E-9 1E-9 1E-12 1E-12 

kb Monod term for dependent 

bacteria 

Molar 2E-6 2E-6 0 0 

ky Monod term for dependent 

yeast 

Molar 2.5E-5 0 2.5E-5 0 

Db Bacterial death rate hr-1 0.455 0.455 0.455 0.455 

Dy Yeast death rate hr-1 0.50 0.547 0.570 0.498 

γ TKC rate Unitless 4E-5 Unknown 7E-6 Unknown 

 

 

2.5.5 Table 2: Clumped-cell model parameters 
Var Parameter Unit Model Fits per Cell Pairing 

crossB_crossY crossB_wtY wtB_crossY wtB_wtY 

Rb Free bacterial growth rate hr-1 0.75 0.75 0.75 0.75 

Ry Free yeast growth rate hr-1 0.58 0.58 0.58 0.58 

Rcb Clumped bacterial growth 

rate 

hr-1 0.25 0.25 0.25 0.25 

Rcy Clumped yeast growth rate hr-1 0.18 0.18 0.18 0.18 

Rc Clumping rate Unitless 0.03 0.05 0.03 0.05 

Kb Bacterial carrying capacity mCherry 7566 7269 5590 6790 

Ky Yeast carrying capacity ymCitrine 2822 2700 2637 2412 

cb Ecological niche overlap 

(effect of bacteria on yeast) 

Unitless 0.80 0.69 0.90 0.70 

cy Ecological niche overlap 

(effect of yeast on bacteria) 

Unitless 0.91 0.95 0.90 0.93 

Gb Global amino acid (for 

dependent bacteria) 

Molar 

 
100% leucine = 7.622*10-4 M 

Gy Global amino acid (for 

dependent yeast) 

Molar 

 
100% tryptophan = 2.449*10-4 M 

αb Secreted amino acid (for 

dependent bacteria) 

Molar/ 

mCitrine 
9.2E-5 1E-8 9.2E-5 1E-8 

αy Secreted amino acid (for 

dependent yeast) 

Molar/ 

mCherry 
1E-9 1E-9 1E-12 1E-12 

Pb Proximity multiplier for αb Unitless 50 50 1 1 

Py Proximity multiplier for αy Unitless 1 1 1 1 

kb Monod term for dependent 

bacteria 

Molar 2E-6 2E-6 0 0 

ky Monod term for dependent 

yeast 

Molar 1.2E-5 0 1.2E-5 0 

Db Bacterial death rate hr-1 0.46 0.50 0.52 0.46 

Dy Yeast death rate hr-1 0.46 0.39 0.45 0.48 

γ Free TKC rate Unitless ~ 2E-4 – 1E-3 (see Figure 4)  

γc Clumped TKC rate Unitless ~1E-4 – 6E-4 (see Figure 4) 

 

(Return to results) 
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2.5 Materials and Methods 
 

2.5.1 Strain and plasmid construction 
 

Yeast cells in this study are derived from W303 strains developed by Müller et. al. (MATa can1-

100 hmlαΔ::BLE leu9Δ::KANMX6 his3Δ::prACT1-ymCitrine-tADH::HIS3MX6, with S288C 

version of BUD1)77. Cross-feeding yeast strains (“crossY”, yMM1430) have additional mutations 

to make them auxotrophic for tryptophan and leucine-overproducing: LEU4FBR trp2Δ::NATMX4 

prACT1yCerulean-tADH1@URA3, with leucine feedback resistance (FBR) resultant from 

deletion of codon 548 of LEU4. CrossY is also constitutively fluorescent for ymCitrine and 

yCerulean, whereas the baseline yeast used here (aka “WT yeast”, “wtY”, yMM1636) is only 

ymCitrine-fluorescent. Further mutations were introduced into these strains to make them 

auxotrophic for uracil and/or histidine, for TKC selection and CRISPR assay. Uracil was knocked 

out by amplifying a cassette of URA3 homology arms, transforming into yMM1430, and selecting 

for growth on 5-Fluoroorotic acid (5FOA). HIS3 was replaced with either KANMX6 or HPHMX6, 

depending on the strain (see Table 3 for list of strains and related experiments), by amplifying 

either resistance gene with overlap for HISMX6 regions. 

 

Bacterial strains in this study are derived from Keio Collection strains of single-gene knockouts, 

based on BW25113 background (F- Δ(araD-araB)567 lacZ4787Δ::rrnB-3 λ- rph-1 Δ(rhaD-

rhaB)568 hsdR514)90. WT bacteria (“wtB”) strains are simply BW25113, or Coli Genetic Stock 

Center (CGSC) #7636, containing different plasmids depending on the experiment (see Table 4 for 

list of plasmids and corresponding experiments). Cross-feeding mutations were introduced into 

CGSC #11110 (ΔtrpR789:kanR), which lacks the trp repressor gene, and has been shown to be 

tryptophan-overproducing85. Briefly, the kanamycin resistance gene at the trpR locus was 
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“flipped” out via flippase recognition target (FRT) sequences and flippase-expressing plasmid 

pMM082191. Leucine auxotrophy was introduced by λred recombination of PCR-amplified 

ΔleuA781::kanR, from CGSC #8373, using pMM0820, which expresses genes for λred. kanR was 

again flipped out to obtain kMM127, a double knockout of ΔtrpR, ΔleuA, with no antibiotic 

resistance. Note that we originally constructed crossB from ΔleuA::kanR (CGSC #8373), but it 

caused severe aggregation in co-culture, such that cells would precipitate out of media 

immediately, whereas the same mutation introduced from the ΔtrpR::kanR strain did not produce 

this result. Moreover, we found that ΔleuB::kanR (CGSC #11943) proved prototrophic for leucine 

over long time periods, despite its similar function in the leucine biosynthesis pathway and 

previous experiments utilizing the knockout as an auxotroph92. 

 

IncP-type TKC plasmids55 pTA-Mob 1.0 (trans-transferring) and pTA-Mob 2.0 (cis-transferring) 

were generously provided to us by the Karas lab30. pTA-Mob 2.0 contains gentamicin resistance 

for bacterial selection, URA3 and HIS3 genes for yeast selection, CEN6/ARSH4 for yeast 

maintenance, and the oriT sequence required for conjugative transfer of the plasmid into recipients, 

whereas pTA-Mob 1.0 only carries gentamicin resistance. Constitutive bacterial reporter 

pMM0819 contains pProD:mCherry, using a synthetic reporter meant to be high-expressing and 

minimally susceptible to cell phase93,94. TKC plasmids for trans-transfer were constructed using 

the Golden Gate-based Yeast MoClo Toolkit95 (YTK), to modularly assemble a fluorescent yeast 

reporter (pTDH3-yeBFP), TKC selection (HIS3), and yeast replication machinery (CEN6/ARSH4). 

The oriT sequence was then added to the connector sequence downstream of yeBFP via Gibson 

assembly.  

(Return to top) 
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2.5.2 Batch culture and TKC counting 
 

Yeast and bacterial cultures used in each batch culture experiment were grown overnight in 

selective YPD or LB media, at 30°C or 37°C, respectively. After ≥ 16 hours’ growth, bacterial 

strains were measured for OD600, yeast strains were measured for OD660, and each culture was 

washed at least 2 times with SC or M9 sans glucose or amino acids. Cells were then combined 

such that each reaction started with 1E7 cells, based on OD measurements. Growth media was 

composed of 200 μL of a 75:25 mixture of SC:M9 minimal media (condition screening portion of 

Results) with 2% glucose, appropriate amino acids, and antibiotics to maintain each bacterial 

plasmid. Amino acid percentages in the text are based on the following molarities, considered 

100%: L = 762 μM, W = 245 μM, U = 178 μM, H = 95.4 μM. For clumping experiment (Fig 2), 

half of the media was supplemented with 4% mannose. Upon spiking cells into 96-well CellVis 

back-walled optical glass-bottom plates (cat #P96-1-N), plates were sealed with gas permeable 

membranes (Fisher Scientific cat #50-550-304) seals to allow air flow for aerobic conditions.  

 

Plates were grown in a customized Tecan Fluent automated plate handling robot, on a Bioshakes 

heater-shaker, kept at 30°C and rotating at 1000 rpm with a 2 mm orbital. In 15 minute intervals, 

the Fluent was programmed to transfer each 96-well plate to a connected Tecan Spark fluorimeter, 

in which each well was measured for OD600, mCherry (Ex=575nm, Em=620nm, 20nm 

bandwidth, gain=60), and ymCitrine (Ex=500nm, Em=545nm, 20nm bandwidth, gain=60). After 

each plate was measured, it was returned to the Bioshakes, where it grew for another 15 minutes 

until the next read. Each plate was grown in this way for roughly 18-24 hr., at which time plates 

were briefly spun (1 min at 1000xG) to remove condensate from plate seal. Each plate was then 
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diluted 1:10 in fresh media (180 μL media + 20 μL previous day’s culture) for that day’s growth, 

with another 20 μL diluted into a plate of PBS+0.1% Tween for flow cytometry (see below). Tecan 

data was consolidated in Excel format and imported into MATLAB via a custom script, which 

parses the Tecan Excel export format based on number of plates and channels measured. All further 

analyses were performed in MATLAB, including normalization, in which all fluorescence 

measurements were divided by the max reading of that channel; these normalized reads were used 

for D:R ratios in Fig 1 and in subsequent chapters.  

 

An additional 100 μL of each day’s culture was added, undiluted, to a 24-well plate containing 

TKC-selective SC with 2% agar: for cis-transfer experiments (Fig 1), SC-UH (lacking uracil and 

histidine) was used, whereas SC-H was used for trans-transfer experiments (Figs 2, 3). TKC plates 

were then placed in a culture shaker at 30°C for ~40 minutes, without lids, to dry. Once dried, TKC 

plates were incubated for ~3 days to grow countable transconjugant colonies. Individual 

transconjugant colonies were counted for CFU, unless wells were saturated, in which case 

estimates were generated based on density relative to countable wells, up to 500.  

(Return to top) 

 

2.5.3 Flow cytometry 
 

After diluting cells from culture (see above) 1:10 into PBS+0.1% Tween (total volume=200 μL) 

in 96-well round-bottom plates (Fisher Scientific cat #07-200-760), samples were measured for 

cellular composition using a ThermoFisher Attune NxT V6 Flow Cytometer at UW-Madison’s 

Carbone Cancer Center, which includes a 96-well compatible autosampler. Because the sizes of 

bacteria and yeast are so different, each co-culture was measured twice, with different forward and 
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side scatter voltages for each cell type (monoculture controls were generally measured using only 

that species’ voltage settings, though at least two of the other species were included to get baseline 

counts). Each well was measured for ymCitrine (488 nm laser, 530/30 503LP filters, off target 

fluorescent) and mCherry (561 nm laser, 620/15 600LP filters), in addition to scatter, using a draw 

volume of 20 μL, at a flow rate of 200 μL/min. 

 

FCS files exported from the Attune were processed via custom MATLAB tools modified for dual-

voltage experiments. Gates were drawn per voltage setting to capture all cells of that species based 

on fluorescence and forward scatter. FCS files were imported, correlated with sample information, 

and queried for inclusion in each gate. Summary tables for each cell type were consolidated to 

combine all readings per experiment, upon which noise floors were calculated based on negative 

controls per voltage setting. Gate-defined cell counts for each species were subtracted by these 

baselines and converted to total cells per 100 μL, to compare to TKC counts (see TKC prep in 

Batch Culture methods). Cell counts were further normalized by dividing by the max count for 

that experiment and cell type; normalized counts were used to generate D:R ratios.  

(Return to top) 

 

2.5.4 Microscopy of culture aggregates 
 

Batch culture samples were diluted to various degrees (depending on day and sample density) in 

media lacking glucose and amino acids, but with mannose for samples grown with it, in a CellVis 

96-well back-walled optical glass-bottom plates (cat #P96-1-N). Plates were loaded onto the stage 

of an inverted fluorescence microscope (Nikon TiE), enclosed by an opaque incubation chamber. 

A custom Nikon JOBS script was written to image each well of a plate in three random locations 
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distal to the well edges, with a two second wait time before each photo to allow cells to settle after 

moving the stage. All wells were imaged at 10x objective for mCherry (Chroma 96365, Ex = 

560/40x, Em = 630/75m, 200 ms exposure), ymCitrine (Chroma 96363, Ex = 500/20x, Em = 

535/30m, 600 ms exposure), and yeBFP (Chroma NC296093, Ex = 350/50x, Em = 460/50m, 500 

ms exposure).   

 

2.5.5 Clumping image analysis 
 

Microscopy images from batch co-cultures with or without supplemented mannose were taken 

after each day’s growth. Initially, samples were diluted 1:50 into corresponding media (mannose 

+/-) without glucose for imaging, though as day-end cell densities diverged between samples, 

additional dilutions were imaged, from 1:1 to 1:500, depending on the sample and day. A custom 

Nikon “JOBS” script imaged each well of dilution plates at three random locations, using filter 

cubes for mCherry, ymCitrine, and yeBFP, at 10x objective. All .nd2 files were converted to 

lossless .tif files using a custom ImageJ macro. Sample information for TIFF files were imported 

into a MATLAB table, including sample information, dilution, and whether mannose was included.  

 

Each .tif file was binarized using MATLAB’s adaptive thresholding, using thresholding values of 

0.4 for both mCherry (bacteria) and ymCitrine (yeast). Binarized contiguous events were made 

solid by “filling” regions, and region properties were calculated via MATLAB’s regionprops 

function: for yeast, event areas and bounding boxes (minimum rectangle that would fit event); for 

bacteria, centroids (center coordinates of each event). Yeast event areas less than 10 px^2 were 

filtered out as noise, and images with fewer than three such events, fewer than three bacteria, or 

more than 1000 yeast events were ignored. In this way, we only analyzed events that were truly 
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yeast, filtered out samples with too sparse or too concentrated cells, and corrected for optical 

defects which occasionally appeared as apparent single bright spots in a channel. 

 

Coincident bacteria were calculated by comparing red-channel centroids and yellow-channel 

bounding boxes. For each yeast event bounding box, all bacterial positions for that image were 

queried for inclusion in the bounding box, with detectably proximal bacterial getting saved as 

“coincident” per each yeast event. Importantly, this technique depends on distinguishing individual 

bacterial cells to be counted accurately, which at 10x objective, probably isn’t always the case, and 

so the coincident bacteria metric is likely a slight undercount in all cases.  

 

To impute the number of yeast cells in each ymCitrine event, for use in modeling, a baseline single-

cell size was estimated based on mannose-supplemented day 1 data. Because many yeasts in 

clumps appear rather small, a value on the low end of the single-yeast distribution was chosen: 20 

px^2. Each yeast event per image was categorized into number of predicted yeasts based on the 

square multiplier of this baseline area. E.g., events less than 22*20 px^2 were considered one cell, 

events greater 22*20 px^2 but less than 32*20 px^2 considered two cells, etc. Because of variability 

in yeast cell sizes, and because images don’t account for yeast stacking in the z-plane (i.e., any 

cells obscured by those at the bottom of a plate well), we expect these yeast counts to mostly be 

underestimates. Clumps were defined as yeast events ≥ two cells, and numbers of clumps and 

numbers of clumped cells, along with their frequencies per total yeast, were calculated from that 

designation. Similarly, coincident bacteria per clump were determined by comparing coincident 

bacteria to whether a yeast event was categorized as a clump. 
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To use image analyses of batch culture clumping as comparative data for the model, dynamic 

information on number of clumps, total clumped bacteria, and total clumped yeast were acquired 

by the following means. The total number of clumps was taken as a fraction of all yeast, based on 

determination of number of yeasts in each clump. Thus, a fractional term of clumps/total yeast 

could be multiplied by the ymCitrine fluorescence signal to get the number of clumps in units of 

ymCitrine, regardless of the fraction of cell culture was imaged to determine clump count. The 

number of clumped yeasts was calculated similarly, but tracking clumped yeast per total yeast, and 

multiplying by total yeast ymCitrine signal. For clumped bacteria, coincident bacteria on all 

clumped yeast (>2 yeast per event) was taken as a fraction of total clumps, to get clumped bacteria 

per clumps. Upon deriving number of clumps in terms of ymCitrine, this could be multiplied by 

clumped bacteria per clumps term to get clumped bacteria in terms of ymCitrine, which was then 

converted to mCherry by conversions described in the discussion of TKC sweeps for the free-cell 

model. All three metrics—each only determined at day-ends—were imputed for intermediate times 

as linear increases from 1/10th the previous day’s metric (day 1 assumed = 0).  

(Return to top) 

 

2.5.6 Data analysis and figures 
 

Unless otherwise specified, all data processing was performed using custom MATLAB scripts. 

