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ABSTRACT 

Stephanie Smith: Microbial community composition and competitive dynamics within squid symbioses 

(Under the direction of  Alecia Septer)

Animals evolved surrounded by bacteria, resulting in widespread symbioses in which host and 

symbiont of ten form specialized partnerships that are essential for host development, reproduction, or 

survival. During host-colonization, bacteria are of ten forced together within a physical space, providing 

opportunities for competitive and cooperative interactions that ultimately shape the microbial community 

within a given host. The f irst three chapters of  this dissertation use the light organ symbiont Vibrio fischeri 

as a model bacterium for studying these complex microbial interactions. V. fischeri encodes a strain-

specif ic T6SS, a contact-mediated killing mechanism found broadly distributed among host -associated 

bacteria. I designed a microscopy workf low to quantify contact -dependent competition at the single-cell 

level and applied this technique to study competitive interactions between lethal and non-lethal V. fischeri 

strains in vitro. Then, I used this assay in combination with a subcellular biomechanical model for T6SS to 

investigate killing dynamics within lethal-lethal interactions. This study revealed that strains with the ability 

to activate T6SS more quickly under host-like conditions outcompete slower-activating strains, even if  

both isolates are lethal. In addition to T6SS, V. fischeri encodes both conserved and strain-specif ic 

mechanisms for horizontal gene transfer (HGT). Using an experimental evolution assay designed to 

detect transfer of  selectable chromosomal markers, I found that V. fischeri exchanges chromosomal DNA 

in coculture in a manner inconsistent with any HGT mechanism that has been previously described in V. 

fischeri. Although squid light organs represent an important model for bacterial interactions, we currently 

lack a fundamental understanding of  the natural microbial community across other squid body sites. In 

the f inal chapter of  this dissertation, I characterized the microbial community of  mantle, gill, sub -mantle

tissue, and accessory nidamental glands of  wild -caught Lolliguncula brevis squid using a combination of  

culture-based techniques, microscopy, and amplicon sequencing .  I found that L. brevis hosts multiple
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species of  culturable Vibrios, a core community of  Bradyrhizobium that is conserved across body sites, 

and a surprisingly diverse gill community. Taken together, this dissertation provided new tools for 

evaluating interactions between symbiotic bacteria, and also introduced L. brevis as an exciting system 

that warrants further study into the complexity of  squid microbiomes.
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INTRODUCTION

Symbioses can be def ined as “the living together of  unlike organisms” [1], and as the f irst life 

forms on earth, microbes are central to many of  these interactions. Nearly all animals and plants have 

evolved in the presence of  microbes, resulting in strong symbiotic associations that provide essential 

functions to host reproduction, development, or survival. Some bacterial symbionts provide critical 

nutrients to their host; for example, some species of  Osedax worms rely so completely on their 

endosymbionts for nutrition that they lack a traditional mouth or gut  [2, 3]. Eukaryotes lack the ability to 

biologically f ix nitrogen, and certain species of  marine sponges, insects, and legumes rely on symbiotic 

bacteria as their primary source of  f ixed nitrogen [4-6]. Symbioses are of ten mutually benef icial, and host 

environments provide an important niche for symbionts to obtain nutrients and to exchange genetic 

information. Many of  these symbioses are horizontally transmitted, meaning that with each new 

generation of  hosts, bacteria must be acquired f rom the surrounding environment.  

During this colonization process environmental bacteria are of ten forced into close physical 

contact with one another, providing ample opportunities for both cooperative and competitive int eractions 

as they vie for prime spots within a host niche. One such mechanism is the type VI secretion system 

(T6SS): a contact-dependent killing mechanism by which a lethal cell injects deadly toxins into 

neighboring cells [7-9]. T6SSs are found in an estimated 25% of  gram-negative bacteria and are broadly 

distributed among both benef icial and pathogenic microbes [10-14]. T6SS is thought to have been initially 

acquired f rom phage, and the T6SS apparatus resembles an inverted phage that can be used to deliver 

proteins into adjacent bacteria, eukaryotic host cells, or to release proteins into the environment  [15].   

Close-quarters doesn’t always mean warfare in bacteria – physical contact with other cells also means 

that host-colonization sites are a reservoir of  genetic diversity and important drivers of  bacterial gene 

transfer [16, 17]. Traditional mechanisms for horizontal gene transfer are of ten classif ied as either 

transduction, transformation, or conjugation. While transduction and transformation involve the uptake of  
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DNA f rom viruses or f ree DNA f rom the surrounding environment, conjugation requires physical contact 

between live cells [18, 19]. Although most early work in conjugation focused on plasmid transfer between 

bacterial cells, we now know that some conjugative mechanisms result in extensive transfer of  

chromosomal DNA between bacteria [20-23]. 

The Hawaiian bobtail squid, Euprymna scolopes, has long been used as a simple model for 

understanding host-colonization processes [24-27]. Most of  this research has centered around the light 

organ, a symbiotic structure found broadly in f ish and squid, including E. scolopes [28, 29]. Bacteria 

housed in these organs are thought to provide light that the host uses for predator deterrence, prey 

attraction, or communication [26, 27, 30]. Despite making up only < 0.1% of  the bacterial seawater 

population, V. fischeri is the only species of  bacteria known to colonize the light organs of  E. scolopes, 

and a great body of  research has gone into understanding factors that drive such a specialized 

partnership [31-37]. 

V. fischeri encodes a strain-specif ic T6SS that has been shown to activate under host-like 

viscosity conditions and to be an important factor in host-colonization outcomes in the E. scolopes light 

organ [38, 39]. Genomic analysis of  more than 73 squid isolates revealed that the V. fischeri T6SS is 

encoded within a genomic island with high genomic plasticity [14]. Moreover, recent work identif ied the 

transcriptional regulator TasR and structural proteins TssM and TssA as being required for activation of  

T6SS in V. fischeri [40]. All three of  these proteins are encoded within the T6SS genomic island in V. 

fischeri, suggesting that the ability to self -regulate may be a strategy to activate T6SS expression upon 

horizontal transfer of  the T6SS genomic island into a new bacterial host  [40]. 

In addition to competition mediated by T6SS, multiple mechanisms for horizontal gene transfer 

have been reported in V. fischeri. The ability to acquire DNA via natural transformation is conserved in V. 

fischeri and requires the tfoX and tfoY genes along with induction by chitin oligosaccharides such as 

chitohexaose [41]. This mechanism provides an important genetic tool for transferring targeted mutations 

across strains, but also has broad implications for how V. fischeri evolves by acquiring f ree DNA f rom the 

surrounding environment. Some V. fischeri strains, including the commonly studied light organ isolate 

strain ES114, also encode a functional conjugative plasmid which has been shown to promote the 

transfer of  other plasmids between V. fischeri strains [42]. 



 3 

The E. scolopes light organ symbiosis has proven itself  to be an incredible model system for 

studying factors mediating host-colonization within a simplif ied microbiome. Multiple competitive and 

cooperative mechanisms have been described in V. fischeri, allowing researchers to study complicated 

intraspecies interactions within the context of  a genetically tractable symbiosis. This dissertation 

contributes (1) a novel f luorescence microscopy workf low for imaging and quantifying contact -dependent 

competition at the single cell level, and (2) combines this workf low with a subcellular model for T6SS 

interactions to investigate factors that drive competitive outcomes between lethal-lethal interactions. This 

study revealed that strains with the ability to activate T6SS more quickly upon transition to host-like 

conditions will dominate a competitive arena. Further, this dissertation (3) describes an experimental 

evolution assay that was used to select for the transfer of  chromosomal markers between V. fischeri 

strains in coculture and revealed that the mechanism of  horizontal gene transfer observed is inconsistent 

with any previously reported gene transfer mechanisms in V. fischeri. Finally, this dissertation expands 

our current knowledge of  cephalopod-bacteria interactions by (4) characterizing the mantle, gill, sub-

mantle tissue, and ANG microbiomes of  the Atlantic brief  squid, Lolliguncula brevis, using a combination 

of  culture-based assays, microscopy, and amplicon sequencing . This study revealed that although L. 

brevis microbiomes include Vibrio species, Bradyrhizobium species are dominant, and further identif ied a 

surprisingly diverse gill community that could be manipulated to study more complex interspecies 

bacterial interactions in the future. 
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CHAPTER 1 – Quantification of interbacterial competition using single-cell fluorescence 

imaging1 

1.1 Introduction 

This article outlines a method for quantifying bacterial competition at the single-cell level using 

f luorescence microscopy. The structure and function of  microbial communities is of ten shaped by 

competitive interactions among microbes, and in many cases characterizing these interactions requires 

observing dif ferent bacterial strains in coincubation [38, 43-49]. Traditionally, bacterial competition is 

quantif ied at the population level by counting colony forming units (CFUs) of  inhibitor and target strains 

before and af ter a coincubation period [43, 50]. Mechanisms for microbial competition are broadly 

distributed among bacteria and may rely on either dif fusion or cell -cell contact to inhibit target cells [51-

60]. 

Although bacterial strains are of ten observed in coincubation at the population level, this manuscript 

outlines an assay for single-cell quantif ication of  bacterial competition. Further, this work includes 

suggestions for adapting the protocol for the use with other bacterial species. While the specif ic 

techniques in this article are used to study contact-dependent intraspecif ic competition between strains of  

the symbiotic bacterium Vibrio fischeri [30, 61, 62], they can be adapted for competition between many 

organisms. This article provides instructions for slide setup on both upright and inverted microscopes, and 

all analysis is described using the open-source sof tware FIJI [63] so that the method can be used by 

researchers with access to dif ferent imaging setups and analysis programs. Given the importance of  

studying microbial competition at both the population and single-cell level, this method will be a valuable 

resource for researchers to quantify competitive interactions, particularly those that do not have access to 

proprietary analysis sof tware. 

___________________________ 
1This chapter was previously published as an article in Journal of Visualized Experiments. The original 
citation is as follows: Smith S, Septer AN. Quantif ication of  Interbacterial Competition using Single-Cell 

Fluorescence Imaging. J Vis Exp. 2021 Sep 2;(175):10.3791/62851. doi: 10.3791/62851. PMID: 
34542540; PMCID: PMC8944913.
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1.2  Protocol 

Optimization of  bacterial strains 

1. Choose two bacterial strains for single-cell bacterial competition assays. Here, two strains of  V. 

fischeri are used: a target strain (ES114 [64]) and an inhibitor strain (MJ11 [65]) that is known to 

kill the target strain using the type VI secretion system on chromosome II (T6SS2) [38], which is a 

contact-dependent killing mechanism. 

2. Determine the appropriate controls for the experiment. In this example, the appropriate control is 

to incubate both the wild-type and the T6SS inhibitor mutant strains with the target strain to 

quantify the ef fect of  T6SS-mediated killing. 

a. NOTE: Additional controls can include a target strain that expresses the necessary 

immunity gene(s) to prevent T6SS-dependent killing or an inhibitor mutant strain 

expressing wild-type copies of  the mutated genes in trans to restore T6SS activity [38].  

3. When possible, transform strains with stable plasmids encoding genes for dif ferent f luorescent 

proteins (e.g., GFP or RFP) to visually distinguish strain types on the microscope. Here, the 

inhibitor strain is tagged with a GFP-encoding plasmid (pVSV102), and the target strain is tagged 

with a dsRed-encoding plasmid (pVSV208) [66]. 

a. NOTE: If  it is not possible to use stable plasmids, f luorescent tags can be introduced onto 

the bacterial chromosome for visualization [67, 68]. 

4. During the initial optimization period, image clonal cultures of  the tagged strains under each of  the 

f luorescent f ilters that will be used during the experiment to ensure that cells are only visible in 

the intended channel. For example, ensure that a GFP-tagged strain is only visible in the FITC 

channel. 

Agarose pad preparation 

1. Prepare agarose pad solution by dissolving 2% low-melt agarose (w/v) into mPBS. Heat the 

solution brief ly in the microwave and vortex until the agarose is completely dissolved. Keep this 

solution warm by placing it in a 55°C water bath until ready to use. See the Discussion section for 

more information about preparing agarose pads. 
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a. NOTE: Here, mPBS was prepared by adding 20 g/L to standard 1X PBS. 

2. Wrap a piece of  lab tape around a glass slide f ive times. Repeat this process a second time on 

the same slide so that the distance between the two pieces of  tape is slightly smaller than the 

width of  a coverslip (Figure 1.1A). For example, if  using 25 mm2 coverslips, the pieces of  tape 

should be spaced approximately 20 mm apart.  

a. NOTE: While the number of  times the tape is wrapped around the slide can be modif ied 

to adjust the thickness of  the agarose pad, it is important that the layers of  tape are t he 

same height on both sides of  the slide so that the agarose pad remains f lat.  

3. Pipette warm agarose solution between the two pieces of  tape and immediately top with a 

coverslip so that it rests on the pieces of  tape. This will ensure that the surface of  the agarose 

pad remains f lat. The volume of  agarose solution pipetted in this step should be enough that the 

coverslip makes contact with the liquid and pushes out any bubbles in the agarose solution. For 

this particular setup, 200 µL of  warm agarose is suf f icient.  

4. Let the agarose pad solidify at room temperature for at least 1 h prio r to the coincubation assay. 

Step 2 will produce an agarose pad of  approximately 20 mm2. 

5. Cut this agarose pad with a razor blade into four, 5 mm2 pads to be used for imaging. 

a. NOTE: Agarose pads can be made up to one week prior to the experiment and s tored at 

4°C in an empty, sterile, Petri plate sealed with paraf ilm to prevent drying.  

Prepare strains for co-incubation 

1. Streak out each strain to be used in the coincubation assay f rom -80°C stocks onto LBS agar 

plates supplemented with the appropriate antibiotics and incubate overnight at 24°C. For this 

example, three strains are used: the wild-type inhibitor strain, the type VI secretion system 

mutant, and the target strain. 

2. The next day, start overnight cultures in biological duplicate by picking two colonies f rom each 

strain and resuspending them in LBS medium supplemented with the appropriate antibiotics and 

incubate overnight at 24°C with shaking at 200 rpm. 
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3. On the following morning, subculture each biological replicate 1:1000 into f resh LBS medium 

without antibiotics and incubate at 24°C with shaking for 4-5 h or until cells reach an OD600 of  

~1.5. 

a. NOTE: The timing of  steps 1, 2, and 3 may need to be optimized for dif ferent bacterial 

species as their growth rate may vary substantially. For this assay, cells were aimed to 

be in mid-log phase at the start of  the coincubation assay. 

Coincubate bacterial strains 

1. Starting with mid-log cultures f rom the previous step, measure and record the optical density at 

600 nm (OD600) for all samples. 

2. Normalize each sample to an OD600 = 1.0, which corresponds to approximately 109 CFU/mL for 

V. fischeri, by diluting the culture with LBS medium. 

3. Mix the two competing strains together at a 1:1 ratio based on volume by adding 30 µL of  each 

normalized strain to a labeled 1.5 mL tube. Vortex the mixed -strain culture for 1-2 s. 

a. NOTE: In some cases, it may be appropriate to mix cocultures in dif ferent ratios. For 

example, when one strain grows much faster than the other, it may be necessary to start 

the slower growing strain at a numerical advantage in order to observe the competition. 

Optimization may also be required if  OD600 does not correspond to similar CFU/mL for 

both strains. 