Most data plots were generated with the gramm MATLAB toolbox96 and flow diagrams were 

created with BioRender.com. 
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2.5.6 Table 3: Strains used in this study 

 
ID Species Genetic features Fluorescence Source Figures 

yMM1585 Yeast Leu++, Trp-, Ura- ymCitrine, yCerulean 77, this 

work 

1 

yMM1636 Yeast His- ymCitrine 77, this 

work 

All 

yMM1720 Yeast Leu++, Trp-, His- ymCitrine, yCerulean 77, this 

work 

2-3 

kMM0011 Bacterium None None 90 All 

kMM0127 Bacterium Trp++, Leu- None 90, this 

work 

All 

 

 

2.5.6 Table 4: Plasmids used in this study 

ID Species Function / Features Fluorescence Source Figures 

pMM0819 Bacterium pProD-mCherry mCherry Addgene 87144 All 

pMM0820 Bacterium λred genes None 91 None 

pMM0821 Bacterium Flippase None 91 None 

pMM0892 Bacterium T4SS genes, GentR None pTA-Mob 1.030 2-3 

pMM1353 Both T4SS genes, GentR, 

URA3, HIS3, 

CEN/ARS, oriT 

None pTA-Mob 2.0, 

Addgene 149662 

1 

pMM1437 Both yeBFP, oriT, HIS3, 

CEN/ARS 

BFP 95, this work 2-3 

 

(Return to top) 
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Chapter 3: Spatial dynamics of TKC in mixed colonies 

3.1 Introduction: maximizing the boundary space of mixed colonies 
 

While studying TKC in laboratory culture conditions yields many insights, any application to 

natural microbiomes must take into account that microbes predominantly live in spatially 

constrained conditions, often in dense biofilms with low nutrient availability97, regardless of 

whether our target application is oral fungal infections or plant rhizospheres98. While a synthetic 

consortium of E. coli and S. cerevisiae doesn’t intrinsically lend itself to studying mixed biofilms, 

since these species aren’t known to form biofilms together in nature, we can still approximate such 

spatially constrained conditions by growing cells in mixed colonies. In fact, colony growth has 

been studied extensively for spatial outcomes of engineered cell interactions—mutualistic vs. 

antagonistic populations, etc.—for both E. coli99 and S. cerevisiae77. In these examples, and in 

other studies utilizing range expansion assays developed by Hallatschek et. al., a dense mix of two 

fluorescent strains of a single species is plated on agar media and quantified for each strains’ spatial 

distribution as the colony front expands100–103. For isogenic (but for each fluorophore), i.e. 

neutrally-interacting strains, cells on the exterior of the original colony enjoy an advantage along 

the expanding colony front, preferentially growing their populations toward regions of higher 

nutrient density outside the colony center. These cells act as ecological founders for subsequent 

growth, forming uniformly colored segments based on whichever strain happened to be at the 

colony front for a given radius. But the width of these segments is highly dependent on the type of 

interactions between the strains, with obligate mutualists especially limited in their ability to grow 

distally from each other and thus forming highly mixed colonies, especially in yeast77. Competition 

between strains, moreover, vastly increases population widths in E. coli99. 
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Because these examples involve monospecies colonies, it’s unclear how mixed colonies of E. coli 

and S. cerevisiae might spatially resolve, though naively it seems intuitive to expect more 

intermixing of populations the more the strains are interdependent, based on the conclusions from 

the referenced expansion studies. This is important for TKC dynamics in such a setting, because 

conjugation requires contact between donors and recipients, and so spatially resolved conjugation 

predictably occurs along population boundaries104, including in biofilms105. Thus, any interaction 

regime that increases intermixing between populations would hypothetically increase the 

occurrence of conjugation events. Several factors complicate such an investigation, including the 

difficulty of spatially resolving donors, recipients, and transconjugants simultaneously, and the 

stochasticity of cell interactions at colony fronts, which determines segment outcomes77,104. My 

research here therefore focuses on the effects of population interactions on spatial mixing and 

transconjugant abundance, while attempting to overcome the aforementioned challenges by 

creating a transconjugant reporter and quantifying populations at both the colony-wide and single-

cell scale.  

(Return to top) 

 

3.2 Results 
 

3.2.1 Building a TKC reporter for tracking transconjugants spatially 
 

To compare colony experiments to batch culture experiments, which include both cis and trans 

TKC donors, I sought to create a TKC reporter—a fluorophore only active in transconjugant 

cells—for both transfer types. Because the strains used for this study carry ymCitrine (yeast) and 

mCherry (bacteria), I focused on implementing either iRFP or BFP to make transconjugants 

discernable from donors and recipients, though in the end iRFP proved worse than BFP for imaging 

colonies (see section 3.5.1). Generating a cis TKC reporter required modification of the ~60 kbp 
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pTA-Mob 2.0 T4SS plasmid, which was accomplished by λred recombineering91 a cassette 

containing iRFP with a strong yeast promoter and spectinomycin resistance so as to replace the 

existing gentamicin resistance gene in pTA-Mob 2.0 (Fig 1a). This was accomplished twice, for 

slightly different landing sites within pTA-Mob 2.0. For each, iRFP fluorescence was verified by 

microscopy (Fig 1b) and sequence beyond insertion cassette verified by Sanger sequencing. In 

both cases, however, conjugative function was disabled for reasons still unresolved, as several 

attempts at side-by-side TKC experiments with unmodified pTA-Mob 2.0 gave zero 

transconjugants for the cis-TKC reporter. Any future attempts to create a cis reporter would benefit 

from whole-plasmid sequencing (versus sequencing the insertion region only) to rule out off-target 

recombination from λred or other mutations that could adversely affect the T4SS machinery.  

 

A trans-TKC reporter was created by modular assembly of yeast-enhanced BFP (yeBFP) with a 

strong promoter, CEN/ARS yeast replication machinery, and HIS3 TKC selection; the oriT 

sequence was subsequently added by Gibson assembly (Fig 1a). All functional regions were 

Sanger-sequence verified, and direct transformation of yeast cells were verified for blue 

fluorescence by microscopy (Fig 1c) and fluorescence plate reader. Unlike the cis-TKC reporters 

created, two constructions of trans-TKC reporter (with slightly different oriT landing sites) both 

conjugated successfully into yeast. Importantly, however, transconjugants were significantly 

dimmer for yeBFP than directly transformed yeast, even after selecting for and subculturing the 

brightest transconjugants. This phenomenon, along with the low occurrence of TKC (lower for 

trans-acting TKC, as has been shown previously30,64) prevented meaningful measurement of 

transconjugants in batch cultures, whether by fluorescence plate reading, flow cytometry, or 

microscopy. As with culture, transconjugant colonies were found to be dimmer for blue 
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fluorescence than their directly-transformed counterparts, even after several days’ growth (Fig 1d). 

In mixed colony assay images, blue-fluorescent transconjugants were mostly indiscernible from 

autofluorescence from donors and recipients (Fig 2h), presumably due to brightness from the 

reporter as well as small transconjugant areas in most colonies. It’s yet unclear why 

transconjugants should show lower fluorescence than direct transformants. 

(Return to top) 

 

3.2.2 TKC in colonies follows feeding trends, with greater variability 
 

We repeated batch culture initial conditions on 2% agar minimal media plates, except with 10-fold 

fewer initial cells. We pipetted ≥ 18 2μL mixed-cell droplets onto plates and allowed them to grow 

continuously for six days. We then imaged three colonies for 2D spatial distribution each day via 

wide-field fluorescence microscopy, and another three that were then scraped, washed, and diluted 

for composition and TKC measurements (Fig 2a,b).  

 

As with batch cultures, there was an inverse correlation between donor-recipient ratios and TKC 

in most cases, though with greater noise (Fig 2c). However, TKC-per-recipient rates remained 

relatively constant, unlike cultures (Fig 2d). These differences from culture conditions might be 

due to “jackpot” populations, in which a genetic island of transconjugants finds a spatial niche 

among the stochastic colony front106, resulting in a wider range of TKC counts for each condition. 

Because conjugation has been shown to occur along population boundaries104, we determined 

relative population mixing by calculating colocalization107 of bacterial and yeast fluorescence 

signals. While colocalization did positively correlate with overall TKC values, most mixed 

colonies had very low colocalization, suggesting once more that competition dominates population 

dynamics between these species (Fig 2e,f). 
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Metrics were also calculated radially, and show that, for most cases, bacterial growth is localized 

to the outer ring of the colony, where the greatest abundance of nutrients can be found77, while 

most of the yeast intensity is found within these bacterial boundaries (Fig 2g). This trend is 

subverted somewhat by crossY-pairings in low amino acid concentrations, for which bacteria are 

better able to grow within the colony center due to lowered competition from the yeast. Because 

yeast signals mostly drop off near the edge of the colony, where bacterial signals rise, the greatest 

colocalization between the channels can be found near the edge, too, though the exact radius of 

this spike depends on the conditions, with more divergence at lower amino acids, and the highest 

amino acid concentrations all showing similar colocalization at r ~= 3mm. 

 

From this, we might infer that TKC occurs primarily near the border of colonies, especially for 

more segregated populations. Indeed, in one case this was observed explicitly, with a 

subpopulation of transconjugants detectable fluorescently via the BFP channel (Fig 2h). This 

subpopulation seems to grow from the bacterial-dense outer ring and extend beyond it, and the 

colony’s TKC counts correspond to a “jackpot” TKC event (TKC ≥ 500 CFU)106. In general, the 

trans-TKC plasmid carrying yeBFP (“TKC reporter”) proved unusable in most experiments due 

to its low signal, high autofluorescence, and infrequent TKC events (see Results section 1). In 

colonies, the blue signal was indistinguishable from a mixture of bacterial and yeast 

autofluorescence, with the former appearing stronger; thus, in general, the blue signal was brightest 

wherever the red signal was brightest. In this case, however, it’s clear that the bright blue 

subpopulation along the outer edge doesn’t align with the red signal, and thus is a true 

transconjugant population. More work on this reporter scheme might unlock the possibility of 

better tracking TKC events spatially and allow much better tracking of TKC distribution. 
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These experiments utilized 2% agar media plates to grow mixed colonies, for which bacteria are 

rendered non-motile. To gauge the effect of motility on colony separation, we also ran mixed 

colonies on semisoft 0.2% agar plates, on which bacteria are motile108. These mixed colonies were 

grown for eight days, and, like the 2% agar experiments, measured for flow cytometry and TKC, 

but unlike the 2% agar experiments, were not fluorescently imaged. Rather, they were imaged at 

low resolution in ambient lighting to gauge gross colony structure, since the mCherry fluorophore 

carried by bacteria is visible under ambient lighting. 0.2% agar (motile) colonies showed 

apparently greater separation of population versus the corresponding 2% agar colonies (Fig 2i), 

especially along the z-axis relative to the media, with bacteria preferentially growing furthest from 

the plate. This was true, too, for commensal E. coli, despite their dependence on yeast leucine 

secretion, suggesting a complex interplay between competitive forces and dependent forces (Fig 

2i, upper left, green box). Corresponding to this apparent separation, motile mixed colonies yielded 

fewer overall transconjugants, and more colonies gave zero TKC CFU compared to their 2% agar 

counterparts.  

(Return to top) 

 

3.2.3 Developing an agar pad protocol to elucidate colony genesis at single-cell resolution 
 

To better understand the cell-to-cell interactions that result in the dynamics seen in mixed colonies, 

I developed an agar pad assay that could be used to image cells with single-cell resolution via 

fluorescence microscopy. This modified protocol utilized the ease of agar pad construction relative 

to, say, microfluidic chambers, which are better suited to experiments requiring nutrient flux109. 

Unlike other protocols, with limited sample throughput and imaging time before pads dry out or 

lose imaging focus109–111, this protocol provided 24 experimental conditions per experiment with 
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minimal media depletion. These factors were especially important for comparing to colony assays, 

as most experiments utilized at least 16 conditions—4 cell pairings, 4 monocultures, and ≥ 2 amino 

acid concentrations—and both species grow slowly on mixed minimal media, especially yeast at 

low amino acid concentrations. This was accomplished by first pipetting 3 mL 2% agar media into 

each well of a 24-well “mold” plate (CELLTREAT clear plastic, Dot Scientific # 229123) and 

allowing agar media to dry for ~15-30 minutes. Cells were prepared as for colony experiments 

(see Methods) but diluted to 1E6 cells/mL for each cell type, and 5 uL was used for each pad, for 

5E6 cells (of each species) total. Samples were pipetted into each well of a separate 24-well 

imaging plate (CellVis #P24-1.5H-N glass-bottom optical plates) and agar pad molds were 

transferred to the imaging plate via flat micro spatula such that each well of imaging plate 

contained samples sandwiched between agar media and glass well bottoms (Fig 3a). Plates were 

then sealed with a gas-permeable membrane (Fisher Scientific cat #50-550-304) to prevent drying 

of agar by evaporation. The imaging plate was allowed to grow at 30°C for ~3 hours prior to 

imaging, so that the sample liquid could dry out and/or get absorbed to avoid cell migration during 

imaging. For imaging, a custom Nikon “JOBS” script was written to allow manual identification 

of three points per well such that at least one bacterium and one yeast were proximal in the frame. 

The plate was then imaged for all points for > 15 hours, at 30 minute intervals, using a Nikon 

Eclipse TI inverted microscope at 40x objective, while maintaining 30°C via an Okolab cage 

incubator.  

 

While these experiments weren’t used in any of the spatial assays presented here, this method did 

yield time courses that could resolve the genesis of spatial distribution between populations (Fig 

3b), which, with further image processing, could help to develop spatial models that connect cell-
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to-cell interactions with medium-scale colony outcomes. It could also help to discern dynamics 

that are difficult to resolve at the colony scale, such as the death of bacteria-surrounded yeast (Fig 

3c) and, with further development of TKC-reporters, the spatiotemporal dynamics of conjugation. 

Still, many options exist to improve on this assay, and spatially-resolved dynamics generally, such 

as hydrogels with lower optical noise, and confocal microscopy to resolve z-axis growth112. 

Moreover, this assay would benefit from starting with denser cell inputs and imaging at the edge 

of the spiked cells, corresponding to the colony front, where dynamics are most prominent.  

(Return to top) 

 

3.3 Discussion 

With mixed colonies, I hypothesized that engineering population interactions would result in 

differences in population boundaries, which could be used to control TKC, since conjugation 

occurs exclusively at population boundaries104. More specifically, I reasoned that cross-feeding 

would lead to more population intermixing, as seen in single-species colonies for both E. coli99 

and S. cerevisiae77. But unlike those studies, for which the only separating “force” was genetic 

drift, these mixed colonies have complex forces at play both in separating and intermixing the 

populations. And as seen in culture, spatial distributions of populations show the predominant 

impact of competition between these species, as they primarily separate. Different, too, are the 

dynamics at the colony front, where cells with higher growth rate preferentially establish an 

ecological foothold: in cases where bacterial growth rates are high enough, they appear as a 

constraining halo, surrounding all other cells in the colony. Thus, a simplified model of population 

distribution (if any such models could be called “simple”) will not suffice here, but that does not 

preclude investigating whether overall population intermixing leads to higher TKC. And in this 

regard the work was successful, as even in this competition driven regime, TKC does seem to 
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positively correlate to population intermixing. Contrary to my hypothesis however, this mixing is 

not very tunable, as the range of spatial outcomes is small, and mostly seen only at 0% amino 

acids. Moreover, the cell pairings that caused greater colocalization—my quantitative proxy for 

mixing—weren’t cross-feeding pairs, but rather the commensal pair, followed by the WT pair (see 

3.5.2.E). My interpretation of increased commensal colocalization is that the bacteria, which have 

a superior capacity to establish a spatial niche, will grow near a nutrient source such as secreting 

yeast, but starved yeast don’t share the same capacity when paired with faster-growing bacteria, 

and so auxotrophic yeast pairings have the lowest colocalization. This conclusion needs further 

verification and would be well served by a predictive model that recapitulates these spatial 

distributions based solely on those factors I expect to be most important.  

 

Multiple important features of the mixed colonies remain opaque as well. While I only measured 

fluorescence in two dimensions, I found that colonies had significant features along the z-axis, 

usually with bacteria dominating the highest (from the media) position and yeast preferentially 

growing along the media surface; the analogy I conjured often was of a layer cake (this can be 

seen somewhat in 3.5.2.I). And while the thickness of each species along the z-axis should pertain 

to its measured fluorescent brightness, those quantities are flattened in colocalization analysis. For 

example, if E. coli is uniformly layered atop S. cerevisiae, as seems to be the case for crossB_wtY, 

the pixel intensities for each channel would imply that the populations are relatively well mixed, 

when it’s more likely that a single uniform boundary exists between two otherwise isolated 

populations. That’s not to say that colocalization is not worth measuring—indeed, the pairing cited 

here seems to have the highest TKC—but rather that it’s one indirect method for gauging 
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distribution from 2D measurements, and that a true measure of mixing would require resolving the 

third dimension, e.g. via confocal microscopy.  

 

These mixed colony experiments were also limited by the lack of a reliable TKC-reporter, to 

resolve the spatial distribution of transconjugants, and whether they align with regions showing 

more or less colocalization. While the trans-TKC reporter I constructed with yeBFP did fluoresce, 

its dimness and the infrequency of TKC events, paired with autofluoresce common in the blue 

range113, resulted in blue-channel images that mostly resembled combined autoflorescence from 

each strain, especially E. coli. Short of spatial TKC resolution, colony-wide measurements of TKC 

were useful for relating to other colony-wide measurements such as species composition and 

colocalization, and I was able to deduce that the large variability of TKC outcomes between 

replicates (a much higher range than in culture) was likely due to jackpot events, wherein rare 

events occur early enough for a subpopulation—usually considered for mutations, but here 

considered for TKC—to establish an ecological foothold106. But it would be valuable to know 

exactly where and when such jackpots occur: are they mostly interior “bubbles” or do they 

correspond with segments formed by gene surfing (see Fig 3 in ref 106)? Do they correspond 

spatially with high colocalization or a specific cell ratio? For example, for both higher-colocalizing 

pairings—the commensal pair and the WT pair (green and purple, respectively, in 3.5.2.E)—while 

there’s greater TKC relative to the lower-colocalizing pairs, the correlation between these two 

seems reversed: the commensal pair has higher colocalization and lower TKC relative to the WT 

pair. It could be that the dependent crossB E. coli are better able to constrain expansion of yeast 

and thus prevent gene-surfing like TKC jackpots, while WT bacteria “allow” them; the singular 

likely case of TKC imaging seems to show such a segment in the WT pair (3.5.2.H). This is the 
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type of hypothetical that’s nearly impossible to answer without spatial resolution of all three 

populations: donors, recipients, and transconjugants.  

(Return to top) 

 

3.4 Figures 
 

3.4.1 Figure 1: Creation of TKC reporters. 
 

 
A. Design of TKC reporters.  

For cis-TKC reporters (top), a cassette of pTDH3-iRFP, mCherry and spectinomycin resistance 

was created via overlap PCR of yeast and bacterial components, with homology arms to pTA-Mob 

2.0. Reporter cassette was inserted into pTA-Mob 2.0 via λred recombination so as to replace 

existing gentamicin resistance gene. For trans-TKC reporters (bottom), yeast components were 
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assembled via Golden-Gate based Yeast Toolkit components, after generating a part plasmid for 

yeBFP, and oriT was subsequently added via Gibson assembly. 

 

 

 

B. Demonstration of iRFP fluorescence in cis-TKC reporter.  

40x microscopy of WT yeast either with no plasmid (left) or directly transformed with cis-TKC 

reporter (right). cis-reporter shows bright iRFP fluorescence.  
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C. Demonstration of yeBFP fluorescence in trans-TKC reporter in culture.  

10x microscopy of yeast with no yeBFP (left column), directly-transformed trans-reporter (center), 

or TKC-acquired trans-reporter (right), at two image brightnesses (rows) in liquid media. Yeast 

cells that obtain trans-reporter via TKC show dimmer yeBFP fluorescence than their directly-

transformed counterparts.  

 

 

E. Demonstration of yeBFP fluorescence in trans-TKC reporter in colonies.  

8x zoom dissecting microscopy images of WT yeast with no yeBFP (left column), directly-

transformed trans-reporter (center), or TKC-acquired trans-reporter (right), after 4 days of growth 



 

 

70 

on 2% agar media. Yeast cells that obtain trans-reporter via TKC show dimmer yeBFP 

fluorescence than their directly-transformed counterparts. Scale bars = 1 mm. 

(Return to results) 

 

3.4.2 Figure 2: Mixed colonies follow culture dynamics, show increased TKC with spatial mixing. 

 

 
 

A. Experimental setup of colony assay.  

Cells are combined and pipetted in 2uL droplets onto minimal media with 2% agar. Each plate 

contains ≥ 18 colony replicates of one cell pairing, and one amino acid concentration. After each 

days’ growth, 6 colonies are imaged with a wide-field fluorescence microscope.  3 of these 
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continue to be imaged daily, while the other 3 are scraped, washed, diluted for flow cytometry and 

TKC plating. 

 

 

 

 
 

B. Example of mixed colony cell distribution.  

Fluorescence microscopy images for each cell pairing at 100% LW (top row) and 0% LW (bottom 

row). All pairings here include cis-donors. Yeast are displayed in yellow channel, bacteria in red. 

Channels are scaled for brightness to emphasize distribution, scale bar = 1000um. 
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C. Mixed colonies share relationship between D:R and TKC with co-cultures.  

Log-log plots of TKC counts and donor-to-recipient ratios (D:R), for cis-donor (left column) and 

trans-donor (right column) mixed colonies, over 8 days (rows). Data points colored by cell 

combination (feeding type), linear fit lines colored by day. TKC measured by plating CFU, ratios 

by normalized flow cytometry counts.  
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D. Transconjugant fraction of yeast population doesn’t grow in mixed colonies.  

Colony fractions, on the other hand, are mostly constant, which could either result from a spatial 

population-stabilizing effect (i.e. there are few new interactions over time that could result in 

additional TKC events) or because each colony is measured separately—e.g. day 4’s results don’t 

relate to day 5, etc.—and counts are highly variable due to jackpot events. 
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E. Colocalization shows divergent intermixing at 0% amino acids, though competitive exclusion 

drives spatial distribution.  

Li colocalization analyses of colonies (ICQ = 0.5 is complete colocalization between channels, 

ICQ = -0.5 is complete spatial segregation) show range of outcomes for 0% LW colonies, less so 

for 100% LW colonies. All ICQ values range from -0.1 – -0.5, implying competitive spatial 

segregation. Distributions shown are of cis-donor pairings. Calculated ICQ values for each 

replicate and condition represented by dots, 95% CI of the mean by vertical bars. Stars denote p-

values from ANOVA 1-way test of 95% confidence between all 4 pairings using sum of squares 

test. 

 

***
*** ***

***
*** ***

* n.s **

n.s n.s

**
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F. Colocalization correlates positively with TKC values.  

ICQ values plotted against raw TKC (CFU) counts for cis-donor pairings, at 0% and 100% LW, 

for TKC≥2. For the smaller range of ICQ values at 100% LW, TKC counts slow little divergence, 

whereas at 0% LW, TKC correlates positively with ICQ.  
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G. Radial fluorescence measurements of mixed colonies.  

Radial measurements of bacteria in mixed colonies (via mCherry, left column), yeast (via 

ymCitrine, middle column), and colocalization between the two cell signals (right column), for 

each pairing (color) and LW% (rows) after 6 days’ growth. Lines are means of all pixels measured 

at a given radial shell, shading is standard deviation. Colocalization is measured by intensity 

correlation quotient (ICQ, see SI discussion) for each radius.  
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H. Jackpot transconjugant population along expansion front in mixed colony.  

Fluorescence images of wtB_wtY mixed colony at 10% LW, after six days’ growth. Bacterial 

(mCherry, left), yeast (ymCitrine, middle), and TKC (yeBFP, right. See SI discussion on colony 

analysis for TKC-reporter details) channels are shown. Note that while yeBFP signal is largely 

convoluted by autofluorescence from bacteria (especially) and yeast, a protrusion on the left side 

of the colony shows some of the brightest yeBFP and doesn’t correspond to bacterial signal. This 

colony showed “jackpot” TKC counts, > 500 CFU. Scale bar = 5 mm. 
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I. Motile donors in mixed colonies show greater population separation, lower TKC.  

Images of mixed colonies after 8 days’ growth on 0.2% agar (top left), on which bacteria are motile, 

versus the same cell pairings on 2% agar (top right), on which bacteria are non-motile. Motility-

enabled pairings of crossB_wtY (green box) and wtB_wtY (purple box) ostensibly show greater 

population segregation along the z-axis, with mCherry-carrying bacteria (visible as red in ambient 

lighting) preferentially growing along the top of the colonies (furthest from media). Yeast 

(white/uncolored in ambient lighting) preferentially grow along media surface, lower on z-axis. 

Grids in images are 1 cm2. Brightness and contrast adjusted to highlight morphology. TKC counts 

for 0.2% agar colonies (bottom left) and 2% agar colonies (bottom right) for two LW% (rows) 

3.4.2.I: Motility in 
colonies
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shown for 8 days, demonstrating lower TKC for 0.2% colonies, with more cases of zero TKC 

events.  

(Return to results) 

 

3.4.3 Figure 3: Agar pad imaging of proto-colonies 
 

 
A. Agar pad assay setup.  

3 mL 2% agar media is pipetted into a 24-well “mold” plate and allowed to dry. 5 uL cell mixtures 

are pipetted onto the surfaces of 24-well imaging plate glass, and molded agar is transferred on top 

of samples. Imaging plate is sealed with gas permeable membrane and incubated at 30°C for ~3 

hr to let samples dry, after which it’s imaged every 30 min for ~15 hr via fluorescence microscopy 

while maintaining 30°C. 
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B. Example time course demonstrates creation of population geography at single-cell resolution. 

40x images of bacteria (red) and yeast (yellow) in a crossB_crossY pairing at 100% LW. Times 

shown are based on when plate imaging began, and were selected and scaled for brightness to 

highlight spatial population changes. Scale bar = 20 μm. 

 

3.4.3.B

5 hr 5.5 hr 6 hr 6.5 hr 7 hr 7.5 hr

8 hr 8.5 hr 9 hr 9.5 hr 10 hr 10.5 hr

11 hr 11.5 hr 12 hr 12.5 hr 13 hr 13.5 hr
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C. Agar pad images show yeast death via bacterial saturation.  

40x images of bacteria (red) and yeast (yellow) in a crossB_wtY pairing at 100% LW. Upon being 

fully surrounded by bacteria, fluorescence from yeast cells “turns off”, apparently due to cell death. 

Time points selected to highlight population change. Scale bar = 20 μm. 

(Return to results) 

 

3.5 Materials and Methods 
 

3.5.1 Colony culturing and preparation 
 

Each strain was grown, measured, washed, and diluted as in batch culture experiments. Because 

we wanted 2 μL mixed culture droplets to seed each colony, we had to lower the input cell counts 

to 1E6 of each cell type. Strains were combined accordingly, then aliquoted into striptubes, from 

which we were able to multichannel-pipette ≥ 18 identical 2 μL mixed colonies onto 2% agar 

minimal media plates, or 0.2% agar semi-solid plates, for motility testing. Each 60 mm plate 

3.4.3.C

6 hr 7.5 hr 9 hr

10.5 hr 12 hr 13.5 hr
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(Eppendorf cat #0030701011) contained 75:25 SC:M9 with appropriate bacterial antibiotics for 

plasmid maintenance, 2% or 0.2% agar, and one concentration of amino acids, such that each plate 

represented a single experimental condition; molten media was aliquoted to plates in equal (15 

mL) portions. Once mixed colonies were added to plates, they were allowed to grow at 30°C for 6 

days. For fluorescence-imaging assays, three representative colonies (by eye) were designated 

after the first day’s growth to be repeatedly imaged over the entire time course, while another three 

were designated to be imaged that day only, after which they would be scraped, washed, and 

measured by flow cytometry and TKC-plating. All colonies were numbered, upon being selected, 

to correlate measurements. 

 

After imaging, colonies were manually scraped off plates via micropipette tips and diluted into 1.5 

mL tubes containing 1 mL water. Each diluted colony was vortexed for ~30 s to break up colonies 

and dilute residual agar, then spun at 3000xG for 5 min. 800 μL of water was removed from each 

tube, cells were resuspended in the remaining ~200 μL, 100 μL of which was plated for TKC-

selection (see Batch Culture methods) and another 20 μL was aliquoted into 180 μL PBS+0.1% 

Tween for flow cytometry (see Flow Cytometry methods). After six days’ growth, the colonies (1-

3) designated for continual microscopy imaging were processed and measured in this way. 

(Return to top) 

 

3.5.2 Colony imaging and analysis 
 

Plates were imaged for fluorescence using a Zeiss AxioZoom V16 dissecting microscope, at the 

Newcomb Imaging Center, Department of Botany, University of Wisconsin-Madison. Each cis-

donor mixed colony was imaged for mCherry (Zeiss Set 43 BP 545/25, FT 570, BP 605/70, 200 
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ms exposure) and ymCitrine (Zeiss Set 46 HE, EX BP 500/20, BS FT 515, EM BP 535/30, 600 ms 

exposure), while trans-donor mixed colonies were additionally measured for yeBFP (Zeiss set 49: 

G365, FT395, BP445/50, 500 ms exposure). All images were taken at 8x zoom.  

 

Output .czi files, each of which included all fluorescence images, were converted to .tif files via a 

custom ImageJ macro, with no brightness correction. A custom MATLAB scripts were written to 

import file information, read .tif files, background-correct images, identify colony circles, scan 

intensities of each channel, calculate radial metrics, and measure Li colocalization. 

 

For red (bacteria) and yellow (yeast) channels, images were binarized via Otsu’s method114. The 

blue channel corresponding to TKC-reporter yeBFP was imported using adaptive sensitivity of 

0.5. “Filled” versions of bacterial and yeast channels—for which colony interiors were uniformly 

filled in—were used to automatically determine circular colony dimensions. Filled, binarized 

channels were added together and region properties were calculated for the combined binary 

image, as well as binarized bacterial and yeast samples, using MATLAB’s regionprops function. 

If none of the three “images” was determined to have an event with length greater than 300 px and 

less than 1500 px, they were filtered out and defined as not having grown. Otherwise, whichever 

of the three showed the largest diameter was chosen for circle definition, based on its centroid and 

major axis length. All circle definitions were visually screened, and any images requiring circle 

modification—either due to inaccurate circles or lack of circles—were manually drawn and saved.  

 

Images were background corrected by setting all pixels beyond the boundary of the circle 

definition to “nan”. Background corrected images were then used to generate colony-wide metrics, 
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e.g., averages for each channel across the colony. Li colocalization107 intensity correlation quotient 

(ICQ) was calculated colony-wide by the formula 

𝐼𝐶𝑄 =  
∑  (𝐵𝑖 −  𝐵̅)(𝑌𝑖 −  𝑌̅)𝑁>0

∑  (𝐵𝑖 −  𝐵̅)(𝑌𝑖 −  𝑌̅)𝑁
− 0.5 

Where Xi pertains to individual pixel intensities (B = bacteria, Y = yeast), from which we subtract 

the mean intensity for that channel. For each pixel, a product of each channel’s difference is 

calculated, and the sum of these products is taken. ICQ calculates the proportion of these products 

that are positive (N>0), based on the idea that, for random distributions of intensities in each 

channel, the sum of products of differences should near zero, and thus how positive the sum is 

corresponds to how colocalized the two channels are. If both channels deviate from the mean 

similarly in space, more products of differences will be positive, and ICQ will be higher. 

Conversely, if the channels are highly segregated—e.g., if the bacterial signal is well above its 

average at the same location that the yeast signal is well below its average—more products will be 

negative, and the ICQ will be lower. The subtraction of 0.5 is an arbitrary way to get the metric to 

straddle 0 (corresponding to “random” distributions), with negative values corresponding to 

mostly segregated channels (-0.5 = perfectly segregated), and positive values mostly colocalized 

(0.5 = perfectly colocalized). In our case, all colonies presented as mostly segregated—ranging 

from -0.5 to -0.2—which agrees with both subjective assessment of the images and dynamics 

experiments that demonstrate strong competition between the species, which should result in 

spatial exclusion.  

 

Metrics were also calculated radially, by defining a circumference along the colony circle’s outer 

edge and taking intensity profiles for each unique radius from the circle center to pixels along the 
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circumference. This yielded a matrix of pixel values in terms of radius r angle θ, but rings closer 

to the center were overrepresented due to being measured as many times as there were 

circumference pixels. Thus, “nan” values were introduced in proportion to that r’s fraction of the 

total radius R. Then metrics were calculated along each radial ring, including mean intensities and 

radial ICQ.  

 

3.5.3 Table 1: Strains used in this study 

ID Species Genetic features Fluorescence Source Figures 

yMM1585 Yeast Leu++, Trp-, Ura- ymCitrine, yCerulean 77, this 

work 

2-3 

yMM1636 Yeast His- ymCitrine 77, this 

work 

2-3 

yMM1720 Yeast Leu++, Trp-, His- ymCitrine, yCerulean 77, this 

work 

2 

kMM0011 Bacterium None None 90 All 

kMM0127 Bacterium Trp++, Leu- None 90, this 

work 

All 

 

 

3.5.4 Table 2: Plasmids used in this study 

ID Species Function / Features Fluorescence Source Figures 

pMM0819 Bacterium pProD-mCherry mCherry Addgene 87144 2-3 

pMM0820 Bacterium λred genes None 91 None 

pMM0821 Bacterium Flippase None 91 None 

pMM0892 Bacterium T4SS genes, GentR None pTA-Mob 1.030 2-3 

pMM1018 Both T4SS genes, GentR, 

URA3, HIS3, 

CEN/ARS, oriT, iRFP 

None This work 1 

pMM1066 Both T4SS genes, GentR, 

URA3, HIS3, 

CEN/ARS, oriT, iRFP 

None This work 1 

pMM1353 Both T4SS genes, GentR, 

URA3, HIS3, 

CEN/ARS, oriT 

None pTA-Mob 2.0, 

Addgene 149662 

2-3 

pMM1437 Both yeBFP, oriT, HIS3, 

CEN/ARS 

BFP 95, this work 1-2 

 

(Return to top)  
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Chapter 4: Altering recipient outcomes by tuning populations 
 

4.1 Introduction 
 

Much of the work on TKC has focused on maximizing DNA transfer frequency in the pursuit of 

isolating single transconjugants a la yeast transformation protocols38,38,69,86, or else have 

exemplified novel HGT techniques without focusing on stable modification of recipient population 

fitness36,49. This could be because modifying a population’s fitness is nontrivial, since microbes 

exhibit a range of strategies to adapt to any environmental stressors that would disturb its stability, 

and likewise, multispecies communities at steady state tend to resist any change to one member115. 

This latter point is especially relevant for any would-be probiotic treatment via TKC, as 

microbiomes have shown resistance to novel probiotic strain introduction, often requiring long-

term or repeated exposure to the probiotic116, a community feature that usually works to prevent 

invasion from pathogens117. Still, engineered probiotics offer some of the best opportunities for 

specificity among in situ perturbation strategies25, so increasing the magnitude of their effect on 

recipient populations is worthwhile. 

 

Population perturbation by HGT could be considered in two main ways, depending largely on the 

nature of the recipient cell modification encoded by the transferred DNA. If TKC-mediated 

modifications result in minor changes to the fitness of either species, we might consider any such 

effect as shifts along a stable fixed point for that consortium, i.e., minor shifts in steady-state 

community composition, deviating slightly from the homeostasis of that particular (synthetic) 

ecosystem. In this framing, significant changes in community composition would likely only occur 

if the consortium is already near a critical tipping point—sometimes called an unstable fixed point, 

such as in population collapse—due to the resilience of the established consortium118,119. But if the 
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genetic material introduced by TKC drastically altered the fitness of recipient cells, it might be 

better to consider the community disturbance as the introduction of a new species entirely, in which 

case the stable and unstable fixed points of the new consortium that includes transconjugants 

would be entirely different from that of the original ecosystem, as one additional community 

member independently competes for its niche among limited resources; in short, it would act as an 

invader115. Indeed, both the would-be probiotic (donor) and the transconjugant strain could be 

considered invaders to any system into which the probiotic is introduced. To test the ability of TKC 

to alter recipient populations, I start with ostensibly basic population changes: improve recipient 

cell fitness, or cause recipient cell death. In both cases, I test near critical tipping points, i.e. near 

unstable fixed points for the original two-species consortium of donors and recipients.  

(Return to top) 

 

4.2 Results 
 

4.2.1 Harnessing population dynamics to rescue a recipient population through TKC 
 

To test whether population-control of TKC can be used to alter a recipient, we next sought to 

“rescue” starved yeast cells exhibiting poor or non-existent growth, via genes carried on the 

transferred DNA. We first tested this with the cis-TKC plasmid pTA-Mob 2.0, which carries HIS3 

and URA3 and allows transconjugants to grow in media deficient for uracil and histidine. TKC 

from WT donors mostly failed to rescue U or H-auxotrophic yeast recipients growing in low 

concentrations of uracil and histidine (% UH), as the bacteria competed the yeasts to collapse 

before sufficient transconjugant growth could establish (Fig 1a). 
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Our previous results showed higher TKC for lower donor-to-recipient ratios, so to increase the 

likelihood of rescue, we used auxotrophic bacterial donors at 0% leucine. These donors can thus 

only survive if the paired yeasts metabolically support them. Remarkably, we found a drastic 

increase in TKC-rescue from crossB donors, for both crossY and wtY recipients, though this effect 

varied by uracil and histidine amounts (Fig 1b,c). crossB rescued both recipient strains with greater 

speed and efficiency than wtB did in all cases, though at 0% UH, paired cross-feeder populations 

collapsed (Fig 1a,c). The relationship between D:R ratio and TKC recapitulated population 

dynamics from previous experiments (see 2.4.1.G and 3.4.2.C), though with much higher TKC 

counts due to fitness changes for transconjugants in this experiment (Fig 1d). At intermediate 

concentrations of uracil and histidine—especially 5% UH—rescue showed high stochasticity, as 

some biological replicates were fully rescued while others collapsed (Fig 1e). We also used our 

clumping model to predict the range of possible rescue outcomes for each cell pairing over a range 

of amino acid concentrations. With minimal alterations to account for experimental differences, 

the model recapitulated our experimental results: for most concentrations of U and H, and with [L] 

kept low, bacterial competition is minimized, and greater TKC is possible, allowing for the 

increased rescue of yeast seen in these experiments (Fig 1f,g, see Methods discussion for model 

changes). 