4. Repeat step 3 for each biological replicate and treatment. In the example shown here, this will 

result in a total of  four mixed-strain tubes: two biological replicates with the wild -type inhibitor 

strain mixed with the target strain and two biological replicates with the type VI secretion system 

mutant strain mixed with the target strain. 

5. To ensure competing cells are suf f iciently dense for contact -dependent killing in the coincubation 

on the agar pad, concentrate each mixed culture 3-fold by centrifuging the mixed culture in a 

standard 1.5 mL centrifuge tube for 1 min at 21,130 x g, discarding the supernatant, and 

resuspending each cell pellet in 20 µL LBS medium. Repeat for each sample.  

a. NOTE: Some bacterial cells are sensitive to damage by centrifugation at high rcf ; in such 

cases the mixed culture can be centrifuged for 3 min at 4600 x g [69]. Additionally, when 
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quantifying contact-dependent competition, it is important to ensure suf f icient cell density 

on the slide to observe killing. In this article, “crowded” treatments, where killing is 

observed, had approximately 10 cells/20 µm2; see the Discussion section for more 

information. 

Slide setup 

1. When using an upright microscope, place a ~5 mm2 agarose pad onto a standard 1 mm glass 

slide. Spot 2 µL of  a mixed culture onto the agarose pad and place a #1.5 coverslip (25 mm2) 

over the spot. See Figure 1.1B for an example. 

2. When using an inverted microscope, spot 2 µL of  a mixed culture onto the #1.5 coverslip bottom 

of  a 35 mm Petri dish and place a ~5 mm2 agarose pad over the coincubation spot. Place a 12 

mm circular glass coverslip over the agarose pad. See Figure 1.1C for an example. 

3. Repeat step 1 or 2, depending on the microscope setup used, for the remaining three mixed 

cultures, resulting in four slides or dishes to be imaged. 

4. Allow slides to sit on the benchtop for approximately 5 min before proceeding to the next step. 

This allows cells to settle on the agar pad and eliminates movement during the imaging process.  

Fluorescence microscopy 

1. Begin by focusing on cells using white light (phase contrast or DIC) to minimize the ef fects of  

photo-bleaching. Based on the average size of  a single bacterial cell, use a 60x or 100x oil 

objective. 

2. Adjust the exposure time and acquisition settings for each channel so that cells are visible in the 

appropriate channel with minimal background detection.  

a. NOTE: It is appropriate to use dif ferent exposure times for dif ferent channels, but the 

same exposure time should be used across all biological replicates and t reatments for a 

given channel. 

3. For each sample, select at least f ive f ields of  view (FOV) and acquire images in each appropriate 

channel using the acquisition settings f rom step 2 (See examples in Figure 1.2). Save the XY 

points f rom each FOV so that the same FOV can be imaged during the f inal time point. Imaging 
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the same FOV at each time point is necessary to determine the proportion of  area occupied by 

target or inhibitor cell during the analysis steps. 

a. NOTE: In this example, the f luorescence of  GFP is detected using a f i lter with an 

excitation wavelength of  467 – 498 nm and an emission f ilter of  513 – 556 nm and is 

false-colored green. Fluorescence of  dsRed is detected using a f ilter with an excitation 

wavelength of  542 – 582 nm and an emission f ilter of  603 – 678 nm and is false-colored 

magenta. 

4. Af ter 2 h, repeat step 3 for each sample using the previously saved XY points (Fig 1.2). 

a. NOTE: The timing of  subsequent images may need to be optimized for organisms with 

dif ferent growth rates or competitive mechanisms. 

Image analysis in FIJI 

1. Download and install the FIJI image processing sof tware using the instructions found here: 

https://imagej.net/Fiji/Downloads 

2. Open FIJI and import image f iles for analysis. 

a. NOTE: In most cases, .TIFF f iles will be used for image analysis, although some image 

acquisition sof tware will export using proprietary f ile types. FIJI can recognize most 

proprietary f ile types and images can be imported and analyzed as follows.  

3. For each image acquired above, convert the image to grayscale, separate the channels, and 

begin by thresholding (Ctrl + Shif t + T) and creating a binary mask of  the preprocessed image 

(Figure 1.3A,B). 

a. NOTE: Here, the default thresholding settings in FIJI are used. In some cases, it may be 

necessary to change those settings, in which case the same settings should be used for 

all images in that experiment. 

4. Set scale on the image (Analyze | Set Scale) using the appropriate values for the microscopy 

setup [63]. 

5. Set measurements (Analyze | Set Measurements) and select Area. 

a. NOTE: Other measurements can be added if  they are appropriate for the experiment. 

Only the Area measurement is required for the example analysis shown here.  

https://imagej.net/Fiji/Downloads
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6. Analyze particles (Analyze | Analyze Particles) using the default settings (Figure 1.3C). If  there 

are debris in the sample, it may be necessary to adjust the size or circularity to f ilter out non-cell 

particles. Select Show | Outlines so that the output of  this analysis will include a numbered 

outline of  all particles analyzed (Figure 1.3D). 

a. NOTE: Comparing the outline in Figure 1.3D to the initial image is especially important in 

the optimization step to ensure that (1) all cells are being analyzed, and (2) that any 

debris is excluded f rom the analysis. 

7. Export the measurements f rom step 7.4 (Figure 1.3E) into a spreadsheet sof tware for further 

analysis and graphing. 

8. Repeat steps 1-5 for all channels and images acquired during the experiment.  

Calculating the percent of  initial target area over time 

1. For each f ield of  view analyzed in the previous section, ensure that the exported f iles contain an 

individual area measurement for each particle that was analyzed. Beginning with the target 

strain’s f luorescence channel, calculate the sum particle area for each individual f ield of  view. For 

two biological replicates with f ive FOV each, this should result in ten sum areas per treatment at 

each time point. 

2. Calculate the percent of  initial target area over time for each FOV using the following equation:   

(
(𝑓𝑖𝑛𝑎𝑙  𝑠𝑢𝑚 𝑎𝑟𝑒𝑎)

(𝑖𝑛𝑖𝑡𝑖𝑎𝑙  𝑠𝑢𝑚 𝑎𝑟𝑒𝑎)
∗ 100)  

3. Repeat this calculation for all treatments and graph the percent of  initial target area (result of  the 

equation f rom step 2) for each treatment (Figure 1.4A). 

4. Determine whether there is a net increase in the target population (indicating growth), a net 

decrease in the target population (indicating death), or no change (indicating no growth or death) 

for each treatment. 

a. NOTE: Percent of  initial target area with values greater than 100 indicate net target 

growth, and values lower than 100 indicate net target death. Percent of  initial target 

values that remain at 100 indicate no net change in target population. See discussion for 

suggested follow-up experiments. 
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Calculating the percent of  initial inhibitor area over time 

1. Repeat steps 1 to 3 f rom the previous section, this time using the measurements collected f rom 

the inhibitor strain’s f luorescence channel (Figure 1.4B). 

2. Determine whether there was a net increase in inhibitor population (growth); a net decrease in 

inhibitor population (death); or no change for each treatment. Values greater than 100 indicate 

net inhibitor growth, and values lower than 100 indicate net inhibitor death.  
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1.3 Representative Results 

To visualize and quantify competitive interactions between bacteria at the single-cell level, a protocol 

was developed and optimized for V. fischeri by modifying our well-established CFU-based assay [38, 43]. 

This method utilizes GFP- and dsRed-encoding stable plasmids to visually distinguish dif ferent strains of  

V. fischeri. The competitive outcome of  these interactions can be quantif ied by analyzing the images 

acquired f rom this assay using the open-source sof tware FIJI. As an example, the following experiment 

was performed using V. fischeri isolates. An inhibitor strain harbored a plasmid that encodes GFP, and a 

target strain harbored a plasmid that encodes dsRed. Given that the T6SS2 encoded by the inhibit or 

strain is a contact-dependent killing mechanism, treatments were included where cells were either 

crowded (high cell-cell contact) or dispersed (low cell-cell contact) on a slide to highlight the impact of  

experimental setup on the f inal results of  this assay. In the sample data, competing strains were mixed at 

a 1:1 ratio and incubated on an agarose pad for 2 h, and both initial and f inal (2 h) images were taken. As 

a control, a T6SS2 mutant strain was also incubated with the target strain in bo th crowded and disperse 

conditions. Cultures of  each strain were prepared and coincubated as described above and slides were 

prepared as shown in Figure 1.1. 

Figure 1.2 shows representative f luorescence microscopy images of  each experimental treatment 

with the same f ield of  view imaged at an initial and f inal time point. For each treatment, either a wild-type 

inhibitor or T6SS mutant strain harboring a GFP-encoding plasmid was mixed at a 1:1 ratio with the target 

strain harboring a dsRed-encoding plasmid. During a 2 h coincubation period with this experimental 

setup, growing V. fischeri cells may go through 1-2 divisions (Figure 1.2; gray arrows). In Figure 1.2A, 

cell-cell contact was forced between the target and inhibitor by concentrating the mixed culture before 

spotting onto the slide. Multiple target cells are observed to become rounded and/or disappear over the 

course of  2 h, consistent with target cells being eliminated by inhibitor cells (Figure 1.2; white arrows). 

See the Discussion for more information on interpreting rounding or lysing target cells. In Figure1.2B, the 

same coincubation was spotted onto a slide, this time without concentrating the mixed culture so that the 

cells remained dispersed and there was minimal contact between strains on the slide. Here, no target 

cells are observed to disappear or to round, suggesting that the target strain was not inhibited in this 

treatment. Figure 1.2C and Figure 1.2D show the same crowded and dispersed treatments described 
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above, this time using a T6SS mutant as the inhibitor strain. Target cells were not observed to disappear 

or round when coincubated with a T6SS mutant in either crowded or dispersed conditions, again 

suggesting that the target was not inhibited in either treatment.  

Figure 1.3 shows the FIJI analysis workf low used to quantify competition in this protocol. A 

representative image f rom the target channel was selected (Figure 1.3A) and a binary mask was created 

using the default threshold settings in FIJI (Figure 1.3B). The image scale was set appropriately for this 

microscopy setup. Particles were analyzed using the size parameter = 0 – inf inity, circularity parameter = 

0.00 – 1.00, and Show Outlines was selected (Figure 1.3C). The results of  this particle analysis are 

shown as both a numbered outline of  each particle (Figure 1.3D), and as a table with columns for the 

particle number, f ile name (label), and particle area in µm2 (area) (Figure 1.3E). 

In Figure 1.3, data obtained f rom Figure 1.3E is graphed and analyzed. In Figure 1.4A, the percent of  

initial target area at the f inal timepoint is presented for each treatment. If  the percent of  initial target area 

is greater than 100, this represents net increase in target (i.e., growth) and is observed in conditions 

where the target population is not signif icantly inhibited. However, if  the percent of  initial target area is 

lower than 100, this result indicates a net decrease in target (i.e., death) and is observed in conditions 

where the target population is signif icantly inhibited. When the target was coincubated with a wild-type 

inhibitor in crowded conditions, the data show a net decrease in the target area. By contrast, when the 

target was coincubated with either a wild-type inhibitor in disperse conditions or a T6SS mutant in 

crowded or disperse conditions, the data show a net increase in the target area. The percent of  initial 

target area when the target was coincubated with a wild -type inhibitor in crowded conditions was below 

100 and signif icantly lower than all the other treatments according to a one-way ANOVA followed by a 

Tukey’s multiple comparisons test across all treatments (p < 0.0001). These data indicate that the target 

cell death is dependent on a functional T6SS in the inhibitor and underscores the importance of  an 

experimental setup that allows suf f icient cell-cell contact, in order to detect cell death f rom a contact-

dependent killing mechanism. 

Figure 1.4B presents the percent of  initial inhibitor area at the f inal timepoint for each treatment. In 

this example, net growth of  the inhibitor strain was observed across all treatments. However, the percent 

of  initial inhibitor area was signif icantly higher when a wild-type inhibitor was coincubated with the target 
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in crowded conditions compared to all other treatments according to a one-way ANOVA followed by a 

Tukey’s multiple comparisons test across all treatments (p < 0.0001). Initially, we considered that the net 

increase in inhibitor area may be driven by the increase in available space to grow into as target cells are 

eliminated. However, this same increase in inhibitor growth was not observed in disperse treatments, 

where inhibitor cells had room to grow f rom the beginning of  the coincubation. Alternatively, this result 

could suggest that nutrients released f rom lysing target cells allow for a greater increase in the inhibitor 

population. Taken together, these results suggest that the inhibitor strain eliminates the target in a T6SS -

dependent manner only when high cell-cell contact is forced by crowding cells on the slide. 
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1.4 Discussion. 

The protocol described above provides a powerful tool for quantifying and characterizing 

interbacterial competition at the single-cell level. This assay, which was developed by modifying our CFU-

based competition assay on agar plates [38, 43], allowed for the visualization of  single-cell competition 

among V. fischeri isolates and suggestions are provided for optimizing the method for a wide range of  

systems and microscopy setups. Although the method described here was optimized for the light -organ 

symbiont V. fischeri, it can be easily modif ied to accommodate many diverse, culturable microbes. It is 

important to note that competitive mechanisms can be regulated by any number of  environmental 

variables, including temperature, salinity, and viscosity [39, 70-73]. Previous work has conf irmed that V. 

fischeri competes using a contact-dependent Type VI Secretion System that is active on surfaces [39], 

making the conditions described in this assay suitable for studying competition between the example 

strains. It is also important to consider the initial density of  cells on the s lide when quantifying bacterial 

competition. Given that contact between target and inhibitor cells is of ten required for killing to occur, the 

mixed culture should be concentrated such that cell-cell contact is maximized and cells remain in a single 

plane on the slide. Cell cultures should be grown to a similar optical density (mid -log phase) and then 

concentrated to force contact rather than simply growing cultures to a higher optical density due to the 

physiological changes of  cells in dif ferent growth phases. In other systems,  culture conditions and the 

experimental setup may need to be modif ied to ensure that the competitive mechanism is active and can 

be detected in the coincubation condition. 

The agarose pads used in this assay provide several benef its: they prov ide stabilization so that cells 

do not move around f reely, and they prevent the culture f rom drying out over the course of  the 

experiment. Additionally, if  chemical inducers, such as isopropyl--D-thiogalactoside (IPTG), are required 

for the experiment, they can easily be added to the agarose solution. However, it is important to note that 

the agarose solution will likely need to be adjusted for dif ferent systems. In the example described above, 

the agarose pad was prepared by dissolving 2% agarose (w/v) into 20 psu mPBS, which is the standard 

salinity used in V. fischeri growth medium. Furthermore, in some cases a carbon source may need to be 

added to the agarose pad in order for cells to grow and compete over longer experiments. In such a case, 
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the mPBS in agarose pads can be replaced with any growth medium, although the nutrients in growth 

medium may come with the tradeof f  of  additional background f luorescence.  

Without proprietary image analysis sof tware, it can be very dif f icult to get individual cell counts when cell-

cell contact is high, which as we show here is required to observe contact -dependent killing. This assay 

was designed to provide an alternative method for quantif ication that does not rely on individual cell 

counts. Instead, the total cell area f or each f luorescence channel is used to quantify the extent of  killing 

between coincubated strains. Because this method relies on area rather than individual cell counts, 

default threshold settings are typically suf f icient for outlining the total cell area. The accuracy of  

thresholding can be verif ied by dividing the total object area for a representative f ield of  view by the 

average cell size for the model organism and comparing this estimated cell number to a manual cell count 

for the same image.  

In coincubations between one inhibitor and one target (nonkiller) strain, net growth of  the inhibitor 

is predicted. As seen in Figure 1.4, inhibitor growth may be signif icantly higher in treatments where killing 

is observed, compared to treatments where killing is not observed, perhaps because nutrients released 

by lysing target cells allow the inhibitor strain to grow more quickly. In the example shown here, net target 

death is observed because T6SS-mediated competition results in target cell lysis where the target is 

physically eliminated. However, it is important to note that not all competitive mechanisms result in the 

physical elimination of  target cells. If  a target is incapacitated by a toxin that causes growth inhibition, the 

protocol outlined here may result in the visible target population remaining stable over time as target cells 

no longer grow but also do not lyse. In such a case, it would be appropriate to compare the results of  this 

assay with follow up tests for target cell viability, such as plat ing for colony forming units (CFUs) or by 

performing live-dead assays by staining with propidium iodide or SYTOX green [74, 75]. 

Compared to coincubation assays that rely on CFU counts, this assay makes it possible to observe and 

quantify the spatial structure of  competition between strains and track changes in target cell morphology 

over time. For example, inhibitor cells that kill using a T6SS are known to encode LysM-domain proteins 

that degrade the target cell wall, resulting in initial cell rounding and then lysis [54], which we observed in 

the example shown in Figure 1.2A. Further, this protocol can be used to track competition at high 

resolution over very short time scales. In the example shown here, a signif icant decrease in the target 
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area is observed af ter only two hours when cells are crowded, and cell-cell contact is forced between 

strains (Figure 1.4). The image analysis described here could also be performed using confocal 

microscopy, which would make it possible to study bacterial  competition in vivo or in complex biof ilms, 

without disrupting the spatial distribution of  coincubated strains.  

In summary, the assay described here aims to provide an accessible and easily modif ied 

approach for visualizing and quantifying bacterial competition at the single-cell level using f luorescence 

microscopy. This method can be applied to diverse bacterial isolates and can be used to visualize 

bacterial competition even in complex environments such as within a host or biof ilm matrix . 
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1.5  Figures. 

 
Figure 1.1. Agarose pad preparation and slide setup for coincubation assays. (A) Setup for making 

2% agarose pads. Five layers of  lab tap (green) are wrapped around a cover slip at two points 
approximately 20 mm apart. Next, warm 2% agarose in mPBS (yellow) is pipetted between the pieces of  
tape and immediately covered with a 25 mm2 cover slip and allowed to solidify for at least 1 h at room 

temperature. Use a razor blade to cut the agarose pad into ~5 mm2 pieces and use tweezers to transfer 
the pad to a new slide for imaging. (B) When imaging on an upright microscope, place the 5 mm2 agarose 
pad directly onto the slide, followed by the mixed culture (blue) and a 12 mm circular #1.5 cover slip. (C) 

When imaging on an inverted microscope, spot the mixed culture directly onto the #1. 5 glass cover slip 
bottom of  a 35 mm Petri dish, and place an agarose pad on top of  the culture followed by a second 12 
mm circular cover slip to f latten the agarose pad.  

A.

B.

C.

lab tape

agarose pad

cover slip

mixed culture
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Figure 1.2. Time lapse images of coincubation spots in either crowded or dispersed conditions. 

(A) Representative images at initial and f inal time points where a mixed culture of  target and wild -type 
inhibitor was concentrated 3x prior to spotting on the slide to force cell-cell contact between strains. White 
arrows in TRITC channel indicate examples of  target cells that round or lyse throughout the course of  the 

experiment. (B) Representative images where a mixed culture of  target and wild -type inhibitor was 
spotted without concentrating so that cells are dispersed and there is minimal cell-cell contract between 
strains. Gray arrows in FITC and TRITC channels indicate examples of  cell division throughout  the course 

of  the experiment. (C) Representative images where mixed culture of  target and T6SS - mutant was 
concentrated 3x prior to spotting on the slide to f orce contact between strains. (D) Representative images 
where mixed culture of  target and T6SS - mutant was spotted without concentrating so that cells are 

dispersed and there is minimal cell-cell contact between strains. Scale bars = 5 µm and are consistent 
across all images; TRITC channel is false-colored magenta, FITC channel is false-colored green. 
Deconvolution was performed on all images; background was subtracted, and brightness/contrast 

adjusted uniformly across all images. 
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Figure 1.3. FIJI analysis workflow. (A) Representative image for analysis. This workf low is repeated for 
both channels across all f ields of  view and samples. Scale bars = 5 µm and are consistent across all 
images; TRITC channel is false-colored magenta. (B) Binary mask created by thresholding the image 

using the default settings in FIJI. (C) Example of  settings for particle analysis used in this manuscript. 
Size range = 0 – inf inity µm2; circularity = 0.00 – 1.00; show = outlines. (D) Particle outline created as an 
output of  particle analysis in (C). The particle outline in (D) should be compared to the original image (A) 

to ensure that all cells were captured in the particle analysis. (E) Results table created as an output f rom 
particle analysis in (C). Object number (column 1) corresponds to individual particles (one or more cells) 
outlined and labeled in red in panel (D). Label = f ile name of  analyzed image; Area = total particle in µm2. 
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Figure 1.4. Sample data for assessing whether target strain is inhibited. The percent change in area 

between initial and f inal time points for the target strain (A) and inhibitor strain (B), at dif ferent initial cell 
densities. Slide density indicates either a starting cell density that is crowded (high cell contact between 
strains), or more disperse (low cell contact between strains) as described in Figure 2. Inhibitor genotype 

indicates that either a wild-type or the T6SS mutant (T6SS-) strain was coincubated with the target strain. 
Asterisks indicate a signif icant dif ferent in % change comparing all treatments (one-way ANOVA followed 
by a Tukey’s multiple comparisons test comparing all treatments; (p < 0.0001). Dashed line indicates no 

net change in strain area between the initial and f inal timepoint; a % change > 100 indicates net increase 
(i.e. growth) and % change < 100 indicates net decrease (i.e. cell death).  
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CHAPTER 2 – A subcellular biomechanical model for T6SS dynamics reveals winning 
competitive strategies2

2.1 Introduction. 

All life forms compete with one another in what Charles Darwin referred to as “the struggle for life” 

[76]. Indeed, f ierce battles for limited space and resources can be observed across biological complexity, 

f rom single cell organisms to humans. These battles of ten determine which population will proliferate, and 

which will be excluded. Therefore, organisms at all size scales have evolved diverse strategies to wage 

war on their rivals and increase the probability of  their own success.  

Microbial genomes encode an incredible arsenal of  interbacterial weaponry  [9], and some, e.g., 

the broadly distributed type VI secretion system (T6SS), have been shown to be useful in competing for 

colonization sites within a hot niche [11, 26, 38, 71, 77-80]. T6SSs resemble a molecular syringe and are 

thought to have evolved f rom bacteriophage contractile tails  [81, 82]. T6SS-containing cells build a 

sheath-and-tube structure that extends the width of  a cell and is anchored into the cell wall  and 

membrane [83]. When a T6SS+ cell comes in contact with a target cell, the sheath is contracted, the inner 

tube and toxins are propelled into the neighboring cell, resulting in cell death and lysis of  the competitor  

[54, 84-87]. Although genome sequencing allows us to identify the bacterial strains that harbor T6SS 

interbacterial weapons [88], we are unable to predict which microbial population will dominate in an 

ecologically relevant battle based on genetic data alone [89]. To do so requires a more detailed and 

holistic understanding of  the T6SS function, dynamics, its regulation, and how these factors, combined 

with environmental ones, inf luence competitive outcomes. The goal of  this work is t o

gain insight into how dif ferences in T6SS function at the individual cell level can inf luence survival of  that 

genotype at the population level when facing another T6SS-armed competitor. 

________________________ 
2This chapter was previously published as an article in bioRxiv. The original citation is as follows: Yuexia 

Luna Lin, Stephanie N. Smith, Eva Kanso, Alecia N. Septer, Chris H. Rycrof t. 
bioRxiv 2021.07.17.452664; doi: https://doi.org/10.1101/2021.07.17.452664 
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Numerous works contribute to uncovering the diversity in the regulation of  T6SS expression, as 

well as its function and behavior in various bacteria [7, 35, 48, 84, 90-98]. Other studies investigate the 

ef fect of T6SS-mediated competition on spatial organization and population dynamics both in vivo and in 

vitro [34, 35, 38, 39, 99, 100]. In natural niches like the light organ of  the Hawaiian bobtail squid, 

Euprymna scolopes, T6SS+ Vibrio fischeri has been shown to eliminate unarmed competitors and 

singularly colonize entire crypt spaces [26, 34, 35, 38, 40, 87, 101]. In vitro, studies of  T6SS-dependent 

competition f ind that mutually armed strain pairing of ten result in coexistence through formation of  coarse, 

spatially separated microcolonies in which T6SS attacks occur on the borders between strains [38, 99, 

100]. 

Indeed, recent work has shown how T6SS function can be inf luenced by a number of  biochemical 

factors. For example, studies have shown that availability of  T6SS structure proteins af fects the number, 

form, and function of  the T6SS apparatus [94, 96, 102], and the speed of  cell lysis induced by T6SS 

ef fectors can f ine-tune the ef fectiveness of  the T6SS apparatus as a lethal weapon [54, 92, 103]. Many of  

these works combine experiments with computational approaches, such as agent-based modeling, to 

study complex living systems. Agent-based models (ABMs) have been widely applied to studying 

population dynamics and spatial organization in a broad range of  contexts [104-110]. When applied to 

modeling T6SS-dependent competitions between bacterial populations [54, 92, 93, 99, 111-113], ABMs 

have yielded insightful results regarding the survival of  target populations under T6SS attack [54, 111] 

and the evolution of  T6SS attack strategies such as tit -for-tat [93, 113]. 

Existing T6SS ABMs have established well-accepted interaction rules among T6SS-dueling cells 

[54, 92, 93, 99, 100, 111, 113]. For example, T6SS weapons are f ired at a given rate and they hit a target 

cell with some probability; af ter receiving a certain number of  attacks the target cell dies and 

subsequently lyses. These interactions are of ten modeled as probabilistic events at the cellular level. For 

example, to model f iring, a random number is drawn f rom a Poisson distribution [54, 113] or a uniform 

distribution [99] to represent the number of  f iring events within a time interval. However, to date we are 

not aware of  any experimental evidence supporting these distributions. Bacteria are also known to 

regulate T6SS activity according to environmental stimuli [7, 39, 40, 101, 114-116], however, this aspect 

has largely been neglected in modeling. Together, this underscores  the lack of  a unif ied mathematical 
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f ramework to model how T6SS structure numbers and f iring f requencies are regulated that is also based 

on experimental data. 

Here, we use V. fischeri as a model organism to f ill this knowledge gap and connect 

physiologically-relevant T6SS biochemical factors to competitive outcomes (Fig 2.1A). Our study builds 

on previous f indings showing that when two T6SS-armed V. fischeri strains compete, one is eventually 

eliminated, albeit not as quickly as an unarmed population [38]. This f inding revealed that (1) strain-

specif ic dif ferences exist among T6SS+ populations and af fect competitive outcomes, and (2) V. fischeri 

serves as a tractable model system to study how strain-level diversity inf luences T6SS-mediated killing 

between natural competitors. In this work, we performed assay experiments on V. fischeri light organ 

isolates f rom E. scolopes, which are natural competitors in the squid light organ niche and conditionally 

express a T6SS encoded on chromosome II (T6SS2) [26, 35, 38, 61]. Upon entering a high viscosity or 

surface-associated environment, V. fischeri can activate and engage T6SS2 to kill under laboratory 

conditions [39, 40, 101]. Because the T6SS2 of  V. fischeri can be controlled by culture conditions, we 

were able to quantify the strain-specif ic dif ferences in speed of  T6SS activation, number of  sheaths per 

cell, and killing rates. 

Although any of  these factors could tip the balance in favor of  one strain in competition, we are 

unable to manipulate each factor, alone or in combination, in biological experiments. Therefore, we 

leveraged detailed microscopy data to build a model of  subcellular T6SS dynamics and map experimental 

measurements to model parameters. We then integrate this subcellular model in an of f -lattice ABM (Fig 

2.1B) and validate the ABM against experimental data. An ABM is particularly suitable for investigating 

the connection between the subcellular dynamics of  T6SS and the competitive strength of  a T6SS+ 

population because it bridges the scale of  individual cells and that of  the population as a whole. The 

choice of  using an ABM also helps def ine the scale at which we approach modeling of  the subcellular 

dynamics. We restrict our model to the scale of  individual T6SS structures, which has the dual benef its of  

being easily tracked in individual cells in the ABM, and easily visualized in vitro using live-cell 

f luorescence microscopy. By systematically varying the T6SS parameters in the ABM, we investigate how 

competitive outcomes depend on T6SS activation level, the number of  T6SS structures cells harbor, how 
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fast structures can be built and utilized, the cost of  building structures,  as well as the spatial geometry of  

the competition arena. 
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2.2 Results. 

Competition outcomes differ due to intraspecific variations in T6SS killing dynamics.  

 The ability of  lethal strains of  V. fischeri, which encode a strain-specif ic T6SS genomic island 

(T6SS2), to produce T6SS structures and kill target cells is dependent on environmental stimuli [39, 40, 

101]. In liquid culture, V. fischeri T6SS2 is functionally inactive, while the exposure to a high viscosity 

medium such as hydrogel or an agar surface causes the cells to ac tivate T6SS protein expression and 

structure formation [39]. We hypothesized that the response time to surface activation may dif fer among 

lethal strains of  V. fischeri, and that these variations may af fect competition outcomes between two lethal 

strains (Fig 2.1A). To begin testing this hypothesis, we coincubated the T6SS2-encoding V. fischeri 

strains ES401 and FQ-A002 (7) on LBS agar plates following two dif ferent preparations: clonal cultures of  

each strain were f irst incubated for 6 h either in (1) LBS liquid medium where T6SS2 activity is low, or (2) 

on LBS agar plates where T6SS2 activity is increased. Treatments where strains were incubated in liquid 

are referred to as “unprimed” because both strains come f rom a “T6SS of f ” condition and must activate 

T6SS at the start of  their coincubation on agar surfaces, whereas strains incubated on agar are referred 

to as “primed” because these strains have fully activated T6SSs  when they begin their coincubation on 

agar surfaces. We predicted that if  the response time to surface activation is dif ferent between these two 

strains, then the strain that can more quickly activate T6SS to begin killing its competitor will dominate in 

the unprimed condition. 

 When unprimed wildtype ES401 and FQ-A002 were coincubated on LBS agar plates, microscopy 

images and colony forming unit (CFU) counts revealed that ES401 outcompeted FQ-A002 at the 

population level and only small microcolonies of  FQ-A002 remained af ter 24 h of  coincubation (Fig 

2.2AD). Percentages of  occupied area are calculated using the microscopy images; ES401 occupies 

99.3% of  the total area, compared to only 0.7% occupied by FQ-A002. However, when primed wildtype 

ES401 and FQ-A002 were coincubated, the two strains coexisted with comparable CFU counts and 

formed coarse, spatially separated microcolonies (Fig 2.2BD). The percentages of  occupied area are 

46.6% and 53.4%, for ES401 and FQ-A002, respectively. To determine whether this ef fect was 

dependent on T6SS2 activity, we used ES401 and FQ-A002 strains with a disruption in the vasA_2 gene, 

which encodes a baseplate protein in the T6SS2 complex and is required for T6SS-dependent killing [38, 
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39]. These vasA mutant (vasA-) strains were then coincubated in both primed and unprimed conditions. 