(Return to top) 

 

4.2.2 TKC-mediated CRISPR killing can be interrupted by mannose addition  

 
We next tested whether we could collapse or depress a recipient yeast population via TKC-

mediated killing. We designed a conjugatable CRISPR/Cas9 system that can be transferred from 

bacteria to yeast, where it targets a blue fluorescent, URA3-carrying plasmid in recipients, such 
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that destruction of this plasmid would render recipient cells unable to grow in uracil deficient 

media. Unlike most Cas9 systems, which utilize a repair sequence to replace the cut DNA, we 

relied on repeated cutting of the target DNA with no repair, since our goal was simply to suppress 

the target cells’ growth. Targeting an episomal sequence was also essential, to discern both TKC 

rates and cutting efficiency separately, without the lethality of cutting genomic DNA in recipient 

yeast (Fig 2a). After verifying that the TKC-Cas9 plasmid is efficient for cutting its target via both 

direct yeast transformation and TKC (Fig 2b), we batch cultured cross-feeding yeast (W 

auxotrophs) containing the BFP-URA3 plasmid at low levels of tryptophan and 0% uracil, along 

with donor cells that either contained a functional TKC-Cas9 system, or one lacking an oriT 

sequence and thus unable to transfer DNA. At 1% W, all yeast cultures died out, while at higher 

levels of W (5% and 10%), competition resulted in depressed yeast levels relative to monoculture 

yeast growth (Fig 2c, d). Donors carrying TKC-Cas9 (“cutters”) significantly depressed yeast 

growth beyond competition-mediated decreases, and at 5% W, yeast populations were wholly 

collapsed when co-cultured with the TKC-Cas9 donor (Fig 2e).  

 

To gauge whether any effects of TKC could be reversed by interrupting cell clumps, we switched 

batch cultures to mannose-supplemented media after six days of growth and allowed them to grow 

for another six days (Fig 2f). In both co-culture pairings, subsequent yeast growth stopped 

declining after the media switch and persisted at steady-state levels from day six, ending trends of 

decline in both co-culture pairings, though never recovering recipients completely to previous 

(higher) levels (Fig 2d, e). From this data, we were thus able to discern the extent to which recipient 

populations are depressed by competition from co-culture with bacteria, versus TKC-mediated 

cutting, since the positive and negative donors are equivalent for fitness and ability to adhere and 
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form pili to recipients. TKC counts showed reversibility with mannose addition, with TKC 

dropping after day 6 (Fig 2f). Since transconjugants are terminal in 0% U, it should be noted that 

TKC counts are effectively transient “snapshots” of yeasts carrying TKC-Cas9 that have not yet 

been diluted out of batch-culture or died from starvation. Moreover, because the cut DNA is carried 

episomally in recipients, we were able to grow co-cultures in non-selective media to discern loss 

of URA3 plasmid due to TKC-cutting (versus basal plasmid loss in monoculture yeasts, Fig 2g). 

Interestingly, TKC-cutting donors did apparently cause greater plasmid loss in 100% U media 

compared to negative donor pairings or yeast monocultures, even for conditions in which the 

corresponding 0% U recipient populations didn’t collapse. This suggests either that the two 

conditions (100% vs. 0% U) aren’t readily comparable, or that longer growth without mannose 

could have collapsed those populations, especially given that the trajectory of plasmid loss in 100% 

U reverses upon mannose addition. 

(Return to top) 

 

4.3 Discussion 

It’s hard to know which facets of a complex system will matter for a tangible application until you 

actually try to apply it. With the goal of finding ways to perturb recipient populations in situ, and 

the awareness that TKC is limited by its contact dependence, I first sought to test basic functions 

for transferred DNA: either delivering an essential gene to salvage recipient growth (“rescue”) or 

delivering DNA capable of killing the recipient (via TKC-Cas9). Naively, the rescue assay would 

seem quite simple, as TKC plasmids already carry essential yeast genes for the sake of selecting 

transconjugants, thus, I only needed to change the selective pressure on the recipients by limiting 

those nutrients encoded by the TKC plasmid. The transconjugants that would act as community 
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invaders to the two-strain consortium—as discussed in the Introduction to this chapter—would 

thus have drastically higher fitness than their non-conjugated counterparts, theoretically allowing 

them to fill the ecological niche left by poor-growing yeasts. But because the population dynamics 

between the species are complex and highly competition-driven, initial tests for rescue using only 

WT donors (with or without conjugative function) showed no rescue, as the low frequency of TKC 

was dwarfed by the competitive detriment from bacteria in co-culture. No “invader” 

transconjugant species could establish an ecological niche because the bacteria readily filled them. 

But increased TKC from lower-growing (commensal) donors provided a fruitful alternative, as 

starved donors proved exceptionally efficient in maximizing TKC events while minimizing 

competitive exclusion, so long as sufficient yeast were able to grow to sustain the donors.  

 

Applying my deterministic (clumped) model to rescue conditions also demonstrated how this 

dynamic can result from time-independent changes to cell fitness, or as I call it above, “consortial 

fitness”. E.g., the better-rescuing auxotrophic donors don’t require time-sensitive clumping 

dynamics—in fact, fits of clumping rates were lower for crossB vs. wtB, see 4.5.3—or some other 

starvation phenotype; lowered donor consortial fitness was sufficient to recapitulate this 

phenomenon. Stochasticity seen in rescue capacity between replicates (especially at 5% UH) in 

such a deterministic system would thus appear to represent a critical transition in a conceptual 

phase space of the original two-species consortium, or to be more specific, an unstable fixed 

point118, above which both populations are resilient enough to allow rescue, and below which 

insufficient yeast growth causes collapse of both species. The model also implies that several 

additional conditions exist beyond what I’ve tested for here, so long as bacteria aren’t so fit as to 

competitively exclude yeast including newly formed transconjugants. Moreover, it’s worth noting 



 

 

92 

once again that there are likely other sets of parameters that could represent this system (see 

above), but it’s my view that any set that sufficiently recapitulates the population dynamics will 

similarly show a conjugative benefit to lower-growing donors in rescue conditions.  

 

While the rescue assay required little adaptation of batch culture experiments, TKC-mediated 

killing required a bit more engineering. Part of the complexity lie in my dual purposes: to depress 

recipient populations and to build a scaffold for future TKC-mediated applications. Thus, I sought 

to transfer a readily-programmable Cas9 system, versus a gene or toxin specific to S. cerevisiae. 

Most CRISPR-Cas9 systems, however, utilize a repair sequence to replace the cut DNA, and given 

TKC operates via plasmid DNA, incorporating a repair sequence is nontrivial. Some research has 

gotten around this inconvenience by including integrating genetic elements in their conjugative 

material32,36, but I found this unnecessarily complex for recipient killing, moreover, I wanted to 

control for Cas9-cutting efficiency without use of an inducer49. Thus, I strategized a scheme 

whereby the cut target resides on plasmid DNA in the recipient, so that cutting activity can be 

selected for, even with constitutive Cas9 nuclease activity (it’s always “on” when in recipient cells) 

and no repair sequence provided; any similar scheme with genomic cut sites would likely kill any 

transconjugants regardless of selection, by disrupting the genome. To the best of my knowledge, 

such a CRISPR scheme hasn’t been employed in yeast. I designed sgRNA to target a connector 

sequence in the Yeast Toolkit for modular assembly of yeast plasmids, designed by Lee, et. al.95, a 

design feature that should allow for ready adaptation to other cut targets, so long as the same 

connector sequence is included in plasmid assembly. In these experiments, the cut target encoded 

the essential gene URA3 and the fluorophore yeBFP. Thus, I was able to select for transconjugants 

separately from measuring cutting efficiency, while simultaneously tracking changes in blue 
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fluorescence relative to the total yeast population. And in this regard, I was able to successfully 

determine that all sgRNAs designed had 100% cutting efficiency within the detection limit, which 

was admittedly small due to low transconjugants in trans. It’s also worth noting this strategy is 

limited to plasmid curing, and any introduced function not achievable by such cutting would 

require some integrating element, which could be plasmid-based or genomic.  

 

Knowing that only a small percentage of yeast cells are converted to transconjugants in culture, 

especially with a trans-delivery system, I ran batch cultures with auxotrophic yeast at a range of 

low tryptophan concentrations, to test the lower limits of yeast growth for their susceptibility to 

TKC-mediated collapse. And even knowing the rates of TKC and cutting efficiency, it wasn’t 

obvious that TKC-mediated cutting would have any effect on a population scale, as I naively 

assumed any loss of yeast cells due to killing would simply allow uncut yeasts to fill the ecological 

niche left by their cut counterparts. That’s to say, it seemed TKC-cutting would have to outpace 

the recipient population’s ability to recover and re-fill the ecological niche lost to cut cells. Thus, 

I was somewhat surprised to find a rather clear case of TKC-driven recipient collapse at 5% W. In 

this case, donor cells seem to have competitively filled the ecological niche left by deceased 

transconjugants, which comports decently well to the fits for resource niche overlap (c close to 

values of 1 in the models, see 2.4.5) and the fact that bacteria are able to grow and fill that niche 

more quickly than yeast. And while the fold-decrease in yeast cells was significantly different 

between TKC-Cas9 donors and negative control donors for most conditions (see 4.4.2.F), I only 

found recipient collapse at 5% W, suggesting that the population perturbations are still minor, with 

TKC events nudging the consortium away from its stable fixed point by “removing” yeast cells in 

small numbers, and only resulting in regime change when the stable fixed point is nearest the 
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unstable fixed point, i.e. when the population resilience is lowest (Fig 2i). It'd also be very 

interesting to test the effect of starved donors on this dynamic, as I would simultaneously expect 

higher TKC-mediated killing—due to increased TKC such as in the rescue assay—and a lower 

bacterial capacity to competitively fill ecological niches left open by cut recipients. 

 

Because I had control over cut-selection, I was also able to duplicate my “killing” assay in non-

selective media (100% U nonselective vs. 0% U selective) and measure the relative plasmid loss 

due to cutting. Interestingly, the growth of co-cultures in 100% U were uniformly worse for both 

species, a phenomenon that I still can’t explain, though it doesn’t seem to have affected the overall 

differences between non-conjugating donors, TKC-Cas9 donors, and yeast monocultures, in terms 

of plasmid loss. For the conditions in which yeast persisted—here, only 10% and 15% W—plasmid 

loss was fairly consistent between yeast monocultures and non-conjugating co-cultures, whereas 

TKC-Cas9 co-cultures showed markedly greater loss in these conditions. 

 

Finally, this experiment included several additional days of batch culture growth, after adding 

mannose to the media. While this was not an exhaustive test—it neither controlled for prolonged 

growth without mannose nor graded mannose concentrations—the reversal of trajectories across 

several measures is striking. Declining yeast populations in cut-selective media leveled off, TKC 

counts declined from their peaks, plasmid loss in non-cut-selective media reversed, and cells 

visibly showed less clumping via microscopy. This is very exciting for future applications, as it 

implies that TKC-mediated perturbations are largely interruptible via addition of a non-toxic sugar, 

but this result requires further validation and exploration of its limitations. Moreover, it might be 

possible to achieve reversibility—not just interruptibility—given different mannose 
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concentrations, as it’s yet unclear whether the observation of post-mannose transconjugants were 

due to new TKC events (albeit at lower frequency) or persistent growth of transconjugants created 

pre-mannose. 

(Return to top) 

 

4.4 Figures and Tables 

 

4.4.1 Figure 1: TKC-mediated rescue of unhealthy recipient populations via population tuning 
 

 
A. Growth trajectories for rescue assay.  

Normalized flow cytometry data for each cell pairing (columns) at four cross-fed amino acid 

concentrations (UH%, rows), for seven days’ batch culturing. Bacterial cell counts shown in red, 

yeast counts in yellow. Solid lines represent co-culture traces, which are matched with each cell’s 

monoculture traces (dotted) for comparison; shading is standard deviation (six replicates co-

culture, five replicates monoculture). 
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B. Yeast growth is rescued by cross-feeding donor TKC.  

Normalized yeast cell counts from flow cytometry for each cell pairing of crossY at 10% UH, 0% 

L. In monoculture (dotted line), crossY grows poorly at 10% UH. WT bacterial donors 

competitively exclude crossY (dot-dash line), despite their ability to transfer TKC plasmid that 

would rescue recipients. crossB donors, on the other hand, are able to transfer rescuing plasmid 

(solid line), allowing full crossY rescue. Means of six replicates over two experiments shown as 

traces, shading as standard deviation. 
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C. Batch culture growth in rescue assay shows greater success for starved donors.  

Split heatmaps of normalized cell counts from flow cytometry for four cell pairings (columns) and 

four concentrations of uracil and histidine (rows). All samples grown with 0% leucine to starve 

crossB (bacteria in red). Yeast (yellow) auxotrophic for URA3 or HIS3, show greater growth upon 

receiving conjugated pTA-Mob 2.0 (cis), which is only significant when paired with crossB. 

Brightness is mean of six replicates across two experiments, normalized to max cell count per 

species and experiment, multiplied uniformly to visualize low-growing strains. 
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D. Rescue assay recapitulates D:R and TKC relationship.  

Log-log plots of donor-to-recipient ratios (D:R) and TKC, for rescue assay (cis) cultures, for each 

day’s measurements (rows). Note that while the negative correlation between D:R and TKC 

recapitulates previous findings, the scale of the y-axis (TKC CFUs) far exceeds those from 

previous experiments due to differing selective pressure on transconjugants. 
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E. Stochasticity in rescue outcomes at apparent critical point.  

TKC plate for one rescue experiment at day six. Left three columns are crossB_crossY, right three 

columns wtB_crossY, with each row a different UH% (top to bottom: 15, 10, 5, 0); each condition 

shown has three replicates. Note that at 5% UH (all samples have 0% L), three crossB_crossY 

replicates give drastically different outcomes, ranging from collapse (well C1) to full rescue (well 

C3). We predict this corresponds to the boundary between red and green conditions in the phase 

map (Fig 1g). 
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F. Model prediction of rescue phase map.  

Predictions for TKC counts based on clump model, adapted for rescue assay conditions. 

Concentrations of L (y-axis), U, and H (x-axis), for each cell pairing in rescue assay shown, with 

values 0%, 5%, 10% and 15% highlighted with cyan lines. Note that while rescue conditions don’t 

include a range of leucine concentrations (only 0%), the model predicts a range of [L] over which 

crossB could rescue yeast more effectively than wtY.  
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G. Conceptual phase map of TKC outcomes.  

Comparing fitness of bacterial (y-axis) and yeast (x-axis) growth, as controlled in rescue assay by 

amino acid levels. At low enough fitness for both species, populations collapse before sufficient 

TKC can occur. When bacteria are sufficiently supplied with nutrients (or don’t require them), 

competitive exclusion suppresses rescue of yeast by transconjugant growth. At low bacterial 

fitness, but moderately low yeast fitness, enough yeast cells are present to sustain growth of the 

starved bacteria for long enough to drive TKC, and the lack of competitive exclusion from the 

unhealthy donors allows for full rescue of recipient population. 

(Return to results) 
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4.4.2 Table 1: Rescue model parameters (values in green diverge from clump-model parameters) 
 

Var Parameter Unit Model Fits per Cell Pairing 
crossB_crossY crossB_wtY wtB_crossY wtB_wtY 

Rb Free bacterial growth rate hr-1 0.75 0.75 0.75 0.75 

Ry Free yeast growth rate hr-1 0.58 0.58 0.58 0.58 

Rcb Clumped bacterial growth 

rate 

hr-1 0.25 0.25 0.25 0.25 

Rcy Clumped yeast growth rate hr-1 0.18 0.18 0.18 0.18 

Rc Clumping rate Unitless 0.03 0.05 0.03 0.05 

Kb Bacterial carrying capacity mCherry 7566 7269 5590 6790 

Ky Yeast carrying capacity ymCitrine 2822 2700 2637 2412 

cb Ecological niche overlap 

(effect of bacteria on yeast) 

Unitless 0.80 0.69 0.90 0.70 

cy Ecological niche overlap 

(effect of yeast on bacteria) 

Unitless 0.91 0.95 0.90 0.93 

Gb Global amino acid (for 

dependent bacteria) 

Molar 

 
100% leucine = 7.622*10-4 M 

Gy Global amino acid (for 

dependent yeast) 

Molar 

 
100% Uracil/Histidine = 1.0*10-4 M 

αb Secreted amino acid (for 

dependent bacteria) 

Molar/ 

mCitrine 
9.2E-5 1E-8 9.2E-5 1E-8 

αy Secreted amino acid (for 

dependent yeast) 

Molar/ 

mCherry 
1E-20 1E-20 1E-20 1E-20 

Pb Proximity multiplier for αb Unitless 50 50 1 1 

Py Proximity multiplier for αy Unitless 1 1 1 1 

kb Monod term for dependent 

bacteria 

Molar 2E-6 2E-6 0 0 

ky Monod term for dependent 

yeast 

Molar 1.2E-5 0 1.2E-5 0 

Db Bacterial death rate hr-1 0.46 0.50 0.52 0.46 

Dy Yeast death rate hr-1 0.46 0.39 0.45 0.48 

γ Free TKC rate Unitless 1E-8 

γc Clumped TKC rate Unitless 2.5E-4 

 

(Return to results) 
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4.4.3 Figure 2: TKC-mediated killing drives recipient population collapse, is mannose-interruptible. 