Regardless of  coincubation conditions, both vasA- strains coexisted and were well-mixed, with no spatial 

separation between strains (Fig 2.2CD). The percentages of  occupied area f rom each vasA- strain in both 

conditions are ~49% and ~51%, for ES401 vasA- and FQ-A002 vasA-, respectively. These f indings reveal 

that one lethal strain (ES401) can dominate over another (FQ-A002) when both competitors have inactive 

T6SSs at the onset of  competition, and the results support our hypothesis that surface activation timing 

af fects competitive outcomes and warrant further investigation. 

 Based on the above f indings, we reasoned that ES401 may activate its T6SS and begin killing 

target cells before FQ-A002, thus providing it an advantage in competition. To isolate the killing dynamics 

of  both strains under unprimed conditions, and to see whether dif ferences in killing rates af ter T6SS 

activation could be driving the observed dominance of  ES401, we directly quantif ied their ability to 

eliminate a nonlethal target population over time. Specif ically, we hypothesized that an unarmed target 

population could survive longer and in larger numbers when coincubated with a slower activating lethal 

strain. To test this hypothesis, we competed either (1) wildtype FQ-A002 vs. ES401 vasA-, or (2) wildtype 

ES401 vs FQ-A002 vasA- strains by spotting unprimed mixtures of  each treatment on LBS agar pads and 

obtaining CFU counts of  the lethal (wildtype) and the unarmed target (vasA-) strains every hour during a 5 

h coincubation period. When the target strain CFUs were plotted over time for each coincubation, we 

observed that there was an approximately 10-fold drop in target CFUs between 1 h-2 h in coincubations 

between wildtype ES401 vs FQ-A002 vasA- target, whereas the ES401 vasA- target CFUs were 

maintained between 1 h-2 h in coincubation with the with the wildtype FQ-A002 (Fig 2.2E), suggesting 

that ES401 begins killing target populations before FQ-A002. From 2 h onward, we observed that the 

target populations in both treatments declined exponentially at approximately the same rate, i.e., ~exp(-

1.6t), where t[2 h, 5 h] is time af ter spotting (Fig 2.2E), suggesting both of  the wildtype ES401 and FQ-

A002 lethal strains kill at comparable rates af ter T6SS activation.  When the CFUs of  wildtype ES401 and 

wildtype FQ-A002 were plotted, we found that both strains exhibit an initial decline during 0 h – 1 h, 

similar to what was observed for the vasA- target strains, suggesting this initial drop in CFU counts is 

independent of  T6SS killing, and perhaps due to transition f rom liquid to surface growth (Fig 2.2E, SI 

Appendix Fig 2.S2). Moreover, the wild-type ES401 and FQ-A002 strains had similar growth rates under 
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these conditions (SI Appendix Fig 2.S2); thus, a dif ference in growth rate does not account for the 

dif ferences in the target populations between treatments. 

 Taken together, these results suggest that when unprimed, wildtype ES401 is more ef fec tive in 

eliminating nonlethal targets compared to wildtype FQ-A002. Combined with our previous observation 

that wildtype ES401 outcompetes wildtype FQ-A002 in an unprimed competition, these results support 

our hypothesis that variations in competitive outcomes are driven by a strain-specif ic T6SS activation 

response to surfaces. To investigate this surface response in V. fischeri, we performed further 

experiments to quantify the percentage of  cells in a population with T6SSs and the number of  structures 

per cell over time. 

Quantifying strain-specific differences in T6SS activation dynamics. 

 In a T6SS complex, VipAB/TssBC multimers comprise the outer component of  sheath structure; 

thus, VipA has been used in multiple systems as a target for visualization of  sheath dynamics through the 

use of  a f luorescently-tagged VipA-TssB fusion construct [85, 94, 117], including an IPTG-inducible VipA-

GFP expression vector in V. fischeri [38, 90]. To visualize T6SS activation dynamics, we grew overnight 

cultures of  wildtype ES401 or FQ-A002 strains harboring the VipA-GFP expression vector to an OD600 

~1.5 and spotted them onto an agarose pad supplemented with 0.5 mM IPTG immediately prior to 

imaging. We then took green f luorescence images of  VipA-GFP expressed in either ES401 or FQ-A002 

for our analyses (Fig 2.3A). Note that the color of  each strain was altered for post-processing in the 

microscopy images for visualization. We categorized a cell as “T6SS activated” when we observed at 

least one sheath within the cell. To quantify the rate for T6SS activation for each strain, we measured the 

proportion of  activated cells in the green f luorescence images taken at regular intervals between 0.5 h 

and 3 h af ter initial spotting (Fig 2.3B). These measurements revealed that the proportion of  activated 

cells in both ES401 and FQ-A002 remained stable at low levels for approximately 1 h af ter plating. 

Directly f rom the liquid cultures, approximately 10% of  ES401 cells and 5% of  FQ-A002 cells have visible 

T6SS sheaths. Af ter this initial waiting period, we observed the act ivated proportion increased over time 

in both ES401 and FQ-A002 but the rate of  increase was approximately twice as high in ES401 compared 

to FQ-A002, suggesting that ES401 activates T6SS structure assembly more quickly than FQ-A002. 
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 We reasoned that the number of  T6SS structures in the T6SS arsenal of  a strain may also impact 

competition outcomes in either positive or negative ways, as more T6SS structures might allow a strain to 

kill faster, but this advantage could come at an energetic cost. Therefore, we next quantif ied the number 

of  sheaths per cell over time af ter V. fischeri cells are spotted on agar surfaces. We incubated ES401 and 

FQ-A002 clonally on an agarose surface as described above. For each strain, we counted the number of  

sheaths per cell f or a given population in the green f luorescence images at an early stage af ter plating (2 

h) and at a late stage (6 h) and plotted the f requency of  having 0-7 sheaths at each time point (Fig 2.3C). 

For both strains, the average number of  sheaths per cell increased between 2 h and 6 h on surfaces: 

ES401 went f rom an average of  1.1 sheaths per cell at 2 h to 2.8 sheaths per cell at 6 h, and FQ-A002 

went f rom 0.5 at 2 h to 3.9 sheaths per cell at 6 h. 

 The sheath distributions of  ES401 and FQ-A002 at 6 h are shown to be statistically dif ferent (Fig 

2.3C). We found that experimental sheath distribution of  ES401 at 6 h is similar to a Poisson distribution, 

which have been used in previous computational models of  T6SS [54, 113] to represent the number of  

f iring events. However, each of  the other experimental sheath distributions in Fig 2.3C is statistically 

dif ferent f rom the Poisson distribution with the corresponding mean.  

 Taken together, these results suggest that the subcellular T6SS dynamics in V. fischeri, including 

baseline activation levels in liquid, the rate of  surface activation, and likely the number of  sheaths per cell, 

exhibit strain-specif ic variations. Moreover, a Poisson distribution is not suf f icient to represent the sheath 

distribution in all strains and all activation states. The reasons may be attributed to the complex couplings 

between activation, assembly, and f iring, as well as cell cycle and other regulatory factors. To 

systematically understand the ef fects of  the strain-specif ic variations in T6SS-related factors on the 

outcomes of  intraspecif ic competition, we turn to mathematical and computational modeling. 

A two-stage subcellular biochemical model of  T6SS dynamics.  

 We develop a biochemical model of  T6SS, which consists of  stochastic processes in two stages: 

(1) activation, and (2) structure assembly and deployment. This typ e of  multistage model based on 

stochastic processes is an established approach for modeling transcription and translation [118-121], and 

eukaryotic organelle synthesis [122], but it has not been applied to subcellular T6SS structures. 
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 Activation stage. We def ine activation as the cell being in a state ready to assemble T6SS 

structures. We denote the state of  T6SS activation with G, such that G- and G+ indicate the inactive and 

active states, respectively. A cell in the inactive state G- can be switched on at a constant rate +,  

𝐺+
𝜆+
→  𝐺+  [1] 

 Here, we have abstracted into a single stochastic process the myriad processes that induce a 

T6SS activated state in a cell, e.g., sensing environmental signals which, depending on the system, could 

include certain chemical species, temperature, colonization of  macrophages or viscosity [7, 39, 114-116], 

as well as translation and accumulation of  T6SS proteins [94, 95]. We have also neglected the ef fect of  

cell cycle on DNA copy number, cell volume, or chemical concentration [118-120]. Cell cycle also af fects 

the activation state of  cells and T6SS structures per cell. Although we did not directly test whether 

daughter cells inherit their mother’s activation state, our results in Fig 2.3 suggest this is likely the case as 

only a small percentage of  cells (5%-10%) at 6 h have no observed sheaths. In addition, division reduces 

the structure number distribution in a population. To circumvent these issues and gain analytical insight, 

we consider an inf initely large population of  simple cell-like reactors that do not grow or divide, each of  

which independently undergoes activation as described by Eq [1]. Based on experimental  measurements 

in unprimed cultures (Fig 2.3B), we introduce two additional parameters: 0, which accounts for the initial 

proportion of  activated cells, and +, which accounts for the initial waiting period. At t = 0, each reactor has 

a probability 0 to be T6SS activated, and an inactive reactor waits + before commencing stochastic 

switching. The activated percentage of  the population P(t) at time t ≥ 0 is: 

𝑃(𝑡) = {
0  if 𝑡 < 𝜏+

0 + (1 −  0) (1 −  e−
(t−+)𝜆+)  if 𝑡 ≥ 𝜏+

  [2] 

 For both ES401 and FQ-A002, the measurements of  activated population percentage at 0.5 h 

and 1 h in Fig 2.3B are averaged to obtain their respective 0 values, and all measurements are used in 

least square regressions to estimate their respective + and + (all values reported in Fig 2.3 caption). 

 Structure assembly and deployment stage. The second stage in the T6SS biochemical model 

describes T6SS structure assembly and deployment. Previous studies in T6SS + strains of  Pseudomonas 

aeruginosa, V. cholerae, and Acinetobacter baylyi have shown that the ef fects of  T6SS structural proteins 

on T6SS assemblies can be categorized in two ways: (1) the number of  T6SS is driven by the abundance 
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of  proteins such as the spike protein VgrG and ef fector proteins, which are present in low copy numbers, 

(2) the length of  the sheath in a functional structure mainly depends on the abundance of  multimeric 

proteins such as Hcp and VipAB [94, 95, 102, 115]. To incorporate these observations in our model, we 

attribute new T6SS assemblies to the appearance of  a low abundance structural protein, which we 

assume is synthesized at a constant rate, 𝜆𝑠. We further assume that being in the activated state, all other 

component proteins are suf f iciently abundant, and thus do not limit the assembly. In terms of  deployment, 

we consider that each T6SS structure can be independently f ired at a constant rate, 𝜆𝑓. Since each 

functional T6SS structure has a sheath apparatus, henceforth, the term sheath is used interchangeably 

with T6SS structure. Thus, we have the following stochastic processes for the number of  sheaths N, 

𝑁 
𝜆𝑠
→  𝑁 + 1,

𝑁 
𝜆𝑓𝑁
→   𝑁 − 1.

 [3] 

 In a large population of  cell-like reactors undergoing both stages of  the T6SS reactions (Eqs [1]-

[3]), probability mass density function of  number of  sheaths per cell tends toward a steady state at the 

long time-limit. The rate of  approaching steady state is determined by 𝜆+ and 𝜆𝑓 (SI Appendix Section 3 & 

4). In a T6SS+ bacteria population with low initial T6SS activation, the model predicts the average sheath 

number increases over time. The steady state average number of  sheaths is 𝑁∞ =
𝜆𝑠
𝜆𝑓
⁄ . We cannot 

determine 𝜆𝑠 or 𝜆𝑓 separately in our experiments. Instead, we estimate 𝑁∞ to be the same for both 

strains: 𝑁∞ = 3.5. Note that equation [1] focuses only on the activation process, and equations [3] neglect 

T6SS degradation processes independent of  deployment. However, T6SS deactivation and degradation 

could be added in future work if  required. 

 The agent-based model (ABM) with internal T6SS model.  T6SS activity at the subcellular level 

directly af fects the ability of  T6SS+ populations to kill, and thus inf luences the spatial structures on the 

length scale of  the microbial colony [54, 92, 99, 100, 113]. To investigate the multi-scale interplay 

between subcellular T6SS dynamics, cellular growth, and intercellular interactions, we integrate the T6SS 

biochemical model into an ABM. We chose our in-house ABM primarily for the ease of  developing and 

testing the internal dynamics of  the cells. While our ABM is restricted to two-dimensions, it suf f ices for our 

present purpose of  applying the internal model of  T6SS to mono -layer colonies. In addition to imposing 
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T6SS-dependent interaction rules among dueling cells similar to those established in existing ABMs [54, 

92, 113], each cell in our ABM undergoes internal stochastic reactions (Eqs [1] & [3]) governing the 

assembly and deployment of  the T6SS arsenal (Fig 2.1B). We represent each cell as a spherocylinder (a 

cylinder with hemispherical ends) growing in a monolayer on a viscous substrate. Cell growth is modeled 

as elongation along the cylinder axis according to the adder model [123], while the radius of  the cell is 

kept constant. As the cells grow and come into contact with one another, the mechanical interactions 

cause them to move and rotate and potentially restrict their growth. 

 Each cell maintains the internal state variables G and N, T6SS activation state and sheath 

number, respectively, and carries out internal stochastic reactions (Eqs [1] & [3]) at each time step in the 

simulation. If  a cell f ires a sheath, the target is randomly selected among the neighboring cells in contact. 

It is also possible for the cell to miss the neighbors and f ire into the intercellular milieu. If  the target is a 

clonemate, it survives; if  the target is a nonclonal competitor cell, it ceases cellular function but 

participates in the mechanistic interactions for a time 𝜏𝑙𝑦𝑠  until it completes lysis and disintegrates. At 

division, the daughter cells inherit the mother cell’s T6SS activation state G, and the mother cell randomly 

distributes its sheaths with equal probability to the two daughters. The internal T6SS reactions are also 

coupled to a cell’s physiology via growth. In maintaining a T6SS arsenal, we assume that the energetic 

cost of  T6SS protein expression and assembly is dominant over the cost of  f iring structures and 

maintaining the T6SS genes in the genome. A T6SS active cell has a penalized growth rate r’0 that 

decreases linearly with T6SS production rate 𝜆𝑠, i.e., 𝑟′0 = 𝑟0 − 𝑐𝜆𝑠, where r0 is the base growth of  the 

strain if  it did not produce T6SS and c is the cost coef f icient. More details of  our ABM are provided in SI 

Appendix Section 4. 

Model predictions and comparison with experimental data.  