 
A. Design of TKC-mediated CRISPR system.  

pTA-Mob 1.0   T4SS plasmid (trans) is paired with a Cas9 plasmid that contains the oriT sequence 

(allowing for transfer), HIS3 yeast selection marker, and sgRNA coding for a connector region in 

BFP-URA plasmid. Recipient yeast are Δura30, Δhis3::HPHMX6 and carry BFP-URA plasmid. 

Upon TKC transfer, BFP-URA plasmid is continually cut via Cas9, with no repair template, but 

yeast can continue to grow in media supplemented with uracil. In this way, we can measure TKC 

efficiency independently from CRISPR cutting efficiency, but plating for TKC (SC -H) and then 

replica plating for cut yeast (SC -UH). Finally, cut-verified donors are grown in batch culture with 

CRISPR recipient yeast at 0% U to gauge ability to depress recipient population through TKC-

killing. 
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B. sgRNA testing for TKC-mediated killing.  

Transformant/TKC selection plates (SC-H, left) and corresponding cut selection replica plates 

(SC-UH, right). Top row: Cas9-sgRNA was transformed directly into yMM1787, resulting in ~220 

colonies on SC-H, none of which replica plated on SC-UH, demonstrating complete cutting of 

BFP-URA3 plasmid. Middle row: Cas9 (no sgRNA) negative control was transformed directly 

into yMM1787, showing only three colonies on SC-H, all of which replica-plated on SC-UH, 

demonstrating no cutting. Bottom row: Cas9-oriT-sgRNA was conjugated into yMM1787 via 

crossB TKC donor, showing ~20 transconjugants, none of which replica plated on SC-UH, 

demonstrating complete cutting of BFP-URA3 plasmid via TKC. 
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C. Growth plots of co-cultures show TKC-killing in some conditions.  

Day-end fluorescence measurements from 12 days of batch culturing of cell pairs at four 

concentrations of tryptophan (rows). Trp-auxotrophic recipients collapse for both pairings (cutting 

donor and no-oriT negative control donor) at 1% W, but only for the cutting donor at 5% W. Lines 

are means of three replicates, shaded region standard deviation. Mannose was added to experiment 

after day 6, shown as vertical dotted lines. 

TKC-induced collapse

Cutter
Neg control
Monoculture
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D. Growth trajectories for TKC-killing assay.  

Normalized fluorescence data for each cell pairing (columns) at four yeast-dependent amino acid 

concentrations (W%, rows), for 12 days’ batch culturing. All samples shown are grown in 0% U 

such that yeast that receive the TKC-Cas9 plasmid are cut and can no longer grown. Bacterial 

(normalized mCherry) traces shown in red, yeast (normalized ymCitrine) counts in yellow. Solid 

lines represent co-culture traces, which are matched with each cell’s monoculture traces (dotted) 

for comparison; shading is standard deviation (three replicates). Vertical dotted lines represent 

addition of mannose to media, after which yeast growth appears to level off. 
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E. Comparing recipient population decline between co-cultures, monoculture.  

Fold-decreases in yeast growth, based on normalized fluorescence, from recipient yeast 

monoculture (left: cut-donor in red, negative control donor in blue) or negative-control co-culture 

(right: cut-donor in red). Fold decrease = -(Baseline Citrine) / (Measured Citrine), where 

“baseline” is either monoculture (left) or negative-control donor co-culture (right). Points are 

means of three replicates, bars 95% CI. Stars represent p-value significance from two-sample t-

test, with no significance for time points lacking stars (p > 0.05). Vertical dotted lines designate 

addition of mannose at day 6.  

 

Fig 7: CRISPR

C. Fold decrease
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F. Microscopy images of TKC-killing co-cultures pre and post mannose addition.  

10x images of co-cultures from TKC-killing assay, showing clumping before mannose addition 

(left, day 5), vs. free cells after mannose addition (right, day 7); mannose was added after day 6. 

Cells shown are cut-donors and yMM1787, at 5% W 100% U. Brightness for each channel (red, 

yellow, and blue) was manually scaled to visualize cells most easily. Scale bar = 50 μm. 

(Return to results) 
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G. Transient TKC counts show rise, mannose-initiated fall.  

TKC counts (CFU) for both cell pairings (negative control donor, blue, is unable to transfer DNA, 

all counts = 0), over four W% (rows). After addition of mannose (vertical dotted line), most 

surviving co-cultures drop in TKC counts. Note that 5% W yeast population is coincidentally 

driven to extinction near day 6, and thus unaffected by mannose. TKC counts here are “transient” 

because transconjugants are terminal at 0% U, so transconjugants are unable to persist in co-culture 

across days.  
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H. Plasmid loss for TKC-killing assay without cut selection.  

Fold-loss of BFP-URA3 plasmid in 100% U, for each co-culture relative to yMM1787 

monoculture, at four different W% (rows) over 12 days’ batch culture. Because yeast are prone to 

lose the BFP-URA3 plasmid without uracil selection, these demonstrate additional loss of this 

plasmid due to cutting. Fold decrease calculated by –(Monoculture BFP signal) / (Co-culture BFP 

signal). Note that cut-donors (red) drive yeast to extinction in 5% W at around day four, and so 

parity with negative-control donors (blue) after that is likely an artifact of overall low BFP signal. 

Vertical dotted lines denote addition of mannose. 
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I. Conceptual stable and unstable fixed points of yeast in consortium.  

A conceptual map of auxotrophic yeast populations in consortium with bacteria (y-axis), based on 

concentration of tryptophan ([W]). For environmental perturbations to cell counts (changes in y) 

bordering a stable fixed point (dark blue line), the yeast population is likely to recover toward its 

consortial homeostasis (direction of green arrows), though less so when another species is capable 

of filling the ecological niche left by population loss. If a perturbation drops the population below 

the unstable fixed point (red dotted line), however, the yeast will not recover and will instead 

collapse. The distance between unstable and stable fixed points is defined as the resilience of the 

population. In our experiment, TKC-mediated killing decreases yeast counts (orange arrows) 

below the consortial steady state, but only drops the recipient population below the unstable fixed 

point at 5% W. Map is not meant to be to scale, and is based on Dai et. al. 2012118. 

(Return to results) 

(Return to top) 

Fig 6: Rescue

D. Conceptual phase space
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4.5 Materials and Methods 
 

4.5.1 Rescue growth model 
 

To apply insights from the clumping model, rescue conditions were tested within the clumping 

model via the following modifications. Here, yeast cells are selected for TKC events, and there’s 

no limitation of tryptophan (required externally by crossY). To account for this experimental 

change, the entire amino acid term for yeast growth was based upon limitations of uracil and 

histidine (required externally for both yeast strains, and carried by Mob1 plasmid)—a change 

accounted for in changes to input parameters G—but the entire amino acid term was removed from 

the transconjugant ODE, making them agnostic to terms G, α, and P. Moreover, because we assume 

rescued yeast to not stay primarily clumped over a long period, the growth rate for transconjugants 

was assumed to fall somewhere between that of clumped yeast and free yeast. Finally, unlike 

previous transconjugant equations, in which transconjugants were primarily carrying-capacity 

limited by non-transconjugant yeast, here the opposite is likelier true, for any rescue conditions 

(that would allow yeast numbers to approach carrying capacity), so T is entered into carrying 

capacity limitation for free bacteria, free yeast, and transconjugants. 

 

Modified growth equation for transconjugants (T) in rescue assay: 

𝑑𝑇

𝑑𝑡
= (

𝑅𝑙𝑦 + 𝑅𝑦

4
) ∗ 𝑇 (1 − 

(𝑌 + 𝑇 + 𝐶𝑦) 

𝐾𝑦
−  

𝑐𝑏𝐵

𝐾𝑏
) − 𝐷𝑦 (

𝑇

𝐾𝑦
) + 𝛾 (

𝐵 ∗ 𝑌

𝐵 + 𝑌
) + 𝛾𝑐 (

𝐶𝑏 ∗ 𝐶𝑦

𝐶𝑏 + 𝐶𝑦
) 

 

To model the phase space of transconjugant outcomes for a range of bacterial and yeast fitness, 

based on limited amino acids, concentrations of leucine (crossB-dependent) and uracil/histidine 

(all yeast-dependent) G were tested against other fixed parameter outcomes from the clumped-cell 

model. Because molar concentrations of uracil (crossY-dependent) and histidine (wtY-dependent) 
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are similar for 100% KS solution (0.0954 mM histidine, 0.178 mM uracil), both were assumed 

equal at 100% (0.100 mM). Monod terms k were modified to reflect amino-acid sensitivity 

differences from cross-fed coculture experiments, with crossB maintaining its value for leucine 

dependence, wtB maintaining its lack of sensitivity (kb = 0), and setting both yeast strains to the 

value found for crossY sensitivity to tryptophan (see Table S2), making both crossY and wtY 

equally sensitive to U or H.  

 

Concentrations of amino acids were swept over the range of 0-15%, as per many experimental 

conditions, even though the rescue assay kept [L] at 0% (uracil and histidine ranged from 0% to 

15%). Model anomalies arose when setting all amino acids at or near 0, in which TKC values far 

surpassed possible ranges (>1010), presumably due to small denominators in cell collision equation 

terms. To account for this, model outputs for which either bacterial or yeast counts dropped below 

1 (after converting from fluorescence, for both clumped- and free-cells) were zeroed out for TKC 

at those times. This modification had no perceptible changes for amino acids not near 0%. 

(Return to top) 

 

4.5.2 CRISPR-Cas9 plasmid and strain construction 
 

For TKC-mediated CRISPR killing assay, the crossY, ura3Δ0 hismx6Δ::HPHMX strain yMM1786 

was transformed with the plasmid pMM1360 containing pTDH3-yeBFP URA3 CEN/ARS without 

an oriT sequence. sgRNAs were designed to cut within the connector region of this plasmid (ConR1 

from YTK), downstream of yeBFP, such that any YTK-assembled plasmid containing the ConR1 

sequence could be a target in future experiments. CRISPR plasmids were assembled using Ellis 

lab plasmids120,121. Briefly, oligos for five sgRNA sequences targeting the ConR1 region were 
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designed using Benchling122, PNK-phosphorylated and annealed. Annealed oligos were then 

assembled into sgRNA entry vector pMM1340 via Golden Gate assembly and transformed into 

bacteria, selecting with carbenicillin. Purified and sequence-verified sgRNA plasmids were then 

digested with EcoRV to isolate the sgRNA sequences with homology arms matching the insertion 

site of the Cas9 plasmid. Plasmid pMM1341, which contains Cas9, GFP, and HIS3, was digested 

with BsmBI to remove GFP and leave homology arms for sgRNA at each end of the resultant linear 

DNA. The two pieces were combined via yeast recombinant cloning. Finally, oriT was inserted by 

ligating a modified version of the oriT sequence with the assembled Cas9-sgRNA after digesting 

with AatII and SacII.  

(Return to top) 

 

4.5.3 Determination of TKC count  

In most cases, transconjugant counts were assayed as in Chapter 2 methods. For rescue assay, due 

to higher counts, cultures after day 2 were serial-diluted up to 1:10,000, in increments of 10x 

dilutions, and frogged onto SC-UH 2% agar in a 245 mm BioAssay Dish (Corning cat # 431111). 

Countable microcolonies from frogging dilutions were averaged, based on dilution value; saturated 

microcolonies were ignored. 

(Return to top) 

 

4.5.4 Batch culturing measurements 

Generally, samples were batch cultured as per Chapter 2 methods, including dilutions, growth 

conditions, fluorimetry, and flow cytometry. For the TKC-killing assay, a couple of notable 

variations were employed. First, while flow cytometry was performed on these samples, days after 
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mannose addition (days 7-12) were measured by flow cytometry every other day, but due to a 

myriad of technical difficulties among the flow cytometers used, these results were discarded and 

Tecan fluorescence were used as the primary measurments of populations. Yeasts and bacteria 

were measured for fluorescence as in Chapter 2, but here yeBFP was also measured (Ex=381nm, 

Em=445nm, 20nm bandwidth, gain=60) for loss of plasmid from recipient population. 

Additionally, samples were measured every other day via fluorescence microscopy as per clump 

imaging in Chapter 2, with images of non-diluted and 50x diluted samples taken every other day 

for the 12-day time course. 

(Return to top) 

 

4.5.5 Table 2: Strains used in this study 

ID Species Genetic features Fluorescence Source Figures 

yMM1585 Yeast Leu++, Trp-, Ura- ymCitrine, yCerulean 77, this 

work 

1 

yMM1636 Yeast His- ymCitrine 77, this 

work 

1 

yMM1720 Yeast Leu++, Trp-, His- ymCitrine, yCerulean 77, this 

work 

2 

yMM1786 Yeast Leu++, Trp-, Ura-, His- ymCitrine, yCerulean 77, this 

work 

2 

yMM1787 Yeast Leu++, Trp-, Ura-, His-, 

pMM1360 

ymCitrine, yCerulean, 

BFP 

77, this 

work 

2 

kMM0011 Bacterium None None 90 1 

kMM0127 Bacterium Trp++, Leu- None 90, this 

work 

Both 

 

 

4.5.6 Table 3: Plasmids used in this study 

ID Species Function / Features Fluorescence Source Figures 

pMM0819 Bacterium pProD-mCherry mCherry Addgene 87144 Both 

pMM0892 Bacterium T4SS genes, GentR None pTA-Mob 1.030 2 

pMM1353 Both T4SS genes, GentR, 

URA3, HIS3, 

CEN/ARS, oriT 

None pTA-Mob 2.0, 

Addgene 149662 

1 
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pMM1340 Bacterium sgRNA assembly 

vector, sfGFP 

GFP Addgene 90516 None 

pMM1341 Bacterium Cas9, sfGFP  GFP Addgene 90519 None 

pMM1342 Bacterium sgRNA assembly, 

YTK target 

None This work None 

pMM1360 Both yeBFP, URA3, 

CEN/ARS 

BFP 95, this work 2 

pMM1437 Both yeBFP, oriT, HIS3, 

CEN/ARS 

BFP 95, this work 2 

pMM1438 Both Cas9, oriT, sgRNA 

(YTK), HIS3 

None This work 2 

pMM1439 Both Cas9, sgRNA (YTK), 

HIS3 

None This work 2 

 

(Return to top) 
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Chapter 5: Optogenetic control of TKC 
 

5.1 Introduction 

 
In synthetic microbiology, a myriad of tools has been developed to control cells in space in time, 

but the majority of them involve diffused molecules added to the growth system, such as the 

commonly used sugar inducer arabinose. Optogenetics—the control of cell functions by light 

stimulation—adds a versatile control option, as light activation of gene expression is cheap and 

easily controlled for time, space, and intensity123. While the light used to activate microbial genes 

(in yeast) was initially red/far red124, most systems currently in use in bacteria utilize blue-light 

inducible photoreceptors, including the histidine kinase-driven pDawn system125 used here. 

Activation by blue light limits utilization in any future TKC-based probiotics, since blue light, 

unlike red light, doesn’t readily penetrate mammalian tissues126,127. Still, options exist for internal 

(blue) optogenetic stimulation, whether by nanoparticles that can convert infrared light to blue 

light128,129, or bioluminescent generation of blue light130. Moreover, blue-light optogenetic-driven 

probiotics could readily be applied to perturb surface-associated fungi, such as those in oral cavity 

or skin infections, or the rhizosphere (see Introductory remarks), where light stimulation would be 

much more accessibly achieved. 

 

Optogenetic activation of TKC could have many other applications in synthetic biology, moreover, 

not least as dosage control of T4SS genes to discern its regulation, which is still little understood57. 

Several studies have used optogenetics to control spatial growth patterns—whether in yeast 

cooperator-cheater systems by activating production of a public good131, or by optogenetic 

patterning of bacteria by stimulated adhesion between cells132,133—which could be used to control 

TKC by engineering population boundaries. Moreover, with the findings presented above (see 
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Chapter 2 results), optogenetic control of mannoprotein binding via Type I fimbriae expression 

could hypothetically directly control adhesion between E. coli and S. cerevisiae, and thus TKC, in 

culture as well as colonies. Finally, optogenetic control of the T4SS could more directly control 

any perturbations caused by TKC, and is the purpose of this chapter.  

 

The pDawn system used here for bacterial light-activation of the T4SS is readily modified for gene 

of interest, has long “off” kinetics (once activated, it stays on for long periods), and enjoys previous 

validation in our BW25113 strain125,134. Briefly, symbiotic nitrogen fixation genes from 

Bradyrhizobium japonicum FixJ and FixL were modified to incorporate a Light Oxygen Voltage 

(LOV) domain of the Bacillus subtlis gene YtaV onto FixL, to form the chimeric histidine kinase 

YF1125,135. In the absence of light, YF1 phosphorylates FixJ, which then drives the promoter 

FixK2. In the similar pDusk system, a gene of interest is placed under the control of pFixK2, 

enabling light-sensitive repression (gene turns off in blue light), whereas in pDawn, a gene-

inversion cassette is placed downstream of pFixK2. In pDawn, pFixK2 drives the λ phage repressor 

CI, which represses the strong promoter pR, under which the gene of interest is placed; thus, blue 

light turns off repression of the gene of interest, and thereby enables blue-light activation125. While 

this system was chosen in part for its ability to maintain activation even while not being stimulated 

(see Methods), more temporal control of gene de/activation could be achieved by switching to 

light-dimerizing systems136,137, or the well-studied light-DNA-binding EL222138, upon 

understanding the key determinants of optogenetic-TKC activation. 

 

To incorporate optogenetic control of the T4SS, the first question is which of the 100+ gene(s) to 

modify in the pTA-Mob plasmids used in this study. As an initial target, I chose TraJ, due to its 
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essential role in the relaxosome, wherein it binds to the oriT sequence59,60, a decision that was 

recently validated by work from the Karas lab (the source of the pTA-Mob plasmids) that found 

increased TKC after mutating the TraJ promoter64. Thus, any opto-TKC scheme first required 

extensive plasmid construction, to 1) put TraJ under pDawn control, 2) construct a trans-acting 

conjugative plasmid (see section 3.2.1), and 3) delete TraJ from pTA-Mob 1.0, to allow exclusive 

optogenetic control of this essential relaxosome function.    