 Slow activation rate limits T6SS effectiveness.  Results in the previous sections indicate that 

the relatively slower surface activation rate in FQ-A002 is an important factor that led to the observation 

that wildtype FQ-A002 is outcompeted by wildtype ES401 under unprimed conditions (Fig 2.2A-D). To 

test whether our model captures this experimental observation, we simulate competitions between ES401 

and FQ-A002 and between their vasa mutants under unprimed and primed conditions, as in experiments 

presented in Fig 2.2A-D. We create dif ferent computational strains to represent ES401, FQ-A002, and 
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their vasA_ counterparts, based on previously estimated parameters with several adjustments. T6SS 

parameters for simulated wildtype ES401 are (𝑝0 , 𝜆+,𝜆𝑠,𝜆𝑓, 𝜏𝑙𝑦𝑠) = (10%, 0.6 h-1, 21 h-1, 6 h-1, 0.5 h), and 

parameters for simulated wildtype FQ -A002 are (𝑝0 , 𝜆+,𝜆𝑠,𝜆𝑓, 𝜏𝑙𝑦𝑠) = (5%, 0.25 h-1, 21 h-1, 6 h-1, 0.5 h). To 

simulate a vasA- strain, we set 𝜆𝑓 = 0 in corresponding wildtype strain so that the mutant cells cannot 

attack using T6SS but still pay a growth penalty for expressing T6SS proteins. More details on ABM 

parametrization in Materials and Methods and SI Appendix Section 4. 

 Using a square periodic domain, we simulate the interior of  the colony in a wildtype ES401 vs. 

FQ-A002 coincubation in both unprimed and primed conditions for an equivalence of  24 h. These 

simulations exhibit spatial characteristics qualitatively similar to both unprimed and primed biological 

assays (Fig 2.2A-B). Averaging 100 simulations, under unprimed conditions, ES401 occupies 99.7%  

0.37% of  the total area, compared to 99.3% in experiment. In primed simulations , ES401 occupies 50.1% 

 9.84% of  the total area, compared to 46.6% in experiment. Simulated coincubations of  ES401 vasA- vs. 

FQ-A002 vasA- also capture the well-mixed spatial structure as observed in the corresponding biological 

assays (Fig 2.2C). 

 We observed that the slower surface activation leads to FQ-A002 being less ef fective than ES401 

in eliminating nonlethal targets. To show this in the ABM, we simulate wildtype vs. vasA- pairs under 

unprimed conditions, similar to the experiments in Fig 2.2E. As shown in Fig 2.4, the vasA- strain 

coincubated with a slower activating lethal strain grows to a higher peak population, maintains a higher 

population, and survives for a longer time, compared to that growth with a faster activating lethal strain. At 

later times, as the lethal population reaches full activation and the contact among cells is fully established, 

the vasA- strains in both coincubations exhibit similar declining trends in the population. To test if  the 

ef fect of  activation speed persists when other T6SS parameters are perturbed, we perform additional 

simulations by keeping the respective activation rates for both slower and faster activating strains, and 

varying parameters 𝜆𝑠, 𝜆𝑓, and 𝜏𝑙𝑦𝑠 . 

 When the lysis time is varied (Fig 2.4A), the initial increase and the peak of  the target strain 

populations remain very similar (𝑇 ≲ 2 h). Af terwards, the populations decline faster as 𝜏𝑙𝑦𝑠  decreases. 

This is because at the early stage of  the coincubation, cells are randomly distributed, resulting in random 

contact between lethal and target cells. This is dif ferent f rom the later stage of  the competition when the 
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colony is crowded and microcolonies have formed, when 𝜏𝑙𝑦𝑠  determines how long the dead cells stay 

intact and shield target cells f rom further T6SS attack. When 𝜆𝑓 and 𝜆𝑠 are varied (Fig 2.4B-C), we f ind 

that the slower activating lethal strain still gives the target strain a more favorable condition, allowing it to 

survive for longer and in higher numbers. However, under these parameter variations, the initial increase 

and the peak of  the target populations exhibit a broad range of  responses, unlike the case when 𝜏𝑙𝑦𝑠  is 

varied. Af ter reaching the peak value, the target populations decline faster as either 𝜆𝑓 or 𝜆𝑠 increases. 

Taken together, these f indings suggest that, for initially inactive, mutually lethal competitors, having a 

faster activation rate is a superior competitive strategy compared to having slower activation rate, 

regardless of  variations in the lysis time, or the speed of  sheath production and f iring.  

 Spatial environment of competition affects target survival.  Bacteria compete in many 

dif ferent arenas, including environments where cells have space to expand their range as competition 

occurs, and those where competition is limited to a conf ined space, e.g., host colonization sites. In 

simulating wildtype vs. vasA- competitions, we observe that the spatial environment plays a signif icant 

role in determining the survival of  the target strain. In a conf ined spatial geometry, the target population 

eventually becomes completely eliminated by the wildtype strain (Fig 2.4). However, if  the coincubation is 

allowed to grow in a range expansion, we f ind that a small population of  target cells remain even af ter 

several hours of  coincubation (Fig 2.5A). Even though the lethal cells can eliminate all target cells in the 

interior of  the colony, a small number of  target cells can survive at the edge of  the coincubation spot 

because only target cells at the boundary of  these microcolonies come into contact with lethal cells, 

allowing the target cells bordered by clonemates to grow into open territory and reproduce (Fig 2.5B, top). 

 The survival of  target cells at the edge of  a colony has also been consistently observed in the 

laboratory assays of  lethal vs. target coincubation (Fig 2.5B, bottom), albeit at dif ferent size and time 

scales f rom the simulations. By performing a series of  simulations of  increasing system size, we show 

that the edge survival phenomenon can be consistently observed. However, as we expected, the 

numbers and sizes of  the target strain microcolonies, and their temporal dynamics, vary depending on the 

initial conditions and likely other simulation parameters (SI Appendix Section 2). Importantly, these 

f indings demonstrate the utility of  our ABM to replicate competitive outcomes under dif ferent spatial 

restrictions that are ecologically relevant. 
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 Cost determines the competitive fitness of T6SS production strategies.  Variations in growth 

rates among bacterial strains can have signif icant impacts on competitive outcomes. While natural 

variations are common across bacterial strains, in this section, we focus our attention on isolating the 

ef fect of  a growth penalty due to T6SS activity. We consider intraspecif ic competitions among two fully 

activated lethal strains with identical cost coef f icient c and base growth rate 𝑟0 , but dif ferent T6SS 

production rate 𝜆𝑠. We may expect a trade-of f  between the cost of  T6SS production and its benef it in 

eliminating competitors. 

 We perform a parameter sweep using the ABM to understand the competitive f itness landscape 

in the context of  the T6SS growth cost. We simulate a lethal resident strain with a f ixed T6SS production 

rate of  𝜆_𝑠, res = 20 h-1, and a competitor strain with 𝜆𝑠,comp  varying in the range [0, 𝜆𝑠,res]. To measure 

lethality of  the competitor strain, we use a dimensionless parameter 𝛽 = 𝜆𝑠,comp/(𝜆𝑠,res + 𝜆𝑠,comp). For the 

range of  𝜆𝑠,comp  that we consider,   [0,0.5]. We also rescale the cost coef f icient as 𝑐̂ =
𝑐

𝑐𝑚𝑎𝑥
∈ [0,1], 

where 𝑐𝑚𝑎𝑥 = 𝑟0/𝜆𝑠,res . To conf igure the competitor strain, we uniformly sample the parameter space of  

{𝛽, 𝑐̂ |0 ≤ 𝛽 ≤ 0.5, 0 ≤ 𝑐̂ ≤ 1}. We assess the competitive outcome by 𝜙 = (𝑁res − 𝑁comp)/(𝑁res + 𝑁comp), 

where 𝑁res and 𝑁comp  are f inal cell counts of  the resident and competitor strain, respectively. 𝜙 = 1,0, −1 

indicate resident strain dominance, coexistence, and competitor strain dominance, respectively.  

 In Fig 2.6A, we show competitive outcome 𝜙 as a function of  𝛽 and 𝑐̂. In regions along the 

diagonal of  parameter space of  {𝛽, 𝑐̂}, the two competing strains can have dif ferent 𝜆𝑠 values but still 

coexist because they strike a similar balance in the growth vs. T6SS production trade-of f . Above this 

diagonal region, the competitor strain (low producer) dominates, and below this diagonal, the resident 

strain (high producer) dominates. When 𝛽 ≈ 0.5, both strains coexist at any value of  𝑐̂ due to comparable 

T6SS production levels. 

 Comparing simulations f rom across the parameter space (Fig 2.6B), we f ind that there are 

various mechanisms through which one strain can dominate or coexistence can be achieved. When the 

cost of  producing T6SS is low, the resident strain dominates by having a higher T6SS production, 

suppressing the faster growing competitor that maintains a smaller T6SS arsenal (Fig 2.6B, lower lef t). 

With cost being low, when two strains coexist, cells grow and interact in T6SS-dependent manners to 
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form spatially separated microcolonies, similar to what we observed in primed coincubations of  wildtype 

ES401 vs. wildtype FQ-A002 (Fig 2.2B; Fig 2.6B, center to lower right). When the cost is high, the 

competitor strain dominates by outgrowing the resident strain, which pays a heavy price for producing 

many T6SS structures (Fig 2.6B, top lef t to center). With cost being high, cell growth can become 

extremely slow in high producers; thus, two competing strains coexist because the initial population 

barely grows to establish intercellular contacts (Fig 2.6B, top right). 
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2.3 Discussion. 

 Built upon in vitro experimental data, the biochemical model contains the most important 

variables in subcellular T6SS dynamics: (1) the speed of  T6SS activation, and (2) the speed at which 

structures are built and f ired during competition. Experimentally, we show that V. fischeri exhibits strain-

specif ic variations in the speed of  T6SS activation upon entering a viscous environment, and in the 

average number of  T6SS structures cells harbor. We hypothesized that the dif ferent in activation speed 

plays a dominant role in strain competition and survival: the faster activator (ES401) has a competitive 

advantage by taking the f irst shots. Using in vitro and in silico experimental data, we provide evidence to 

corroborate this hypothesis (Figs 2.2-2.5). When populations are fully activated at the start of  competition, 

competing factors such as the speed at which T6SS structures being generated and f ired, and the cost of  

T6SS production, balance against one another in determining the competition outcome (Fig 2.6). 

 Although engineering lab mutants has become standard research practice, there are yet 

limitations in practical feasibility and controllability when probing a biological system. To systematically 

investigate the ef fects of  the aforementioned T6SS-related factors on competition, we integrate the 

biochemical model into an ABM, and use it to generate and test hypotheses about T6SS activity that 

would be dif f icult to address experimentally. We systematically vary T6SS-related parameters in the ABM 

to study the trade-of f  between the biological cost of  T6SS structure production and its competitive 

benef its (Fig 2.6). Although there have been estimates of  the energetic cost of  f iring T6SS [57], the 

growth penalty of  expressing T6SS remains unknown. However, the phase diagram in Fig 2.6 could be 

used as a tool to either predict the competitive outcome of  two lethal strains if  the growth cost of  T6SS 

can be quantif ied or to predict the growth cost based on observed coincubation results. Growth rate is 

only one potential cost of  utilizing T6SS [94, 124]. Our model allows for the incorporation of  dif ferent 

forms of  cost, such as the arrested cell-cycle due to uptake of  DNA of  lysed prey cells [94], and DNA 

damage in T6SS expressing cells in the presence of  environmental stressors [124]. 

 Our ABM, combined with internal T6SS models, can be a very f lexible investigative tool. It can 

take into account other T6SS activation mechanisms such as iron-dependent gene expression, 

appropriate temperatures, and quorum sensing [7] by incorporation dif fusion and intercellular 

communication. It can also be modif ied to generate T6SS-related behavior such as the tit-for-tat strategy 
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[48, 113], reusing secreted proteins in sister cells [95], and feedback control of  T6SS assembly via 

sensing intracellular levels of  Hcp [125]. In addition to probing the biochemical parameters of  T6SS, our 

model can be adapted to explore how bacteria may survive an encounter with a T6SS+ competitor. 

Although several reports have described observations of  protection against T6SS attacks [49, 87, 126-

129], defensive mechanisms have yet to  be parameterized in ABMs. Our model can be used to 

investigate T6SS resistance by including factors that lead to the emergence of  diverse protective 

capabilities, which include those derived f rom heritable mechanisms, e.g. point mutations, gene 

amplif ication, and horizontal gene transfer, as well as physiological dif ferences within a clonal population 

that are stochastic or inf luenced by hysteresis [130-132].  

 The ABM also enables us to investigate variables in competition not related to T6SS, such as 

changes in the geometry of  the competition arena. The dif ferences in target survival when competition 

occurs in a conf ined space and when it is in a range expansion (Fig 2.5) provide some insight into 

competitions occurring within a host. The simulation results suggest that if  multiple strains enter a 

conf ined host colonization site, the target population may be quickly eliminated because it cannot avoid 

contact with the lethal strain. These results underscore the importance of  considering the geometry of  the 

competitive environment, which signif icantly inf luences the outcomes in addition to T6SS dynamics.  

 As a concluding remark, we have designed the T6SS biochemical model to be general and 

parsimonious, so that it can be adapted and applied to T6SSs in other microorganisms, serving as the 

foundation on which more complex T6SS biochemistry can be investigated. Combined with the ABM, our 

model can incorporate with ease new facets of  T6SS-related mechanisms as they are discovered in this 

active area of  research. 
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2.4 Material and Methods. 

Media and growth conditions.  

V. fischeri strains were grown in LBS medium at 24C, and antibiotics were added to media for V. 

fischeri selection as described previously [133]. For selection in V. fischeri cultures, chloramphenicol, 

kanamycin, and erythromycin were added to LBS medium at f inal concentrations of  2 µg mL-1, 100 µg mL-

1, and 5 µg mL-1, respectively. 

Coincubation assays.  

V. fischeri strains containing the indicated plasmid or chromosomal markers were grown 

overnight on LBS agar plates supplemented with the appropriate antibiotic at 24C. For each biological 

replicate, overnight cultures were started f rom a single colony and grown overnight in LBS supplemented 

with the appropriate antibiotics. Prior to the start of  coincubation assays, cultures were either subcultures 

once more into liquid LBS for 6 h (unprimed treatments) or spotted onto an LBS agar plate for 6 h (primed 

treatments) as indicated. For each coincubation, strains were normalized to an OD 600 of  1.0, mixed at a 

1:1 ratio, and 5 µL of  the mixture was spotted on LBS agar plates and incubated at 24C. At the indicated 

time points, coincubation spots were either imaged using f luorescence microscopy, or total CFU counts 

were quantif ied using serial dilutions spotted onto media selective for the desired strain.  

Fluorescence microscopy.  

Fluorescence microscopy images of  coincubation spots were imaged with a trinocular zoom 

stereo microscopy equipped with a Nightsea f luorescence adapter kit for green and red f luorescence 

detection. Images were taken using an OMAX 14MP camera with OMAX ToupView camera control 

sof tware. Single-cell images of  VipA_2-GFP sheaths were taken either on an upright Olympus BX51 

microscope outf itted with a Hammamatsu C8484-03G01 camera and a 100X/ 1.3 Oil Ph3 objective lens 

with cells prepped on a standard 1 mm glass slide (Fig 2.3A), or on an inverted Nikon Ti2 microscope 

outf itted with a Hammamatsu ORCA Fusion sCMOS camera and a CFI plan apo lambda 100x oil 

objective lens with cells prepped on a 35 mm glass-bottomed dish (Fig 2.3B) [134]. Brightness and 

contrast adjustments were made uniformly across all images in a given experiment and color changes 

were made by adjusting the LUT value to either “green” for ES401 or “magenta” for FQ-A002 in FIJI. 