(Return to top) 

 

5.2 Results 

 

5.2.1 pDawn shows prolonged activation with low intensity, short-pulsed light signal 

 
Despite previous validation of the pDawn system with blue light, our automated batch culture 

system doesn’t allow for simultaneous and prolonged optogenetic stimulation and culture shaking, 

so I first tested a range of light intensities and lengths for expression of pDawn-sfGFP132. Our lab 

previously developed a 96-well optogenetic stimulation array (“optoPlate”)139, which we 

incorporated into our automated Tecan Fluent plate handling robot, such that plates can be 

transferred between a heated shaker (“Bioshakes”), the optoPlate, and a Tecan Spark fluorimeter 

(Fig 1a). For a first test, I grew cells containing pDawn-sfGFP at room temperature and no shaking, 

but constant light stimulation across the full range of available light intensities. The plate was 

transferred to the Spark and measured for GFP fluorescence and OD600 every 15 minutes for ~24 

hours. At ~20 hours’ growth, well after all sfGFP-containing cells had exceeded the fluorimeter’s 

detection limit, I lowered the gain on the GFP channel to discern late-stage changes between light 

intensities. Results show all but the lowest light intensities fully saturated for green fluorescence 

by 5 hours’ growth, and with roughly equivalent loss of growth from sfGFP expression after 5 

hours (Fig 1b). 
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Next, I tested whether low light-activation times would yield similar expression, so that 

experiments could primarily be grown on the Bioshakes, to match other culture conditions. Instead 

of growing pDawn-sfGFP carrying cells on the optoPlate as before, I grew them on the Bioshakes, 

held at 30°C, and included a 1 min light activation step after every 15 min Spark read. Results 

generally recapitulate the previous results from constant stimulation (Fig 1c), verifying the long 

“off” time of the pDawn system. Subsequent experiments utilized light activation intensities of 50, 

since this was the lowest intensity to yield full green fluorescence—on par with the highest light 

doses—by 10 hours, and had the highest GFP/OD600, i.e., the highest fluorescence per cell 

density.  

(Return to top) 

 

5.2.2 Deletion of TraJ from T4SS genes leads to reduced TKC, toward opto-control  

 
To remove TraJ from pTA-Mob 1.0, both to put TraJ under optogenetic control and to make a 

negative control strain for optogenetic experiments, λred recombineering was used to edit the ~60 

kbp plasmid91 (Fig 2a). First, primers were designed to PCR amplify the kanamycin resistance 

gene flanked by flippase recognition targets (common to Keio collection strains, see section 2.5.1), 

along with 50 bp homology arms matching TraJ-proximal regions in pTA-Mob 1.0. Using λred 

genes, this cassette was transformed into pTA-Mob 1.0-carrying cells to create pTA-Mob 1.0 

traJ::KanR. Then a flippase-expressing plasmid was used to excise KanR, creating pTA-Mob 1.0 

ΔtraJ. Simultaneously, TraJ was amplified from pTA-Mob 1.0 and assembled into the pDawn 

plasmid via Golden Gate assembly. For controls, pDawn-sfGFP was used in place of pDawn-TraJ, 

either with an intact pTA-Mob 1.0 (positive control) or with pTA-Mob 1.0 ΔtraJ (negative control). 

All three strains additionally carried a plasmid carrying mCherry (see section 2.5.1) and a trans-
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TKC reporter (see section 3.2.1) to be transferred to recipients, creating a four plasmid system in 

each case.  

 

A head-to-head comparison between TKC from pTA-Mob 1.0 and pTA-Mob 1.0 ΔtraJ showed 

that the latter, meant to be TKC-defective, did indeed transfer DNA to recipients, albeit ~100-fold 

less effectively (Fig 2b). While pDawn-sfGFP, included in both donor controls, didn’t serve a 

conjugative function, bacterial maintenance of this pDawn variant was essential to prevent large 

changes in fitness between the strains, though its green fluorescence overlapped spectrally with 

yeast-expressing ymCitrine, and proved fitness-altering for bacterial growth (see below). Finally, 

while positive control donors did generally yield the most transconjugants regardless of light dose, 

as expected (Fig 3d), all donor strains performed poorly for TKC and for growth in co-culture, as 

is discussed in the following section. 

(Return to top) 

 

5.2.3 Opto-TraJ donors fail to generate light-activated TKC  

 
All “opto-donor” strains (opto-TraJ, positive and negative controls described above) were found 

to be very slow growing relative to strains used for other experiments, likely due to maintaining 

four plasmids simultaneously. While this lower growth rate didn’t totally preclude growth of 

monoculture opto-donors in batch culture, growth of opto-donors in co-culture was near non-

existent (Fig 3a). I made several attempts to overcome this hurdle, including screening various 

media ratios of SC and M9, testing mixed colonies, and combining cells after various days’ growth 

and thus light stimulation (data not shown), none of which gave reliable bacterial growth in co-

culture or significant TKC from positive controls, let alone opto-TraJ. One strategy—lowering the 
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concentration of tryptophan using crossY recipients, thus limiting yeast growth as in section 

4.2.2—did result in better bacterial growth in co-culture (Fig 3b), and yielded some 

transconjugants, but TKC counts were still near zero and thus unconclusive (Fig 3c), while co-

culture growth between the three donor strains was frustratingly variable (Fig 3b). 

 

While overcoming the hurdles of co-culture growth for opto-donor strains, I also wanted to verify 

whether light control of TraJ allowed optogenetic control over conjugation, independent of the 

dynamics between these strains. To test this, I grew opto-donors with another E. coli strain lacking 

any antibiotic resistance markers carried by opto-donors. The recipient bacterial strain used carried 

chloramphenicol resistance, which opto-donors lack, allowing me to select for recipients only by 

plating cells onto LB-chloramphenicol, and then test for transconjugants by replica plating onto 

LB-carbenicillin (the oriT-carrying plasmid also encodes ampicillin resistance). I grew each donor 

strain in dark and light conditions prior to combining cells for co-culture, then grew each unique 

pairing in either dark or light conditions, resulting in six separate co-cultures. Results from this 

experiment, while not tabulated, clear show that opto-TraJ donors do not significantly increase 

conjugation with light, nor do they show significantly higher conjugation versus the negative 

control donor (Fig 3d). These results do, however, verify that the positive control donors conjugate 

more than the other strains. 

(Return to top) 

 

5.3 Discussion 

My work to produce a light-controlled TKC system never came to fruition, but many avenues still 

exist to make it viable. Testing the opto-TKC system intraspecies demonstrated that, aside from 

the complexities of co-culture of bacteria and yeast, pDawn control of TraJ itself is either not 
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functional or not sufficient. While I was able to verify that pDawn was functionally activated by 

the light doses and co-culture conditions used, it’s possible that the TraJ gene cloned to be under 

pDawn control is not being expressed and/or that its expression is frame shifted, etc. RT-PCR 

would readily ascertain TraJ is being transcribed in a light-dependent manner and verify that its 

sequence matches the encoded DNA. More likely culprits perhaps are either that TraJ expression 

requires a different level of expression (vs. highly induced), perhaps making the gene a poor light-

target, or that conjugation is too infrequent in this system to successfully measure light-activation 

changes above the noise floor, especially given that the negative control (with pTA-Mob 1.0 

ΔTraJ) is “leaky” due to two copies of the gene present in pTA-Mob 1.0, and it’s possible that only 

one copy was successfully knocked out. Repeating the intraspecies test for optogenetic conjugation 

over a range of light intensities would help discern regulation, while the accessibility of whole-

plasmid sequencing would make verification of both TraJ knockouts from the ~60 kbp plasmid 

trivial. Increasing overall conjugation counts could also be achieved by making corresponding 

versions of the cis-acting pTA-Mob 2.0, which enjoys higher conjugation rates, a task that is trivial 

in planning albeit nontrivial experimentally. 

 

In interspecies co-culture, the opto-TKC system faced additional hurdles, as bacterial strains failed 

to grow as well as they did in monoculture. Likely this is, in part, due to the fitness costs of 

maintaining four separate plasmids, especially considering two of them likely share replicative 

machinery (oriVs ColE1 in the trans-TKC reporter and F1 in pDawn belong to the same 

incompatibility group140). And while it’s unclear why there should be such a sudden change 

between monoculture and co-culture when switching from three to four plasmids, it’s well known 

that plasmids impose a fitness burden due to maintenance141; even the three plasmids in trans-TKC 
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co-cultures (including pTA-Mob 1.0, constitutive mCherry, and trans-reporter) caused slower 

growth relative to two-plasmid cis-acting cells. Considerable effort went into lessening this burden 

by integrating the constitutive mCherry gene into either the cis-acting pTA-Mob 2.0 (see 3.2.1) or 

the genomes of my bacterial strains at the nupG locus, by following published methods142, but 

neither was successful for reasons still unknown. Yet other possibilities remain to lower the 

plasmid burden in this system, including the aforementioned modification of opto-TKC into a cis-

acting system (obviating the need for the trans-reporter plasmid); creating a new, compatible 

bacterial ori for the Yeast Toolkit, by which I generated the trans-reporter, or cloning mCherry into 

the pDawn plasmid. Additional hurdles still remain, however, as the growth rates between the opto-

TraJ (experimental) donor strain and the two control donor strains were quite different (see 

5.4.5.B). As was seen in early TKC-Cas9 experiments, in which my negative strain expressed GFP 

(not shown), different donor strain growth resulted in large effects on recipient strain growth in 

absence of any TKC function, which is to say, it’s very important to have the strains growing at 

the same rate to avoid convolution between TKC function and co-culture dynamics. If my opto-

TraJ strain shows high TKC counts in light, but the donors grow very poorly in light (allowing 

yeast to grow better), I might just be measuring a small fraction of a larger yeast population. This 

can be controlled for somewhat by measuring TKC-per-recipient frequencies, but if the counts are 

low for most conditions, noise can lead to false positives very easily. Thus, any renewed work 

would benefit from bringing parity to the donors, either by replacing the sfGFP currently used in 

controls with a mutated TraJ, or a strategy similar to the TKC-killing experiments, wherein the 

negative control simply lacked the oriT necessary to transfer DNA.  

(Return to top) 
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5.4 Figures 
 

5.4.1 Figure 1: pDawn stimulation by automated blue-light batch culture system 
 

 
A. Diagram of optoPlate batch culture system 

Batch cultures spiked in 96-well plates were handled in the dark until initiated in Tecan Fluent 

automated plate handling system. Samples were first measured for fluorescence and OD600 via 

Tecan Spark, then transferred to programmed optoPlate, with varying levels of light intensities per 

well, for 1 min. Plates then grew on Bioshakes heated shaker for 15 min., after which the cycle 

repeated. Each days’ growth continued this loop for ~18-24 hours before batch culture dilution and 

additional (TKC) measurement.  
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B. pDawn-sfGFP expression under a range of light intensities, with constant stimulation 

OD600 (left column) and GFP (right column) measurements of pDawn-sfGFP containing cells 

(solid lines) over ~24 hr. growth, with constant light stimulation. LED intensities shown by trace 

lightness and color range, from 0 brightness (off) to 255 (max setting). Bottom row shows the 

same traces as the top row, zoomed in on the first 6 hr. growth. GFP gain setting was lowered after 

~24 hr. DH5α (plasmid-free) negative control cells were measured for GFP autofluorescence, 

shown as dotted lines. Solid lines are means of six replicates, shading 95% CI.  
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C. pDawn-sfGFP expression under a range of light intensities, with periodic stimulation 

Traces of GFP (top row), OD600 (middle row), and calculated GFP / OD600 (bottom row) for 

cells containing pDawn-sfGFP over ~30 hours’ growth, with periodic light activation: 1 min on, 

15 min “off” (growing without light stimulation). LED intensities shown in columns and by color 

and lightness. LED 50 was chosen for subsequent experiments due to high pDawn activation (high 

GFP by 10 hr.), both in raw fluorescence and per capita fluorescence (GFP/OD600). Lines are 

means of two replicates, shading 95% CI. 

(Return to results) 
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5.4.2 Figure 2: Opto-TKC control construction 

 

 
 

A. Construction scheme for opto-TraJ and control strains 

Left: construction of pTA-Mob 1.0 and pDawn variants. One copy of TraJ was replaced with 

kanamycin resistance plus homology arms via lambda red recombineering, which was then 

removed via flippase (FLP) to generate pTA-Mob 1.0 ΔtraJ, which bears only one copy of TraJ. 

TraJ was simultaneously amplified with homology to pDawn and assembled via Gibson assembly. 

Right: list of differences between experimental and control optogenetic strains. Experimental opto-

TraJ and negative control both carry single knockout pTA-Mob 1.0 ΔtraJ but only the former 

carries pDawn-TraJ. Both controls contain pDawn-sfGFP and fluoresce green in light conditions. 

All three strains additionally carry trans-TKC reporter and mCherry plasmids, and the combination 

of three was generated for both WT bacterial donors and crossB crossfeeding donor strains. 
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B. Mob ΔtraJ results in ~100-fold lower TKC 

TKC-selective plates show different transfer rates between unmodified pTA-Mob 1.0 (left) and 

single-knockout pTA-Mob 1.0 ΔtraJ (right), with ~100-fold fewer transconjugants for the 

knockout variant. (Plate titles pertain to intended use with TKC-killing system and don’t relate to 

optogenetic experiments). TKC was performed with equal numbers of donors and recipients, based 

on OD measurements. 

(Return to results) 
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5.4.3 Figure 3: Opto-TKC donors fail to conjugate with light activation 

 

 
A. Opto-donors are unable to grow sufficiently in co-culture.  

Normalized fluorescence traces (normalized to max fluorescence per channel after day 1) for 

bacteria (red) and yeast (yellow) over six days of batch culturing, measured every 15 min. Opto-

TraJ donors (light-activated TKC), negative and positive control donors shown in columns, over 

four different light intensities, including no light (rows). Co-culture traces shown via solid lines, 

corresponding monocultures via dotted lines; note that while solid red lines (co-cultured bacteria) 

are consistently low across all conditions (including dark), dotted red lines (monoculture bacteria) 

grow well. Bottom plots are zoomed in along y-axis. Lines are means of three replicates, shading 

standard deviation. 
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B. Limiting growth of yeast in co-culture allows opto-donor growth.  

Normalized fluorescence traces (normalized to max fluorescence per channel after day 1) for 

bacteria (red) and yeast (yellow) over six days of batch culturing, measured every 15 min. Opto-

TraJ donors (light-activated TKC) on left, negative control donors in center, and positive control 

donors shown on right, over two tryptophan concentrations (columns) and two different light 

intensities, including no light (rows). Co-culture traces shown via solid lines, corresponding 

monocultures via dotted lines; note that while solid red lines (co-cultured bacteria) are consistently 

low across all conditions (including dark), dotted red lines (monoculture bacteria) grow well. Note 

that, while all donor strains are able to grow in co-culture, the extent of that growth varies both by 

strain and by light dose. 
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C. TKC from tryptophan-limited optogenetic co-cultures shows few transconjugants.  

Colony forming units of transconjugants from W-limited optogenetic co-culture experiments 

shown in Fig 3b. Cell pairings given by colors, for two different W% (columns) and two light 

dosages (rows). Note that, while both opto-TraJ and positive control donors give TKC counts, as 

hypothesized, opto-TraJ donors show transconjugants in dark conditions (LED = 0), and positive 

control TKC is zero for most days, including those with non-zero TKC from opto-TraJ donors, 

making these results inconclusive.  
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D. Opto-donors in intraspecies co-culture shows failure of light-activated conjugation.  

Replica plates of bacterial transconjugants, for various light conditions and donor strains, after 24 

hours of co-culture. Letter labels pertain to light (“L”=light, “D”=dark) condition of opto-donors 

prior to combination in co-culture, and light condition of co-culture; e.g. “LD” or “Light->Dark” 

donors were grown in light prior to combination, but the combined co-culture was grown in the 

dark. Note that while positive controls generally have higher conjugation events across conditions, 

negative controls show a significant number, and experimental (opto) donors do not exceed 

negative controls. 

(Return to results) 
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5.5 Materials and Methods 
 

5.5.1 Construction of opto-strains 

Bacterial cells carrying pTA-Mob 1.0 and pMM0820—encoding inducible λred genes—were 

electroporated with a linear DNA cassette of KanR flanked by flippase recognition targets (FRT) 

and ~50 bp homology to one copy of TraJ on pTA-Mob 1.0, after induction of λred genes via 

arabinose91. Successful gene replacements (pTA-Mob 1.0 ΔtraJ::KanR) were selected by growth 

on kanamycin media, after which pMM0820 was heat cured by sub-culturing at 40°C. The 

flippase-encoding pMM0821 was then transformed into these cells, with transformants selected 

for with chloramphenicol (resistance via pMM0821) and gentamycin (resistance via pTA-Mob 

1.0), then replica plated onto kanamycin media. Any colonies that grew on chloramphenicol and 

gentamycin, but did not grow on the kanamycin replica plate were presumed to have lost KanR 

(pTA-Mob 1.0 ΔtraJ), were sequence-verified and heat cured of pMM0821 via growth at 40°C. 

Simultaneously, pDawn-sfGFP was linearized via PCR such that sfGFP was removed from the 

resultant linear DNA. PCR of TraJ from pTA-Mob 1.0, with 50 bp homology arms for the 

linearized pDawn, allowed Gibson assembly of TraJ under pDawn control (pDawn-TraJ). Both 

kMM0011 and kMM0127 were then transformed with combinations of these plasmids as per Fig 

2a). 