Parametrization of  simulated ES401 and FQ-A002 in the ABM.  
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We use 𝜏+ = 1 h for both simulated ES401 and FQ-A002 strains because the activated 

percentage in either biological ES401 or FQ-A002 population starts to increase af ter 1 h, and the dif ferent 

in 𝜏+ estimates for the two strains is below our experimental time resolution (Fig 2.3B). The rate of  

surface activation in a biological strain depends on the experimental conditions. The particular 

experiments used to quantify this parameter made use of  a sealed Petri dish for imaging (Fig 2.3B), which 

likely limited oxygen supply to the bacteria. As the experimental setups in Fig 2 and Fig 3AC are dif ferent 

f rom this, we increase the estimated activation rates of  both ES401 and FQ-A002 (Fig 2.3) by f ive-fold 

while maintaining the ratio between the two. We base the value of  𝜆𝑓 ≈ 21 h
−1 in our computational 

strains on publicly available microscopy video data that visualize sheath assembly and f iring in V. 

cholerae (21). The strain specif ic f iring rates are determined by 𝜆𝑓 =
𝜆𝑠
𝑁∞
⁄ . We use the estimate 𝑁∞ =

3.5 for both ES401 and FQ-A002, and the f iring rates for the two strains are identically 𝜆𝑓 = 6 h
−1. For 

𝜏lys , we use an intermediate value, 0.5 h, which is between the limiting values in a previous study that 

investigates the ef fect of  lysis speed on T6SS ef fectiveness [54]. Furthermore, we let 𝜆s and 𝜏lys  be 

identical in both simulated ES401 and FQ-A002 strains, because the two biological strains exhibit similar 

killing rates in coincubation with nonlethal targets (Fig 2.2E). To simulate unprimed cells, af ter seeding 

the initial population at the start of  the simulation, we randomly set a cell to be activated with probability 

𝜌0 , and let the inactivated cells undergo stochastic switching as described in Eq. [1]. In contrast, to 

simulate primed cells, we set every cell in the initial population to be activated at the start. The base 

growth rate 𝑟′0  of  the lethal strains are similar to those of  biological strains ES401 and FQ-A002 [38]. The 

simulation domain in Fig 2.2A-C is 388 µm x 388 µm and has periodic boundary conditions; however, we 

only use the central domain of  200 µm x 200 µm to compute percentage of  area occupied, in order to 

avoid edge ef fect. For a summary of  ABM parameters, see SI Appendix Table 2.S1. For specif ic 

parameters used in Figs 2.2 & 2.6, see SI Appendix Tables 2.S2 & 2.S4, respectively. For specif ic 

parameters used in Figs 2.4 & 2.5, see SI Appendix Table 2.S3. 
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2.5 Figures. 

 
Figure 2.1. Schematics of experimental and computational systems used in this study. (A) A 
schematic of  a coincubation between two mutually lethal T6SS+ strains of  V. fischeri on agarose pads. 

Cells raised in liquid culture f irst undergo surface activation af ter p lating. The competitive outcome 
depends on intraspecif ic physiological variations, such as activation rate, and the speed at which cells 
build and f ire T6SS apparatuses. (B) A schematic of  a computational cell in the in-house ABM 

environment. Besides cellular growth and division, a cell (or an agent) also undergoes internal reactions 
governed by the subcellular T6SS model, while subject to environment factors such as cell -cell contact, 
spatial conf inement, growth restriction due to availability of  space and nutrients. For more details of  the 

ABM see SI Appendix Section 3 & 4. Figure was created using BioRender with a publication license. 
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Figure 2.2. Competition outcomes vary due to intraspecific variations in T6SS killing dynamics. 
(A) – (C) Fluorescence microscopy images of  ES401 and FQ-A002 strains at 24 h following coincubation 
on LBS agar, compared side by side with representative ABM simulation images. The ES401 strain 

harbored the GFP-encoding plasmid pVSV102 (green) and the FQ-A002 strain harbored the dsRed-
encoding plasmid pVSV208 (magenta). Microscopy images were taken at 10X; scale bars are 50 µm for 
all microscopy and simulation images. (A) Wildtype (WT) vs. wildtype pair under unprimed treatment. In 

the microscopy images, ES401 occupied 99.3% of  total area, and FQ-A002 0.7%. In simulations, ES401 
occupied 99.7%, and FQ-A002 0.3%. (B) WT vs. WT pair under primed treatment. In the microscopy 
images, ES401 occupied 46.6% of  the total area, and FQ-A002 53.4%. In simulations, ES401 occupied 

50.1%, and FQ-A002 49.9%. (C) vasA- vs. vasA- pair under primed treatment gives similar outcomes to 
(C) experimentally; in simulation it is identical to vasA- vs. vasA- under unprimed treatment, hence not 
repeated. All experiments were performed three times; all simulations were repeated 100 times. 

Additional experimental and simulation data can be found in SI Appendix Section 1, SI movies S1 & S2. 
Simulation parameters, see SI Appendix Tables 2.S1 & 2.S2. (D) Total colony forming unit (CFU) counts 
of  each strain in coincubation at 0 h and 6 h following coincubation on LBS agar. I Total target strain CFU 

counts taken each hour for 5 h in unprimed coincubation between either wildtype FQ-A002 and ES401 
vasA-, or wildtype ES401 and FQ-A002 vasA-. CFU data taken af ter time T ≥ 2 h of  either strain is f it to an 

exponential decay model 𝑎 exp (−𝑏𝑡) with a, b as f itting parameters. Data points at 0 h and 1 h are 
excluded. Decay rate b is reported for both strains. 
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Figure 2.3. V. fischeri exhibits strain-specific T6SS dynamics over time during surface activation. 

(A) Representative f luorescence microscopy images of  ES401 (green) and FQ-A002 (magenta) cells 
harboring VipA-GFP expression vector af ter incubation on an agarose pad for either 2 h or 6 h. (B) 
Percentage of  ES401 or FQ-A002 cells that contain at least one sheath at 30 min intervals for 3 h. A 

minimum of  680 total cells were analyzed for each treatment across f ive f ields of  view for two biological 

replicates. All combined data is shown. Parameters in Eq. [2] are estimated to be (𝜌0 , 𝜏+ ,𝜆+) =
(10%, 1.34 h, 0.118 h−1) for ES401, and (𝜌0 , 𝜏+ ,𝜆+) = (5%, 1 h, 0.05 h

−1) for FQ-A002. (C) Distribution of  
the number of  VipA-GFP sheaths per cell in either ES401 or FQ-A002 at early (2 h) or late (6 h) stages of  

incubation on an agarose pad. These data are overlaid with a Poisson distribution with the corresponding 
mean. Chi-squared tests comparing the experimental distribution and the Poisson distribution yield, f rom 
lef t to right, P<.001, P=.271, P<.001, P<.001. Chi-squared test comparing the two 6 h distributions yield 

P<.001. At least 2700 cells are analyzed for sheath distributions at 2 h, at least 260 cells are analyzed at 
6 h. All agarose pads were made by supplementing liquid LBS with 2% agarose and 0.5 mM IPTG 

(isopropyl--D-thiogalactopyranoside). (A) and (C) show data f rom the same experiments, repeated twice 

and all combined data are shown; (B) shows data f rom a separate experiment; for details see Materials 
and Methods. 
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Figure 2.4. The effect of activation rate on lethal vs. target competition is consistent when other 

T6SS parameters are perturbed. A series of  lethal vs. target coincubations is simulated under unprimed 
conditions in conf ined spaces. In each scenario, two coincubations are simulated and the target strain 

populations are compared: one coincubation has a faster activating lethal strain (𝜆+ = 0.6 h
−1), and the 

other has a slower activating lethal strain (𝜆+ = 0.25 h
−1). Only the target population curves are shown. 

All curves are averaged over 50 independent simulations. (A) While keeping 𝜆s = 21 h
−1, 𝜆 f= 7 h

−1 , lysis 
time is varied 𝜏lys = 0.17, 0.5,1 h, for 1st, 2nd, and 3rd subf igure, respectively. The last subf igure shows 

combined data. (B) While keeping 𝜆s = 21 h
−1, 𝜏lys = 0.5 h, f iring rate is varied 𝜆 f = 1, 14, 21 h

−1 across 

the f irst three subf igures, f rom lef t to right. (C) While keeping 𝜏lys = 0.5 h, sheath rate is varied 𝜆s =

10, 21, 30 h−1, across the f irst three subf igures, lef t to right. The last f igure shows combined data. We set 

𝜆 f= 𝜆s in each scenario. For other simulation parameters, see SI Appendix Tables 2.S1 & 2.S3. 
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Figure 2.5. Target strains survive longer when competing against slow activating lethal strains in 
a range expansion. (A) The cell counts of  a target strain over time when it is competed against two lethal 
strains in a range expansion; all results are averaged over 50 simulations. Colors correspond to the 

activation rate of  the lethal strain in the coincubation: blue = lethal strain activates slower with (𝜆+ =
0.25 h−1), red = lethal strain activates faster with (𝜆+ = 0.6 h

−1). The shaded region on each curve show ± 

1 standard deviation. (B) Top: a representative simulation image of  the slow activating (𝜆+ = 0.25 h
−1) 

lethal (hidden) vs. target (green) coincubation in range expansion. Scale bar is 200 µm. Bottom: a 
f luorescence microscopy image of  the ES114 target strain following a coincubation with the ES401 
inhibitor strain; scale bar is 2 mm. Unprimed strains were mixed at a 1:1 ratio and coincubated for 24 h on 

LBS agar plates. For more details and simulation parameters, see SI Appendix Section 2, SI movie S3, 
and SI Tables 2.S1 & 2.S3. 
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Figure 2.6. Competitive outcomes and surviving mechanisms are affected by the cost of T6SS 
production. (A) Phase space of  competitive outcome in mutually lethal competitions as a function of  two 

dimensionless parameters, 𝑐̂ and , where 𝑐̂ is the normalized cost coef f icient and  characterizes the 

lethality of  the competitor strain. All simulations are run for an equivalence of  10 h. Final cell counts 𝑁res 
and 𝑁comp , for the resident and competitor strain, respectively, are collected and averaged over 50 

independent trials for each parameter combination {𝛽, 𝑐̂}. The competitive outcome is determined by 𝜙 =
(𝑁res − 𝑁comp)/(𝑁res + 𝑁comp), with 𝜙 = 1, 0, −1 indicating resident strain dominance, coexistence, and 

competitor strain dominance, respectively. (B) Representative simulation images f rom across the 
parameter space. For simulation parameters see SI Appendix Tables 2.S1 & 2.S4.  
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CHAPTER 3 – Vibrio fischeri coculture results in horizontal gene transfer

3.1 Introduction. 

Whether the interactions between microbe and host are benef icial or pathogenic, bacteria evolve 

to colonize new hosts through similar processes: DNA changes through either mutations or horizontal 

gene transfer, and the host environment selects for genotypes with the ability to colonize that host. 

Specif ic genes are of ten required for bacteria to colonize a given host, and it is predicted that these genes 

can be transferred between bacteria through the exchange of  genetic material [135]. Horizontal gene 

transfer (HGT) mediates gene f low between bacterial populations through conserved mechanisms 

including transformation, transduction, and conjugation [18]. In particular, conjugation systems are 

distributed among diverse groups of  bacteria and have been shown to play an important role in bacteria l 

evolution [136, 137]. 

Conjugation broadly refers to the unidirectional transfer of  DNA f rom a donor to a recipient and is 

characterized by the requirement for direct contact between live cells  [138]. oriT-mediated conjugation 

systems are typically plasmid-encoded and rely on relaxase proteins to nick the origin of  transfer (oriT) on 

the conjugative plasmid and transfers single-stranded DNA into the recipient cell [139]. When the 

conjugative plasmid integrates into the donor chromosome, this results in High-f requency recombination 

(Hfr) strains with the ability to donate chromosomal DNA, as has been described in Escherichia coli and 

other systems [140]. Traditional Hfr transfer is relaxase-dependent, initiates at the oriT site encoded by 

the conjugative plasmid, and transfers DNA from 5’ to 3’ into the recipient cell, resulting in continuous 

DNA strand that is transferred and recombined into the recipient chromosome [139]. This leads to transfer 

biases around the genome where only genes proximal and 3’ to oriT are transferred at high f requencies 

[139]. Further, recipients of  Hfr transfer do not typically inherit the entire conjugative plasmid, and as 

such, transconjugants do not acquire the ability to act as a DNA donor themselves [139]. Recently, 

several similar, but seemingly distinct, mechanisms of  conjugation have been described in 
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Mycobacterium [21, 141-143]. In contrast to classical Hfr chromosomal DNA transfer, Mycobacterium 

smegmatis utilizes the type VII secretion system apparatus ESX-1 in both the donor and recipient rather 

than plasmid-encoded conjugative machinery [142]. Additionally, there is no obvious regional transfer 

bias; genomic markers are transferred as small, discontinuous sequences at similar f requencies 

regardless of  their chromosomal location [144].  

The specif ic genes required for either pathogenic or symbiotic interactions are of ten encoded on 

the chromosome as genomic islands, or “pathogenicity islands” that are presumed to have been acquired 

by horizontal gene transfer [145, 146]. Nakamura et al. used bioinformatics approaches to show that 

pathogenicity-related genes make up a disproportionately high percentage of  horizontally-acquired genes 

in prokaryotes [147]. In order for any horizontally-acquired gene to be maintained in a bacterial 

population, it must confer an advantage to the recipient cell that is maintained under positive selection. 

This begs the question – how does bacterial gene transfer drive the evolution of  symbiotic partnerships? 

One possibility is that the transfer of  specif ic host-colonization factors can allow bacteria to rapidly adapt 

to colonize new hosts. Operational genes involved in competitive interactions, biof ilm fo rmation, and 

symbiosis are of ten encoded in transferrable elements. Although previous work has identif ied important 

roles for these same processes during host-colonization, little is known about how HGT and the evolution 

of  symbiotic partnerships are intertwined. Furthermore, identifying the mechanisms by which bacteria 

evolve to colonize new hosts will make it possible to predict genetic risk factors for host -transition of  both 

potential pathogens and benef icial microbes. 

To better understand these fundamental mechanisms, we take advantage of  the well-

characterized light organ association between the Hawaiian bobtail squid, Euprymna scolopes, and its 

bioluminescent symbiont, Vibrio fischeri [148]. Although V. fischeri makes up < 0.1% of  the bacterial 

seawater population, they are the only bacteria that encode genes required to colonize the Hawaiian 

bobtail squid host [149]. In exchange for nutrients, luminescence provided by V. fischeri in the light organ 

is thought to obscure the squid’s silhouette to protect it f rom predators who hunt at night [150]. Given that 

V. fischeri is the only species of  bacteria to have been isolated f rom the Hawaiian bobtail squid light 

organ, this symbiosis provides a natural, simplif ied microbial community that makes it possible to answer 

fundamental questions about the relationships between host and symbiont. Importantly, this symbiosis 
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must be established with each generation of  squid; juveniles hatch without their symbionts, which are 

quickly acquired f rom the surrounding seawater [149]. Environmental acquisition of  symbionts means that 

with each generation of  squid hatched in the wild, newly evolved bacteria have the opportunity to 

compete for colonization of  the light organ. 

Although V. fischeri is the only bacterial species that has been cultured f rom the light organs of  

adult E. scolopes, not all strains of  this species are capable of  colonizing the Hawaiian squid host. For 

example, V. fischeri strain MJ11, a light organ symbiont of  the Japanese pinecone f ish Monocentris 

japonica, lacks essential host specif icity f actors that are required for colonization of  the Hawaiian squid 

host. Two independent studies used dif ferent approaches to introduce genetic changes to MJ11 that 

allowed it to colonize the Hawaiian squid. Mandel et al. found that expressing an allele of  the regulatory 

protein RscS allowed MJ11 to fully colonize the squid host  [31]. The RscS regulator, found in all squid-

colonizing V. fischeri isolates, turns on expression of  the syp biof ilm regulator, which was previously 

shown to be essential for forming aggregates on the surface of  the light organ during the initial 

colonization process [151]. More recently, Pankey et al. clonally evolved MJ11 cells in repeated 

exposures to the Hawaiian squid host and selected for natural mutations that permitted host colonization. 

This study found that juvenile squid selected for MJ11 cells contained point mutations in a repressor of  

the syp locus, resulting in enhanced biof ilm formation required for colonizing the squid host [152]. These 

studies revealed that even small genomic changes in V. fischeri can alter gene expression to facilitate 

colonization of  a new host. 

The studies described above were important to show that non-native V. fischeri strains can be 

genetically engineered or clonally evolved to colonize a new host; however, they did not use natural DNA 

exchange mechanisms to account for how HGT within a population may allow bacteria to alter or expand 

their host range. Previous work has described two mechanisms by which V. fischeri strains can exchange 

DNA through either natural transformation or plasmid-mediated conjugation [41, 42, 66]. Natural 

transformation machinery is conserved in V. fischeri, although it requires the addition of  chitin or 

overexpression of  the tfoX gene to induce competence in culture [41]. Conjugative plasmids have been 

shown to be strain-specif ic in V. fischeri; while the squid isolate MJ11 lacks a conjugative plasmid, the 
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commonly used squid isolate V. fischeri ES114 encodes a native conjugative plasmid that is referred to 

as pES100 [42, 153, 154]. 

Here, we design and implement an experimental evolution assay to select for the horizontal 

transfer of  selectable antibiotic resistance markers between V. fischeri strains ES114 and MJ11. We 

propose that this assay could be optimized and used as a tool in future work to select for evolved 

genotypes that have acquired dif ferent phenotypic traits, including the ability to colonize new hosts. 

Further, we present preliminary evidence that V. fischeri exchanges DNA markers through an unidentif ied 

mechanism of  gene transfer in conventional coculture conditions.  
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3.2 Results. 

Experimental Evolution Assay Design. 

We f irst asked whether we could detect the transfer of  selectable markers between live cells 

during an experimental evolution assay. Although previous work has described the ability of  V. fischeri to 

exchange chromosomal DNA via natural transformation, and plasmid DNA via oriT-mediated conjugation, 

it was unknown whether DNA could also be exchanged during typical interactions between live cells in 

coculture [41, 42]. We designed an experimental evolution assay that would detect the transfer of  

selectable antibiotic-resistance markers between V. fischeri strains ES114 and MJ11 (Fig 3.1). While 

ES114 is a native light organ symbiont of  the Hawaiian bobtail squid (Euprymna scolopes), MJ11 was 

isolated f rom the light organ of  a Japanese pinecone f ish, Monocentris japonica, and is unable to naturally 

colonize squid.  

Both strains encode genes required for natural transformation, although previous work has shown 

that competence of  V. fischeri requires either chitin or overexpression of  the regulatory gene tfoX, and is 

not induced under the media conditions used here [41]. This experimental setup was designed to exclude 

natural competence so that we could study DNA exchange mechanisms that may not have been 

identif ied yet in V. fischeri. Importantly, ES114 harbors a native conjugative plasmid, pES100, which 

encodes a functional type IV secretion system (T4SS) [42, 154], that is absent in strain MJ11 [31]. In rare 

events, conjugative plasmids are known to integrate into the host bacterial chromosome and promote 

transfer of  chromosomal DNA into a recipient cell [23, 155]. During these events, conjugative plasmids 

typically integrate into a stable location in the host chromosome, resulting in variable rates of  transfer of  

selectable markers that are introduced around the donor chromosome. While the conjugal transfer of  

plasmid DNA has been reported in V. fischeri, we have not previously observed chromosomal DNA 

exchange in coculture [42]. We hypothesized that if  ES114 donates chromosomal DNA via the 

chromosomal integration of  pES100, we would observe variable transfer f requencies of  selectable 

markers at dif ferent locations around ES114’s chromosome I and II.  

Transfer frequency is not dependent on the location of chromosomal markers in ES114.  

To test this, we f irst introduced an ErmR selectable marker onto the chromosome of  ES114 via a 

Campbell insertion at four dif ferent locations across chromosomes I and II, resulting in strains SS101, 
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SS112, SS113, and SS104 (Fig 3.2A). To determine whether the Campbell insertion impacts transfer 

f requency, we also included strain DMA420, an ES114 transposon mutant with an Erm R marker in the 

same location as strain SS101 (Fig 3.2A) [156]. We next introduced the CamR plasmid pVSV208 into 

strain MJ11. Overnight cultures of  each strain were grown up clonally under the appropriate antibiotic 

selection prior to the experimental evolution assay. For each treatment, 2 µL of  Strain 1 and Strain 2 

overnight cultures were used to inoculate 1 mL of  liquid LBS medium and coincubated for 24 h at 24°C 

without shaking (Fig 3.1), where live cells had the opportunity to interact and exchange selectable 

markers. Following the experimental evolution period, serial dilutions of  mixed cultures were plated onto 

three dif ferent antibiotic selections: (1) LBS + Erm, to quantify total Strain 1 CFUs; (2) LBS + Cam, to 

quantify total Strain 2 CFUs; and (3) LBS + Erm + Cam, to quantify and isolate evolved genotypes that 

had acquired the opposite selectable marker (Fig 3.1). As controls to test for spontaneous antibiotic 

resistance, each donor and recipient strain was also incubated clonally and serial dilutions were plated 

onto the same antibiotic selections described above.  No colonies were detected on the double-antibiotic 

selection f rom treatments where Strain 1 or Strain 2 was incubated clonally, indicating that spontaneous 

antibiotic resistance was below the level of  detection used in our experimental setup (Fig 3.2B; Table 

3.1). 

If  DNA transfer in V. fischeri depends on the chromosomal integration of  the conjugative plasmid 

pES100 followed by oriT-mediated conjugation, then we would expect to see dif ferent rates of  transfer 

when ES114 (Strain 1) is marked at dif ferent locations around the chromosome. Instead, we observed 

that experimental evolution assays between V. fischeri MJ11 harboring a CamR plasmid marker and each 

of  the chromosomally-marked V. fischeri ES114 derivative strains resulted in transfer of  the selectable 

markers at similar rates between each treatment, according to a 2-way ANOVA followed by a Tukey’s 

multiple comparisons test (Fig 3.2B). While these results do not explicitly exclude the chromosomal 

integration of  pES100 as a mechanism of  transfer, they do suggest that transfer f requency is not 

dependent on the location of  chromosomal markers in ES114,  which would be unexpected f rom a 

traditional oriT-mediated transfer mechanism. One alternative explanation for these results could be a 

case where the ES114 conjugative plasmid pES100 is f irst acquired by MJ11, resulting in evolved MJ11 
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cells that have gained the ability to donate the CamR selectable plasmid marker back to ErmR-marked 

ES114 cells. 

Selectable markers are transferred between ES114 and distantly related Vibrios (KB8) 

The experiments described above indicate that V. fischeri is able to exchange selectable markers 

between closely-related strains; however, we wondered whether we could also detect interspecies DNA 

transfer between V. fischeri and another ecologically-relevant bacterial species. Strain KB8 was isolated 

f rom the water-column of  Kaneohe Bay, HI, and was identif ied as a Vibrio sp. We also chose SS113 as a 

representative chromosomally-marked ES114 strain to be used throughout the manuscript . Using the 

same experimental evolution assay described above, we coincubated SS113 with either MJ11 or KB8 

strains harboring the KanR plasmid pVSV102, and also included treatments where SS113, MJ11, or KB8 

were incubated clonally to ensure that we did not detect any spontaneous antibiotic resistance. As before, 

we observed no growth on the double-antibiotic selection plates f rom clonal incubations (Fig 3.3; Table 

3.1). However, selectable markers were transferred between SS113 and KB8 at similar f requencies as 

were observed between SS113 and MJ11 (Fig 3.3). These results suggest that the DNA transfer we 

observe here is not conf ined to intraspecies interactions between V. fischeri, but that this may serve as a 

mechanism for V. fischeri to exchange DNA with more diverse microbes. 

Conditions for transfer are not consistent with any reported HGT mechanisms in V. fischeri. 

Our experimental evolution assay was designed with the assumption that natural transformation 

in V. fischeri is not active under the coincubation conditions used here [41]. We initially anticipated that 

ES114 might donate chromosomal markers via integration of  its native conjugative plasmid, pES100; 

however, the consistent transfer f requency of  ErmR markers located at dif ferent points around ES114’s 

chromosome would contradict what is known about oriT-mediated transfer in other systems [20, 42, 157].  

To better understand how selectable antibiotic-resistance markers are exchanged in V. fischeri, we 

designed a series of  experiments to test dif ferent conditional requirements for DNA transfer between 

SS113 and MJ11. For each experiment, clonal incubations of  SS113 or MJ11 harboring the CamR 

pVSV208 plasmid were included as negative controls, and no spontaneous double-antibiotic resistance 

was detected (Fig 3.4; Table 3.1). 
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While transduction has not been described in V. fischeri in culture, we predicted that if  SS113’s 

ErmR chromosomal marker was transferred to MJ11 via transduction, then cell-f ree spent media may be 

suf f icient donor material to observe transfer. First, we coincubated MJ11 pVSV208 with either SS113 as 

described above, or 1 mL of  cell-f ree supernatant resulting f rom an MJ11 + SS113 coincubation that was 

passed through a 0.22 µm f ilter prior to the experimental evolution assay. While we detected transfer 

between live cultures of  MJ11 pVSV208 and SS113, the cell-f ree supernatant was not suf f icient donor 

material for MJ11 pVSV208 to receive the ErmR chromosomal marker (Fig 3.4A). These data suggest that 

the DNA transfer we observe here is not driven by transduction. 

Although we did not expect natural competence to be active in our experimental evolution assay 

conditions due to the absence of  chitin or overexpression of  tfoX in either Strain 1 or Strain 2, the genes 

required for transformation are conserved in V. fischeri [41]. To test whether low-f requency natural 

transformation could explain the DNA transfer observed here, we incubated MJ11 pVSV208 with either 

SS113, or 2 µg of  SS113 gDNA and repeated the experimental evolution assay. We again detected 

transfer between live cultures of  MJ11 pVSV208 and SS113, but the SS113 gDNA was not suf f icient 

donor material for MJ11 pVSV208 to receive the ErmR chromosomal marker (Fig 3.4B). This is consistent 

with previous work which showed that natural transformation in V. fischeri is inactive under these culture 

conditions, and suggests that natural transformation is not driving the DNA transfer observed in our 

experimental evolution assays [41]. However, it is important to note that although gDNA was not a 

suf f icient donor source, we have not ruled out the possibility that another mechanism is initiating DNA 

transfer via the conserved natural transformation machinery in V. fischeri. 

To better understand genetic factors that drive gene transfer in V. fischeri, we next asked whether 

recA was required in either Strain 1 or Strain 2 in order to observe the transfer of  selectable markers. We 

introduced a recA- mutation into both the chromosomally-marked ErmR SS113 strain and MJ11 harboring 

the CamR pVSV208 plasmid. We coincubated SS113 with the MJ11 recA- mutant harboring pVSV208 and 

did not detect any transfer of  the selectable ErmR or CamR markers (Fig 3.4C). However, when we 

coincubated the SS113 recA- mutant with MJ11 pVSV208, we detected transfer of  the selectable markers 

at f requencies similar to our positive control treatment of  SS113 coincubated with MJ11 pVSV208 (Fig 
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3.4C). Taken together, these data suggest that to exchange selectable markers, V. fischeri requires recA 

in the plasmid-marked Strain 2, but not in the chromosomally-marked Strain 1.  

Finally, we sought to investigate culture conditions that may af fect transfer f requency in V. 

fischeri. Using SS113 and MJ11 pVSV208 as Strain 1 and Strain 2, respectively, we repeated our 

standard experimental evolution assay as described above and introduced dif ferent modif ications to the 

assay with each treatment. First, the SS113 culture was heat-killed during a 15-minute incubation at 95°C 

prior to coincubation with MJ11 pVSV208, which resulted in no detectable transfer of  the selectable 

markers (Fig 3.4D). Next, we replaced the 24 h coincubation step in liquid LBS media with a coincubation 

on LBS agar for the same period of  time. When SS113 and MJ11 pVSV208 were coincubated on LBS 

agar, we detected transfer of  the selectable markers at similar f requencies to  treatments in liquid LBS (Fig 

3.4D). In our last treatment, we repeated the coincubation step on LBS agar, but separated Strain 1 and 

Strain 2 using a 0.22 µm f ilter. When cultures of  SS113 and MJ11 pVSV208 were physically separated by 

the f ilter during coincubation, we did not detect any transfer of  the selectable markers (Fig 3.4D). Taken 

together, these results suggest that DNA transfer in V. fischeri requires contact between live cells to 

occur. Further, this suggests that the DNA transfer we observe here could be a form a conjugation, 

characterized by a requirement for cell-cell contact, although it is unclear f rom this data whether it might 

be mediated by the conjugative plasmid pES100 as we initially predicted. 
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3.3 Discussion. 

As bacteria transition f rom f ree-living to host-associated life stages, they are of ten forced into 

physical contact with both closely-related and diverse microbes. Thus, the host environment provides a 

unique opportunity for bacteria to compete and exchange DNA via contact-dependent mechanisms. The 

light organ of  the Hawaiian bobtail squid, Euprymna scolopes, is of ten used as a simple model for 

studying host-colonization processes because the light organ is exclusively colonized by its 

bioluminescent symbiont, Vibrio fischeri. Recent work has begun to investigate interactions between V. 

fischeri strains throughout the colonization process and during coincubation; however, much of  this work 

has focused on competitive mechanisms. Despite V. fischeri encoding both conserved natural 

transformation machinery and strain-specif ic conjugative plasmids, we know very little about how V. 

fischeri cells might exchange DNA during physical interactions with other strains or species of  bacteria. 

In this study, we describe an experimental evolution assay that utilizes selectable antibiotic resistance 

markers to quantify DNA transfer in V. fischeri. Because we were interested in contact-dependent DNA 

exchange, we used culture conditions in which natural transformation is known to be inactive in V. 

fischeri. We selected for evolved genotypes that had acquired a selectable marker across various 

treatments and found that (1) Coculture results in the transfer of  selectable markers both between V. 

fischeri strains and between V. fischeri and more diverse Vibrio species; and (2) the mechanism driving 

this gene transfer is inconsistent with any HGT mechanisms that have been previously described in V. 

fischeri. 