(Return to top) 

 

5.5.2 Blue-light stimulation in batch culture 

Batch cultures were grown, measured for fluorescence and TKC as per Chapter 2 methods, though 

here, we made some modifications to account for light sensitivities. Overnight donor cultures were 

grown in opaque black 15 mL conical tubes, with loosely attached lids, in a dark incubator, to 
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prevent any preemptive light stimulation. Any cell transfers—washing and inoculating the initial 

batch culture plate, and all other dilutions, washes, and transfers—were performed in red light that 

doesn’t activate the pDawn system, and plates were kept in aluminum foil while being handled in 

the light. The automated Tecan Fluent plate handler was covered with a felt cloth to prevent 

ambient light from reaching samples in during batch culturing. In batch culture, plates were first 

measured for fluorescence and OD600—thus the first measurement had no light stimulation—then 

transferred to a light-stimulating optoPlate for 1 min, then to a Bioshakes heated shaker, where 

samples grew at 30°C for 15 min, as per other batch cultures. The optoPlate was programmed for 

constant light intensity at each well location via a custom MATLAB script, with the specific 

intensity values demonstrated in each figure. 

(Return to top) 

 

5.5.3 Intraspecies opto-TKC experiment 

As in TKC batch culture experiments, donor and recipient cells were grown overnight prior to 

combination in co-culture. Here, though, opto-donor strains were grown in both light and dark 

conditions overnight, in a clear 24-well culture plate, which allowed light stimulation via a 24-

well Light Plate Apparatus144 (LPA). The recipient bacterial strain, bMM1221, was chosen for its 

maintenance of chloramphenicol resistance, which wasn’t carried by any of the opto-donors. Cells 

of each strain from overnight cultures were washed, diluted and added to culture as per TKC batch 

culture experiments, except here cells were grown in 1 mL LB with no antibiotics, in clear 24-well 

culture plates. As per overnight cultures, co-culture plates were grown on LPAs with either no light 

stimulation (also protected by aluminum foil) or full light stimulation. At 1 hr, 5 hr, and 24 hr from 

co-culture start, co-cultures were diluted 1:1000, and 100 μL of each dilution was plated on LB 
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plates with chloramphenicol and 2% agar, to select for recipients. These were grown overnight at 

37°C, at which point plates were replica-plated onto LB plates with carbenicillin and 2% agar, to 

select for transconjugants out of the recipient population. 

(Return to top) 

 

5.5.4 Table 1: Strains used in this study 

ID Species Genetic features Fluorescence Source Figures 

yMM1636 Yeast His- ymCitrine 77, this 

work 

2-3 

yMM1720 Yeast Leu++, Trp-, His- ymCitrine, yCerulean 77, this 

work 

3 

yMM1787 Yeast Leu++, Trp-, Ura-, His-, 

pMM1360 

ymCitrine, yCerulean, 

BFP 

77, this 

work 

2b  

kMM0127 Bacterium Trp++, Leu- None 90, this 

work 

All 

bMM1221 Bacterium Chloramphenicol-

resistance plasmid 

None 90, this 

work 

All 

 

5.5.5 Table 2: Plasmids used in this study 

ID Species Function / Features Fluorescence Source Figures 

pMM0819 Bacterium pProD-mCherry mCherry Addgene 87144 All 

pMM0820 Bacterium λred genes None 91 None 

pMM0821 Bacterium Flippase None 91 None 

pMM0892 Bacterium T4SS genes, GentR None pTA-Mob 1.030 2-3 

pMM1019 Bacterium pDawn None 125, Addgene 43796 None 

pMM1020 Bacterium pDawn-sfGFP GFP 125, Addgene 107741 1 

pMM1230 Bacterium T4SS genes, GentR, 

ΔtraJ::KanR 

None This work None 

pMM1231 Bacterium T4SS genes, GentR, 

ΔtraJ 

None This work 2-3 

pMM1339 Bacterium pDawn-TraJ None This work 2-3 

pMM1437 Both yeBFP, oriT, HIS3, 

CEN/ARS 

BFP 95, this work 3 

pMM1438 Both Cas9, oriT, sgRNA 

(YTK), HIS3 

None This work 2b 

 

(Return to top)  
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Chapter 6: Discussion 

6.1 Summary of major findings, in brief 

• The primary interaction regime of E. coli and S. cerevisiae is competition, though 

auxotrophic E. coli can form commensal relationships with prototrophic S. cerevisiae 

• TKC is highest in commensal co-cultures of E. coli and S. cerevisiae, apparently due to an 

optimal combination of growth rates and competitive interactions (e.g. pH, toxicity) that 

yields a low steady-state donor-to-recipient ratio 

• Mannoprotein adherence of E. coli to S. cerevisiae drives TKC and allows commensal 

relationship with auxotrophic E. coli 

• Population dynamics in culture including TKC behave in a mostly deterministic manner, 

even with adherence between cells 

• Mixed colonies of E. coli and S. cerevisiae mostly separate from each other spatially—

apparently due to competition—though the degree of separation is modifiable through 

engineered interactions 

• TKC events in colonies correlate positively with spatial population overlap 

• The number of transconjugant cells in a colony largely depends on the ability of newly 

conjugated recipients to form a spatial niche in expanding growth 

• Poorly growing recipient cells can be returned to normal growth (“rescued”) via TKC if 

donor cells are (low-growing) commensals of recipients 

• Cas9-cutting of episomal DNA without a repair sequence allows selectable cutting function 

in yeast 

• TKC-delivered Cas9 can depress and/or collapse recipient cell populations in some 

conditions  
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• Mannose supplementation in growth media can interrupt ongoing TKC functions 

(Return to top) 

 

6.2 Future directions and opportunities 
 

6.2.1 …In this system 

Many of the findings presented here are merely in introductory phases: the basics have been 

established, but there’s incredible space for exploring nuances and applying these findings in new 

ways. Before undertaking such efforts, however, any would-be researcher would do well to switch 

to the TKC system recently published to have higher conjugation efficiency via a mutated TraJ 

promoter, easily available now on Addgene64. This increased capacity would greatly ease 

experiments looking into range of conjugative function from any angle, by increasing the effective 

signal-to-noise ratio. The effects of mannose on both preventing and interrupting TKC—surprising 

in their robustness—would be fascinating to explore further. Testing different concentrations of 

mannose could reveal the extent of interruptibility, or potentially even reversibility, and adding 

mannose at various times in co-culture could elucidate the minimum time needed for TKC to occur 

before neutralization. Further, the well-studied type I fimbriae that binds to mannoproteins 

provides an excellent alternative for optogenetic control, a la other systems that have used 

optogenetics to control adhesion-based patterning in consortia132,133, except in this case it would 

simultaneously drive adhesion and bolster TKC.  

 

Many additional experiments would be enabled by finishing work on a TKC-reporter that allows 

reliable measurement of TKC events in time and space, not least those involving mixed colonies. 

Short of completely overhauling the fluorophores used to track donors and recipients—if need be, 
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donors would be the easier to change given mCherry’s maintenance on a plasmid—more work 

could be done with a 2μ trans-reporter, vs. the CEN/ARS centromeric yeast replication machinery 

currently used, since 2μ plasmids have significantly higher copy numbers in yeast143; such a 

plasmid carrying yeBFP has already been constructed and only needs further testing to determine 

if it would work better than the current reporter. This would enable dynamic measurements of TKC 

events in culture (versus the day-end TKC measurements used here) via fluorimetry cytometry, 

help parse the differences between free and clumped transconjugants via fluorescence microscopy 

of cultures, and resolved spatial distribution of transconjugants in mixed colonies.  

 

While I was able to deterministically model growth of this consortia in culture, modeling mixed 

colonies proved more elusive. Multiple collaborations toward spatially modeling growth (let alone 

TKC), whether by reaction-diffusion-like PDEs or adapting agent-based models145,146 have yet to 

bear fruit. Of course, much more experimental work identifying and controlling mixed colony 

morphology would greatly aid such an endeavor, especially with a functional TKC-reporter. 

Further pursuit of agar pad data could “expand” our understanding of spatial founding effects, the 

extent to which each strain is able to grow proximal to the other, and where conjugative events 

occur and persist. It would also be fascinating to run functional TKC assays—those designed to 

alter recipient populations, e.g. those in Chapter 4–in a mixed colony setting. The rescue assay, for 

example, could show not only where recipient populations are susceptible to TKC-supported 

growth, it also has the benefit of amplifying any conjugation signal, by selecting for it; indeed this 

strategy was attempted for optogenetics experiments, to test whether low-frequency conjugation 

events were going undetected. If rescue or killing proved successful in colony settings, it would 

also be relevant to treatment applications to test a range of initial donor conditions: adding bacterial 
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cells at later times or at various distances from initial yeast colonies, to test donors’ ability to alter 

established growth.  

 

Finally, a logical expansion of these experiments would be to change the function of the DNA 

delivered to yeast recipients. Perhaps most in line with this work would be a strategy whereby 

TKC events shift the phase space (see 4.5.1.G) for subsequent TKC, e.g., including a feedback 

resistant leucine gene with high copy number in the conjugative DNA, such that transconjugants 

overproduce leucine at much higher rates, supporting donor growth beyond low, commensal levels. 

If effective, such a strategy could open the door to TKC-mediated circuit functions of these 

consortia, in this example causing oscillation between low donor growth pre-TKC, high donor 

growth upon sufficient leucine production, and lower donor growth again after leucine producing 

yeast are competed to low levels; any success engineering the consortia to self-regulate steady-

state ratios via conjugative DNA would be huge. Alternatively, TKC-delivered functions could 

focus on modifying the bioproduction of some valuable product produced by S. cerevisiae, 

especially since we already have some information on which genes differentiate lab yeasts from, 

say, brewer’s, baker’s, or bioproduction yeast strains147. An initial test could focus on shifting a 

lab strain toward increased production on par with one of these industrial strain types—e.g. 

increased ethanol production—toward either new engineered yeasts or modification of wild yeasts 

in consortial bioproduction (domesticated versions of these species have already been used for 

consortial bioproduction of ethanol148).  

(Return to top) 
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6.2.2 …In a new system 

I expect that many of the findings presented here could be reproduced for other fungal species, 

especially since so many fungi have mannoprotein-rich cell walls74 that would cause 

aggregation72,73, and since E. coli are likely to grow faster than many fungi, opening the door to 

nutrient-limited donor growth control. Indeed, in an exploratory co-culture of E. coli with the 

pathogenic fungi Candida albicans, I found aggregates similar to those occurring with S. 

cerevisiae. But the first step toward any probiotic use with such fungal pathogens would be to 

verify and explore conjugative functions with the well-studied probiotic strain E. coli Nissle 1917 

(EcN), which has been safely demonstrated for human probiotic use in several contexts149. The 

most commonly used Nissle strain, EcNc, is thankfully plasmid-free150, allowing more options for 

introduction of TKC components, but it’s uncertain whether such introduction would be trivial, as 

other EcN’s are poor recipients of several classes of Inc-type plasmids via conjugation, and it’s 

unclear whether that’s a function of resisting conjugation or failure to maintain conjugative 

plasmids (see Table IX, ref 151). 

 

In terms of targeting a more clinically-relevant pathogenic fungal recipient, C.albicans would be 

an unlikely starting point, despite its pathogenicity3 and having tested co-cultures already, because 

the species is diploid152, adding a layer of unnecessary complexity to recipient maintenance of 

conjugated DNA (complexity that, to be clear, would be valuable to sort out at some future point). 

Contrastingly, opportunistic fungal pathogens such as Candida glabrata, Aspergillus fumigatus, or 

the cutaneous Malassezia restricta—which has been associated with Crohn’s disease4—are all 

haploid and would all provide more suitable starting points for TKC-mediation153–155. All of these 

species would benefit from research targeting competitive exclusion by E. coli (perhaps especially 
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C.glabrata, as EcN’s could be deployed to coat medical equipment commonly associated with 

candidiasis and prevent fungal colonization), or TKC-mediated killing by programming sgRNAs 

specific to each strain. C.glabrata and A.fumigatus would additionally benefit from TKC-mediated 

disruption of biofilm factors for adhesion, hyphal growth, etc., as C.glabrata is an opportunistic 

pathogen and A.fumigatus plays important roles in carbon cycling, so preventing virulence without 

killing recipients could be valuable7,156. M.restricta, given its ubiquity along skin surfaces, would 

perhaps benefit the most from spatially-resolved experiments of TKC intervention, as well as any 

successful optogenetic control. Any work that expands TKC to other fungal recipients would also 

benefit greatly from verifying orthogonality: explicitly targeting TKC expression in one fungal 

species and testing in a three-species system including the target recipient strain and another yeast 

e.g. S. cerevisiae. While I mention this as a bit of an afterthought, it’s worth noting that it’d be 

incredibly nontrivial to establish such a three-species system in a reliable way, to verify single-

species conjugative expression. Short of achieving this, a TKC system targeting a new fungal 

pathogen could be independently tested against S. cerevisiae and, for that matter, mammalian cells, 

for lack of expression.  

 

The possible functions of TKC with fungi extend well beyond human pathogens, too. A wide range 

of fungi play huge roles in soil microbiomes—environments accessible for probiotic treatments—

including plant pathogens6, and beneficial arbuscular mycorrhizal fungi (AMF)157. The broad host 

range, plant rot forming species Botrytis cinerea and Sclerotinia sclerotiorum both exist 

predominantly as haploids and can be cultured in lab settings, and both are recalcitrant to fungal 

treatments while infecting hundreds of valuable plants species worldwide158–160. Because such 

species have variable hosts, which in turn have variable resistance capacities, a TKC treatment that 
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interrupts a common source of pathogenicity—say, oxalic acid production in S.sclerotiorum161—

could prove generically useful in a range of agricultural settings. Moreover, such cultivatable fungi 

could hypothetically be studied in controlled settings that allow cell visualization during plant root 

interactions, such as EcoFAB162, though it’s not clear to me whether this system has been adapted 

for fungal growth. AMFs, on the other hand, require much more complex culture conditions on 

account of being obligate biotrophs with plants157, but would be no less interesting to study for 

TKC compatibility. A putative goal of such work might be to increase the secretion of so-called 

“Myc” factors produced by AMFs, which induce plant root growth toward establishing 

symbioses163, the genetic regulation of which seems uncertain in AMFs. Research using 

A.fumigata recipients might serve to straddle such soil-focused work and pathogen-focused work, 

since the ubiquitous fungus plays a role in carbon cycling and can be found in many a compost 

pile164. Specifically interrupting pathogenic routes—e.g. conidial virulence factors such as 

CcpA165,166 or body temperature tolerance via CgrA7—could yield compost treatments that keep 

the fungi serving their saprophytic roles instead of causing respiratory illness.   

(Return to top) 

 

6.3 Concluding remarks 

In this research, I set out to merge two major and large-scale goals: in situ microbiome perturbation 

and new tools for engineering fungi (in consortia). Because these goals are broad and span the 

studies of microbiology, ecology, and a large diversity of research methods—engineered cross-

feeding, expansion assay dynamics, population modeling, optogenetics, etc.—I dedicated a great 

deal of effort to establishing foundational data. How do the cells interact? What does a multi-

species, let alone a multi-kingdom colony front look like? What does it mean to sustainably modify 
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a recipient population in situ? Thus, I consider this work to have laid the groundwork for similar 

research in some ways, highlighting useful principles such as the relationship between population 

dynamics and TKC events, or the capacity to alter recipients meaningfully, while at the same time, 

hopefully highlighting some caveats to avoid, such as the importance of basal interactions in 

building synthetic consortia, and the limitations in engineering consortial dynamics (certainly I’m 

not the first to realize this). I expect that some of these findings will readily pertain to other 

research, such as mannoprotein-binding and its correlation to TKC, or the effect that optimizing 

the consortial fitness of each strain has on maximizing TKC, though in the latter case, the 

usefulness of this “foundational” principle will only extend so far as commensalism—or another 

manifestation of these consortial fitness differences—is common among basal interactions with 

other species. Additionally, I would be fascinated for additional research on mixed colony ecology, 

and one day tying it to mixed biofilm ecology in a predictable and even controllable way, as it’s 

my belief that the 3D geography of consortial distribution holds numerous keys to understanding 

microbial interactions, and there’s ample space for discovery for anyone with the means of 

effectively studying it. Finally, it’s my hope that others grow upon the repertoire of TKC and HGT-

based perturbations to microbial populations, and that these future insights and tools are used for 

restoring health—in humans, in ecosystems, among plant life—and make up for myriad 

disturbances to the vast world of natural microbiomes that we’re still just uncovering, even if we 

also use such tools for contained artificial ecosystems (e.g. synthetic bioproduction) that don’t 

further exacerbate disruptions to natural systems caused by the Anthropocene.  

(Return to top) 
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Appendix A: Secrete to Beat the Heat (News & Views Article) 
 

Published in Nature Microbiology June 2020167. 

 

A.1 Body text 
 

Cooperative behaviour enables populations of yeast cells to survive high temperatures. 

 

Temperature affects growth rate, metabolism, morphology and reproduction in microorganisms. 

At optimal temperatures, growth and reproduction are efficient. But as temperatures increase, 

reactive oxygen species are produced and proteins denature, resulting in oxidative stress, growth 

cessation and death. A microorganism has upper and lower temperature limits for growth with an 

optimum at some point between these two extremes. Saccharomyces cerevisiae (budding yeast) 

grows optimally at ~35 °C and ceases growth above 40 °C. In this issue of Nature Microbiology, 

Laman Trip and Youk find that between habitable (~38 °C) and uninhabitable (~40 °C) 

temperatures, growth at 39 °C is dependent on population density168. 

 

Laman Trip and Youk experimentally mapped population-level yeast growth as a function of 

temperature and initial density (Fig. 1). The resulting phase diagram revealed that all yeast 

populations fail to survive in temperatures above 40.3 °C. As this tipping-point temperature is 

approached, dense yeast populations continue to grow, less dense populations vary between some 

growing and some not growing, and sparse populations do not grow at all. Transitions between 

growth and non-growth were shown to be sensitive to additional stressors. For example, yeast that 

constitutively overexpress a fluorescent protein, and therefore demand more cellular resources, 

had a lower tipping-point temperature. Laman Trip and Youk ruled out selection for heat-tolerant 
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mutants or persister cells by demonstrating that sub-cultured survivors are not heat tolerant and 

that initial population decay rates are inconsistent with persister cells. 

 

Laman Trip and Youk’s results show that yeast are better equipped to survive high temperatures 

when surrounded by neighbouring cells. This finding is surprising, because the textbook view is 

that survival is influenced by each individual cell’s response and fitness. Further, they find that the 

transition between habitable and uninhabitable temperature conditions is exquisitely sensitive to 

cell density. Such density-dependent behaviour has been observed in many ecological systems that 

demonstrate cooperativity169. Cooperation leads to an Allee effect, whereby at low densities, the 

population growth rate increases with population density170. This effect further leads to the 

catastrophic tipping point seen at 40.3 °C where a stable state of the system merges with the 

unstable state. Once past this tipping point, the only stable state available to the system is 

extinction. Similar behaviour is seen in many ecological systems119, including microbial 

populations that demonstrate cooperativity171,172. One particularly relevant example, also in 

budding yeast, is the cooperative metabolism of sucrose by secreted invertase. Dilution of yeast 

populations growing on sucrose results in a strikingly similar pattern of density-dependent growth 

and a tipping point at high dilution rates118. 

 

Harmful reactive oxygen species are produced when cells are exposed to high temperatures. 

Therefore, Laman Trip and Youk hypothesized that glutathione, an important yeast 

antioxidant173,174, might enable cooperative thermoprotection. They showed that glutathione 

accumulates in yeast cultures grown at high temperatures. Furthermore, spent media from these 

cultures or high concentrations of pure glutathione enabled growth when added to cultures that 



 

 

164 

were otherwise too dilute to thrive at higher temperatures. Laman Trip and Youk generated and 

analysed mutations in genes known to be involved in glutathione transport and production, further 

demonstrating that the production and export of glutathione is essential to maintain growth at high 

temperatures, whereas importation is not. This suggests that the protection mechanism operates in 

the extracellular space. The authors built a stochastic mathematical model of yeast growth, in 

which the probability of replication is nonlinearly dependent on extracellular glutathione 

concentration. This model predicts population growth for different initial densities and 

temperatures, and fully recapitulates their experimental findings. 

 

The authors’ results suggest several research questions that could be investigated in the future. 

Although their data suggest that glutathione accumulation is necessary and sufficient for growth 

at high temperatures, it would be interesting to examine if other unidentified cooperative 

interactions also have a role. The mechanisms that allow some populations, but not others, to grow 

at higher temperatures could be examined in the context of variability in cell age, expression 

capacity and other factors. Thermotolerance in experimentally tractable yeast might be an 

interesting model system for examining early warning signals of population collapse175, 

particularly in the context of global warming and climate change. 

 

The study by Laman Trip and Youk updates the conventional view of how yeast combat heat stress. 

More broadly, it also challenges a view of microbial biology based on autonomous cells and instead 

indicates that we need to adopt a systems biology framework — on par with the dynamical systems 

of macroecology — for even the simplest and most well-understood behaviours. In the simple 

intraspecies system examined by Laman Trip and Youk, intercellular interactions give rise to 
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emergent population-level phenotypes. In more complex communities, including multispecies 

communities or monospecies communities with metabolic specialization, more complicated 

interactions are possible, with correspondingly difficult-to-predict behaviours at the population 

level. Further experimental and theoretical research connecting measurable interactions with the 

ecology of microbial populations represents an important frontier in microbiology and carries 

many important implications for human and environmental health. 

A.2 Figure 1: Cooperative secretion of glutathione extends the habitable temperature range for 
yeast. 
 

 

The growth of yeast populations was measured by Laman Trip and Youk as a function of initial 

cell density and temperature1. These conditions result in normal growth (blue region), random 

growth (populations that sometimes grow and sometimes do not; green region), no growth (red 

region) or no growth due to nutrient depletion (grey region). Past a catastrophic tipping point, 

where the stable fixed point (the boundary between normal growth and nutrient-limited regions) 

and the unstable fixed point (random growth region) collide, no growth is possible. Secretion of 
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glutathione (green circles) by yeast leads to density-dependent growth at intermediate 

temperatures. Glutathione acts as an antioxidant, protecting yeast from cellular damage by reactive 

oxygen species. Too few cells results in insufficient amounts of glutathione produced and cells 

thus failing to divide (no growth/collapse). At higher cell densities, the cooperative production of 

glutathione protects yeast from heat damage and extends the habitable temperature range, resulting 

in growth. 

(Return to top) 
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Appendix B: Give and Take in the Exametabolome (News & Views Article) 
 

Published in Nature Microbiology March 2022176. 

 

B.1 Body text 
 

Metabolic changes in auxotrophs enrich the microbial community exometabolome and increase 

drug resistance. 

 

Metabolic exchange between microorganisms affects microbial community formation, structure, 

physiology and resilience177. Auxotrophs, microorganisms that lack essential metabolic pathways, 

occur at high frequencies in naturally occurring microbial communities, which suggests that they 

are crucial for community assembly and function178. However, it is not clear how the presence of 

auxotrophs benefits the entire community, let alone how auxotrophs benefit prototrophs — cells 

that have the necessary metabolic pathways to synthesize all needed nutrients. In this issue of 

Nature Microbiology, Alam et al. report on the use of synthetic, self-establishing metabolically 

cooperating communities (SeMeCos) of Saccharomyces cerevisiae yeast to examine how 

auxotrophs contribute to community function179. They show that metabolic changes in auxotrophs 

affect all community members and influence metabolism, growth and drug resistance in 

prototrophs. 

 

Much of what is known about the species composition and metabolic capabilities of microbial 

communities is derived from bioinformatic analyses of sequence data collected from naturally 

occurring communities180. In their study, Alam et al. take a complementary approach, and utilize 

SeMeCos to pose targeted research questions about metabolism and drug resistance in microbial 

communities that harbour both auxotrophs and prototrophs. The SeMeCos work by encoding 
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essential genes required for the biosynthesis of leucine (L), histidine (H), uracil (U) and methionine 

(M) on separate plasmids that randomly segregate during cell division, resulting in some yeast 

cells that are prototrophs whereas others lack one or more of the plasmids, which renders them 

auxotrophic (Fig. 1a). Each plasmid also encodes a different fluorescent reporter, which enabled 

Alam et al. to quantify and isolate different auxotrophs in the mixed community using high-

throughput microscopy and fluorescence-activated cell sorting (FACS). 

 

The drug tolerance of microbial communities is increasingly understood as an emergent 

community-level property, affected by myriad interactions within the community. An outstanding 

question is how community auxotrophs, and their interactions with other community members, 

affect drug resistance and tolerance. Alam and colleagues analysed data from the Earth 

Microbiome Project (EMP), a global crowd-sourced repository of microbiomes179, using genome-

scale metabolic modelling developed by Machado et al. to identify auxotrophs181. They confirmed 

that a high frequency of amino-acid biosynthesis-related auxotrophies exists in all microbial 

communities, but noted that the highest fraction of these dependences is present in host-associated 

communities. In addition to containing a rich nutritional environment, host-associated 

microbiomes are more likely to be exposed to bioactive drugs. The authors next focused their 

analysis on growth data of 40 gut microbiome bacteria exposed to bioactive drugs182. They showed 

that microbiome members with auxotrophies in essential amino-acid biosynthetic pathways (15 of 

40) fared better than or equal to their prototrophic counterparts in the presence of growth-

suppressing drugs. 
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Resistance is particularly problematic in fungi, for which there are few classes of drugs and drug 

resistance is on the rise. To better understand the role of auxotrophs in drug tolerance, and to 

evaluate whether the same principles apply to fungal members of microbial communities, Alam et 

al. exposed the SeMeCos to 900 US Food and Drug Administration (FDA)-approved drugs, 

thereby allowing differences in drug tolerance to be directly associated with specific auxotrophies. 

Two groups of the FDA-approved drugs increased the auxotrophic composition of the SeMeCos, 

indicating that a target-independent drug robustness mechanism may exist within the auxotrophs 

relative to prototrophs. This was notably true for azoles, and analysis using an additional panel of 

five azoles and statins (both target the ergosterol biosynthetic pathway in yeast) confirmed this 

finding. 

 

Auxotrophies, by definition, influence an individual organism’s metabolism. Alam et al. combined 

computational and experimental approaches to understand the connection between individual 

auxotrophies and community-level metabolism. A flux balance analysis (FBA), building on an 

existing yeast genome-scale metabolic model183, revealed that community auxotrophs had (on 

average) more reactions with increased flux. Indeed, the number of auxotrophies present correlated 

with the number of metabolic pathways exhibiting altered flux. In addition, proteomic analysis of 

cells that are auxotrophic for a single amino acid or uracil confirmed results from the FBA analysis. 

Alam and collaborators then applied targeted metabolomics to measure the concentrations of 

amino acids and uracil in cells and in the exometabolome. Counterintuitively, reduction of the 

required metabolite in the presence of the corresponding auxotrophs was not usually observed. 

Rather, auxotrophs were shown to have increased export activity, thus resulting in metabolic 

enrichment of the exometabolome and drug tolerance in the SeMeCos. They use the cationic 



 

 

170 

carbocyanine dye DiOC5(3), which passively diffuses into cells and is subsequently exported 

alongside other nutrients, to show that auxotrophic cells export more metabolites than prototrophs 

in the SeMeCos. In keeping with this finding of ramped up export, auxotrophs show reduced 

intracellular concentration of the drug uniconazole relative to prototrophs. 

 

Finally, when protein expression of prototrophs from the mixed SeMeCos was compared with a 

wholly prototrophic community, prototrophs in the SeMeCos show altered protein expression, 

including increased expression of proteins involved in growth-related processes. 

 

Taken together, the authors interpret their findings to hypothesize that the metabolisms of both 

auxotrophs and prototrophs totally reconfigure in microbial communities. Alam et al. find that the 

sheer abundance of extracellular nutrients exported by auxotrophic community members correlates 

with increased azole resistance and tolerance for prototrophic yeasts over a range of supplemented 

nutrient compositions and concentrations. It seems that increased metabolite export in 

communities that harbour auxotrophs creates a rich exometabolome that also provides auxotrophs 

with a target-independent drug-resistance mechanism. Indeed, simply supplementing the media 

with higher concentrations of H, L, U and M encoded by SeMeCo plasmids — nutrients that are 

present in higher concentrations in auxotroph-containing exometabolomes — is sufficient for 

prototrophic yeasts to exhibit higher drug robustness on both solid and liquid media. 

 

Understanding how, and why, communities support individual organisms that lack the capacity to 

survive on their own, is important in microbiology, synthetic biology, evolution and ecology178. 

The findings by Alam et al. are valuable and build on other recent findings that demonstrate the 
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correlation of metabolomes to antibiotic resistance and the adaptability of said metabolomes to the 

community environment184,185. While much work is yet needed to establish a consistent and 

causative link between community composition and resistance, Alam’s research suggests a 

surprising new avenue for exploration on this front. Most striking are the effects of auxotrophs on 

prototrophs. The mere presence of auxotrophs can benefit community functions, which adds a 

twist to the canonical view that prototrophs ‘bear the burden’ of mixed communities by producing 

shared resources that auxotrophs can exploit. It seems that the Black Queen Hypothesis186, which 

states that auxotrophs enjoy increased fitness in the right environments due to decreased cellular 

burden, and thus act as either commensals or parasites on their prototrophic neighbours, is perhaps 

more complex than originally proposed. 

B.2 Figure 1: SeMeCos to determine the effects of auxotrophs. 
 

 
A. Creation of SeMeCos. Plasmids encoding genes for essential nutrients render yeast cells 

prototrophic (orange, left). Cells spontaneously lose these plasmids over generations, resulting in 
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a mixed population of prototrophs (orange, right) and auxotrophs (shades of blue, right), which 

lack one or more of these essential genes. 

 

B. Exometabolome and community drug resilience. Relative to a community of wildtype 

prototrophic yeast (orange), inclusion of auxotrophic cells (blue) rewires both the extracellular 

metabolic environment through increased export and the metabolisms of prototrophs (red) in 

SeMeCos. This community adaptation not only increases shared nutrients in the extracellular space 

(coloured circles), but also increases community drug resilience by exporting intracellular drugs 

(red crosses). 

 

(Return to top) 
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Appendix C: Protecting Soil Resources by Improving the Wisconsin 
Farmland Preservation Program (Policy Memo) 
 

Published in Journal of Science Policy & Governance, October 2019. 

 

C.1 Executive Summary 
 

Soil erosion is a continuing problem in Wisconsin (WI), with erosion rates at double the national 

standard and increasing over time. Among other environmental concerns, this erosion impairs 

cropland productivity and pollutes waterways. Wisconsin’s Farmland Preservation (FP) program 

is the state’s largest program for maintaining soil erosion conservation standards. To combat soil 

erosion, we recommend improvements to the FP program incentives and conservation standards. 

The FP program sees substantial enrollment loss from contract expirations, so we recommend 

changing FP timespan from 15-year contracts to 5-year segments with automatic renewal. 

Additionally, to further increase enrollment in FP, we recommend increasing enrollment incentives 

by scheduling annual increases in FP tax credits indexed to inflation. Finally, we recommend tilling 

conservation standards be added to FP guidelines to require no-till or strip-till farming on enrolled 

acreage as a major step to decrease soil erosion. 

 

C.2 Soil erosion and Wisconsin 
 

Soil erosion decreases the acreage and quality of farmland, negatively impacts waterways, and 

increases flooding risk. WI has over 7 million acres operating as cropland187 and approximately 

34 million tons of cropland soil eroded due to runoff in 2015188. Erosion in WI was almost double 

the national average in 2015, and, while national erosion rates are decreasing over time, WI rates 

are increasing188. It can take between 100 to 500 years for an inch of lost topsoil to form, and it’s 
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estimated that nutrient loss through soil erosion can cost farmers $51 to $64 per acre in manure to 

compensate189. Erosion comes with many other costs, including: 

• Waterway pollution, causing algal blooms at the detriment of aquatic ecosystems190 

• Decreases in amount of prime farmland in WI188 

• Decreases in soil carbon sequestration, which increases dangerous greenhouse gasses in 

the atmosphere191 

• Decreases in pollinator bee populations192 

 

C.3 Farmland Preservation Program 
 

Wisconsin’s Farmland Preservation (FP) program is the largest state-run program that addresses 

soil erosion and prevents active soil acreage loss to commercial development193. FP enrolls farmers 

in 15-year contracts to zone acreage as farmland and to apply conservation standards within those 

acres. However, enrollment has decreased from 2.9 million acres of WI farmland in 2010 to 2.3 

million in 2017 due to contract expirations without renewal194. According to a 2017 survey, farmers 

are not renewing because they do not want to limit the use of their land for 15 years (57% of 

farmers), and the tax credit is not high enough (31% of farmers)194. 

C.4 Farmland Preservation lacks sufficient tilling standards 
 

Farmers must demonstrate compliance with state conservation standards to qualify for FP, but 

these guidelines scarcely address a major contributor of soil erosion: conventional tilling 

practices195,196. The alternative tilling practices of no-till and strip-till, where none or only the 

portion of soil containing the seed row is tilled, prevent soil erosion and slow land degradation by 

minimizing soil disruption. In addition, these minimal tilling methods decrease time and diesel 

costs to farmers; strip tilling uses about half-asmany gallons of diesel per acre as conventional 

methods197. While usage of minimal tillage practices have increased since 2012, approximately 
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40% of WI cropland still undergoes conventional tilling, with corn accounting for the largest share 

of conventional tilling by acreage187. 

C.5 Policy recommendations 
 

Below we provide three major options to mitigate the many effects of soil erosion by increasing 

conservation efforts among farmers. 

i. Change FP timespan from 15-year contracts to 5year segments with automatic renewal 

Enrollment lasts indefinitely but could be cancelled at the end of any 5-year segment. 

Advantages: Decreased length of time commitment for the farmer. State maintains 

enrollment by preventing loss from contract expiration.  

Disadvantages: Higher administrative resources to handle 5-year segments. Farmers may 

cancel the contract earlier. 

ii. Schedule annual increases in FP tax credits by indexing to inflation Tax credits for FP are 

set at $5, $7.5, and $10 per acre over three categories, but have not been updated since July 

2009198. As of January 2019, indexing tax credits would increase credits to $5.85, $8.28, 

and $11.7.  

Advantages: Farmers would be assured a tax credit that scales over time and policy-makers 

would not need to adjust the credit continuously for inflation. Higher incentives should 

increase enrollment.  

Disadvantages: Greater cost to the state; payments would cost an additional 17% in 

2019199, or $2.72 million extra based on 2016 payments200. 

iii. Include tilling standards for FP (Chapter 91) to require no-till or strip-till farming on 

enrolled acreage We recommend stipulating no-till or strip-till practices for farmers to 

receive FP funds.  
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Advantages: Decreased soil erosion and associated benefits explained above. If all 

cropland complied with these standards, we estimate that erosion would decrease by more 

than half (tons per acre) in the first year and continue to improve in subsequent years as 

soil health increases201.  

Disadvantages: High start-up costs associated with mechanical changeover. Costs to 

farmers can be mitigated by committing additional state funding.  

Wisconsin’s FP program is the best tool for improving soil health sustainably, and here we outline 

improvements to the three main problem areas of the program. We recommend implementing all 

three policy options to maximize conservation efforts and soil health. 

C.6 Appendix 
 

Potential problems and solutions with minimal tilling 
 

The scope of the above changes is restricted to FP participants by modifying Chapter 91 to include 

tilling standards that are stricter than NR 151196. As a more robust option, changes to statewide 

conservation standards could apply to all farmland in the state by modifying NR 151. NR 151 of 

the Wisconsin Administrative Code for the Dept. of Natural Resources only includes restrictions 

on tilling adjacent to waterways but could be expanded to require minimal tilling. Resistance to 

minimal tilling practices is largely due to a stressed planting timeline at the end of winter. Tilling 

turns up the soil, drying out the top layer to allow more rapid seeding, but also decreasing soil 

health. Our proposal would still allow strip-tilling, which also allows for rapid seeding, though 

only in very limited areas, with the intent to address this concern. Another widespread 

misconception of minimal tilling relates to expected drops in crop yields. Data shows that while a 

small drop does occur for both methods in the first year, continued use of minimal tilling actually 

increases crop yields relative to conventional tilling202. Mechanical changeover costs can run up 
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to $100,000 to begin strip-tilling operations, but savings in fertilizer and diesel costs could make 

up this amount in only a few years depending on the size of the farm203. As stated in the memo, 

we recommend financial incentives to help farmers purchase, lease, or share equipment. 

(Return to top) 
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