The experimental evolution assay that we describe was designed so that the evolved phenotype 

for selection is the acquisition of  an antibiotic resistance cassette. We propose that this assay could be 

modif ied to select for any number of  evolved traits given that a counterselection for the donor genotype 

can be used. One avenue for future research could include using this assay to determine host -

colonization factors. The V. fischeri MJ11 strain used in this study was isolated f rom the light organ of  a 

Japanese pinecone f ish and is unable to naturally colonize the Hawaiian bobtail squid , E. scolopes. In this 

example, MJ11 would be coincubated with a native E. scolopes isolate such as V. fischeri ES114. Rather 

than selecting for evolved isolates using a double antibiotic selection, the coculture would be used as 

inoculum in a squid colonization assay with a counterselection against ES114. Since MJ11 is unable to 
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naturally colonize the squid, we would expect that any genotypes that are isolated f rom colonized squid 

would represent MJ11 that acquired genetic factor(s) that are required to colonize E. scolopes. The 

genomes of  the evolved genotypes of  interest would then be sequenced and compared to the parent 

genomes to identify genes that were either acquired or lost that result in the ability to colonize a new host.  

At this point it remains unknown whether additional chromosomal or plasmid DNA is acquired 

along with the selectable marker, or the mechanism by which V. fischeri exchanges DNA in coculture. 

Given the data we present here, it is plausible that either (1) ES114 donated its ErmR chromosomal 

marker to MJ11 and KB8 via an undetermined mechanism of  transfer, and/or (2) MJ11 and KB8 acquired 

the conjugative plasmid pES100 f rom ES114 and subsequently transferred the CamR plasmid marker 

back to ES114. Interestingly, previous work studying conjugation in V. fischeri found that plasmid transfer 

required recA in the donor strain, but not in the recipient strain [42]. We reported here that to detect 

transfer of  selectable markers, recA was required in the plasmid-marked Strain 2, but not in the 

chromosomally-marked Strain 1 (Fig 3.4C). We initially interpreted these results to mean that recA was 

required in the “recipient” (plasmid-marked Strain 2) but not the “donor” (chromosomally -marked Strain 1); 

however, these results would also be consistent with our second hypothesis that Strain 2 received 

pES100 and then gained the ability to act as a donor, thus requiring recA in Strain 2. 

To clarify these unknowns and to better understand the mechanism of  DNA transfer we observed 

here, future studies should include hybrid Illumina-Nanopore sequencing of  evolved genotypes. Evolved 

genome sequences should be compared to both input parent sequences to determine the direction of  

horizontal gene transfer, and to quantify any DNA transfer that occurred in addition to the exchange of  the 

selectable markers. For example, an evolved genotype that is most similar to MJ11 or KB8 but includes 

the ErmR marker would support our f irst hypothesis described above, while an evolved genotype that is 

most similar to ES114 but includes that CamR selectable plasmid would support our second hypothesis.  

Hybrid genomes will be important to resolve the spatial distribution of  any potential DNA acquisition and 

will provide crucial information about the mechanism by which V. fischeri exchanges DNA in coculture. 

Patterns of  gene transfer to look for would include the acquisition of  multiple, discontinuous segments of  

DNA, which would be indicative of  a mechanism similar to the Distributive Conjugal Transfer (DCT) that 

has been described in Mycobacterium. Ultimately, this work provides evidence that V. fischeri exchanges 



 58 

DNA in conventional coculture conditions and this mechanism warrants further study and characterization 

so that it may be exploited as a useful tool in studying how V. fischeri evolved in host-like conditions when 

cells come into physical contact with one another. 
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3.4 Material and Methods. 

Media and growth conditions.  

V. fischeri strains were grown in LBS or ASWT medium at 24°C and E. coli strains were grown in 

either LB medium or Brain Heart Infusion (Difco) at 37°C.  Antibiotic selection for V. fischeri and E. coli 

strains were as described previously [42]. Plasmids with the R6Kγ origin of  replication were maintained in 

E. coli strain DH5αλpir [42] and plasmid pEVS104 [158] was maintained in strain CC118λpir [159].  All 

other plasmids were maintained in E. coli strain DH5α [160]. 

Molecular techniques.  

PCR was performed on a Mastercycler pro (Eppendorf ) using Phusion High-f idelity DNA 

polymerase (New England Biolabs). PCR products were purif ied using the DNA Clean and Concentrator-

5 kit (Zymo Research, Orange, CA). Plasmids were isolated using the ZR Plasmid Miniprep Classic K it 

(Zymo Research, Orange, CA). DNA was extracted using the ZR Fungal/Bacterial DNA Miniprep Kit 

(Zymo Research, Orange, CA). DNA concentration was measured with a BioSpectrometer basic 

(Eppendorf ). Sequencing was performed through Eton Biosciences.  

Strain and plasmid construction.  

For chromosomal tagging of  V. fischeri ES114, alleles were mobilized on plasmids into the ES114 

recipient by triparental mating using CC118λpir pEVS104 as a conjugative helper. Chromosomally -tagged 

strains were screened for the appropriate antibiotic resistance markers and verif ied using PCR. All primer 

design was based on the ES114 genome sequence unless otherwise noted were synthesized by Eton 

Biosciences. The MJ11 recipient was tagged for coincubation assays with either pVSV102 (KanR, GFP+) 

or pVSV208 (CamR, dsRed+) [66]. 

To chromosomally-tag ES114 on chromosome I, approximately 0.5 kb of  the gene VF_0608 was 

PCR amplif ied using primers SS131 and SS132 f rom ES114 gDNA. The resulting PCR product was 

cloned into the KpnI site of  plasmid pEVS122, resulting in the VF_0608 disruption construct, pBS101. The 

VF_0608 disruption construct on pBS101 was moved into strain ES114, resulting in strain SS101.  

To chromosomally-tag ES114 in a second location on chromosome I, approximately 0.5 kb of  the 

gene VF_2408 was PCR amplif ied using primers SS133 and SS134 f rom ES114 gDNA. The resulting 

PCR product was cloned into the KpnI site of  plasmid pEVS122, resulting in the VF_2408 disruption 
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construct, pBS102. The VF_2408 disruption construct on pBS102 was moved into strain ES114, resulting 

in strain SS112. 

To chromosomally-tag ES114 on chromosome II, approximately 0.5 kb of  the gene VF_A0239 

was PCR amplif ied using primers SS135 and SS136 f rom ES114 gDNA. The resulting PCR product was 

cloned into the KpnI site of  plasmid pEVS122, resulting in the VF_A0239 disruption construct, pBS103. 

The VF_A0239 disruption construct on pBS103 was moved into strain ES114, resulting in strain SS113.  

To chromosomally-tag ES114 in a second location on chromosome II, approximately 0.5 kb of  the 

gene VF_A1037 was PCR amplif ied using primers SS137 and SS138 f rom ES114 gDNA. The resulting 

PCR product was cloned into the KpnI site of  plasmid pEVS122, resulting in the VF_A1037 disruption 

construct, pBS104. The VF_A1037 disruption construct on pBS104 was moved into strain ES114, 

resulting in strain SS104. 

To construct the ErmR-marked ES114 relaxase mutant (SS126), approximately 0.5 kb of  the 

relaxase gene (VF_B0050) was PCR amplif ied using primers SS129 and SS130 f rom ES114 gDNA. The 

resulting PCR product was cloned into the CamR plasmid pEVS118, resulting in the relaxase disruption 

construct, pBS100. The relaxase disruption construct on pBS100 was moved into strain SS113, resulting 

in strain SS126.  

Experimental evolution assays.  

Cultures of  V. fischeri strains grown in LBS broth supplemented with the appropriate antibiotic at 

24°C were diluted to an OD600 of  1.0, and 2 µl of  the mixture was transferred into 24-well plates containing 

1 mL of  liquid LBS medium and incubated at 24°C without shaking. Af ter a 24 h coincubation period, 

Strain 1 and Strain 2 (as indicated) strains were quantif ied by plating serial dilutions onto LBS plates 

supplemented with antibiotics selective for each individual strain. Evolved transformants were isolated 

and transfer f requency of  either chromosomal or plasmid DNA (as indicated) was quantif ied by plating 

serial dilutions onto LBS plates supplemented with antibiotics selective f or both the Strain 1 and Strain 2 

markers. Transfer f requency was calculated by dividing the transformant CFUs by total CFUs.  
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3.5 Figures. 

 
Figure 3.1. Experimental evolution assay. A selectable ErmR marker (red circle) was introduced to a 

neutral location in Strain 1, while Strain 2 harbored the selectable CamR vector pVSV208 (blue circle). 
Overnight cultures of  Strain 1 and Strain 2 were sub-cultured into standing, liquid LBS medium and 
incubated together for the duration of  the experimental evolution assay. Following the 24 h assay period, 

serial dilutions of  the mixed culture were plated onto LBS agar plates supplemented with either (1) Erm, 
to quantify Strain 1 CFUs; (2) Cam, to quantify Strain 2 CFUs; or (3) Erm + Cam, to quantify and isolate 
evolved strains that acquired the opposite selectable marker.  Figure was created using BioRender with a 

publication license. 
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Figure 3.2. Transfer frequency is not dependent on the location of chromosomal markers in 
ES114. A. Location of  chromosomal markers introduced into ES114. B. Transfer f requency of  selectable 

markers between ES114 (Strain 1; ErmR markers introduced around the chromosome) and MJ11 (Strain 
2; harbors CamR pVSV208 marker). Transfer f requencies were calculated by dividing the Evolved CFU by 
the Total CFU. All experimental evolution assays were performed twice (n = 4) and all data is shown; 

each color represents data f rom a separate experiment. Averaged transfer f requencies can be found in 
Table 3.1. Limit of  detection is 200 evolved CFU/mL. Panel A was created using BioRender with a 
publication license.  
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Figure 3.3. V. fischeri exchanges selectable markers with Vibrio sp. KB8. Transfer f requency of  
selectable markers between SS113 (Strain 1; ES114 harboring an ErmR marker at VF_A0239) and KB8 

or MJ11 harboring the CamR pVSV208 marker (Strain 2). Transfer f requencies were calculated by 
dividing the Evolved CFU by the Total CFU. All experimental evolution assays were performed twice (n = 
4) and all data is shown; each color represents data f rom a separate experiment. Averaged transfer 

f requencies can be found in Table 3.1. Limit of  detection is 200 evolved CFU/mL.  
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Figure 3.4. Conditional requirements for DNA transfer in V. fischeri. Transfer f requencies of  

selectable markers when either (A) cell-f ree supernatant f rom a coincubation of  SS113 (Strain 1; ES114 
harboring an ErmR marker at VF_A0239) and MJ11 (Strain 2; harboring the CamR pVSV208 marker) or 
(B) SS113 gDNA was incubated with Strain 2. C. Transfer f requencies of  selectable markers between 

Strain 1 and Strain 2 when a recA- mutation was introduced to either strain. D. Transfer f requencies of  
selectable markers between Strain 1 and Strain 2 when coincubation were performed using  either 
standard conditions, using a heat-killed Strain 1, on an agar surface, or on an agar surface with a 0.22 µm 

f ilter separating Strain 1 and Strain 2. Transfer f requencies were calculated by dividing the Evolved CFU 
by the Total CFU. All experimental evolution assays were performed twice (n = 4) and all data is shown; 
each color represents data f rom a separate experiment. Averaged transfer f requencies can be found in 

Table 3.1. Limit of  detection is 200 evolved CFU/mL.   
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Table 3.1. Transfer frequency summary across experiments.

figure strain 1 strain 2

assay conditions 

(if not std.)

avg. transfer 

freq

stdev 

transfer freq

2B - MJ11 pVSV208 std. nd nd

2B SS101 - std. nd nd

2B (not plotted) SS112 - std. nd nd

2B (not plotted) SS113 - std. nd nd

2B (not plotted) SS104 - std. nd nd

2B (not plotted) DMA420 - std. nd nd

2B SS101 MJ11 pVSV208 std. 4.85E-09 3.59E-09

2B SS112 MJ11 pVSV208 std. 1.96E-09 6.29E-10

2B SS113 MJ11 pVSV208 std. 2.45E-09 1.54E-09

2B SS104 MJ11 pVSV208 std. 5.51E-09 4.66E-09

2B DMA420 MJ11 pVSV208 std. 2.74E-09 2.10E-09

3 SS113 - std. nd nd

3 (not plotted) - MJ11 pVSV102 std. nd nd

3 - KB8 pVSV102 std. nd nd

3 SS113 MJ11 pVSV102 std. 3.61E-07 1.23E-07

3 SS113 KB8 pVSV102 std. 1.94E-07 6.67E-07

4A SS113 - std. nd nd

4A - MJ11 pVSV208 std. nd nd

4A SS113 MJ11 pVSV208 std. 6.82E-09 2.99E-09

4A cell-free sup. MJ11 pVSV208 std. nd nd

4B SS113 - std. nd nd

4B - MJ11 pVSV208 std. nd nd

4B SS113 MJ11 pVSV208 std. 3.14E-08 1.82E-08

4B SS113 gDNA MJ11 pVSV208 std. nd nd

4C SS113 - std. nd nd

4C - MJ11 pVSV102 std. nd nd

4C SS113 MJ11 pVSV102 std. 3.26E-08 2.03E-08

4C SS113 MJ11 recA- pVSV102 std. nd nd

4C SS113 recA- MJ11 pVSV102 std. 2.28E-08 1.36E-08

4D (not plotted) SS113 - std. nd nd

4D (not plotted) - MJ11 pVSV208 std. nd nd

4D SS113 MJ11 pVSV208 std. 1.52E-08 9.65E-09

4D SS113 (hk) MJ11 pVSV208 std. nd nd

4D SS113 MJ11 pVSV208 agar 1.40E-08 6.88E-09

4D SS113 MJ11 pVSV208 agar + filter nd nd



 66 

CHAPTER 4 – Characterization of the Lolliguncula brevis microbiome across body sites 
 

4.1 Introduction. 

Symbiotic associations between bacteria and eukaryotes are found in nearly every environment, 

and cephalopods are of ten used as model systems for studying important interactions between host and 

symbiont. Much of  this research has taken advantage of  the well-characterized light organ association 

between the Hawaiian bobtail squid, Euprymna scolopes, and its bioluminescent symbiont, Vibrio fischeri 

[26, 27, 32]. This represents a highly specif ic symbiosis in which luminescence provided by V. fischeri in 

the light organ is thought to obscure the squid’s silhouette to protect it f rom predators who hunt at night 

[150]. Recent work has characterized a more diverse set of  microbes that colonize the accessory 

nidamental gland (ANG), a female reproductive organ found broadly in squid [161-164]. Bacteria 

associated with the ANG are secreted into the egg jelly coat and have been shown to protect the eggs 

f rom fungal and bacterial infections during embryonic development  [165-167].  

Although E. scolopes gill tissue has been found to exhibit changes in gene expression as a result 

of  light organ colonization by V. fischeri, the squid gill microbiome itself  has yet to be characterized [168]. 

While Vibrios have been found in association with both normal and ulcerated mantle tissue in Lolliguncula 

brevis squid [169], we know very little about what a healthy cephalopod microbiome might look like.  One 

study used amplicon sequencing to characterize microbial community of  Sepia officinalis and found a 

simple microbiome consisting of  primarily Vibrio and Piscirickettsiaceae [170]. Given the success and 

reproducibility of  studying symbiotic associations with squid light organs and ANGs, there remains a 

surprising gap in knowledge regarding squid microbiomes and how microbial community structure dif fers 

across body sites in cephalopods, or how these microbiomes might compare to the surrounding 

seawater. 

In this study, we sought to take advantage of  our proximity to coastal North Carolina and 

characterize the microbiome of  the Atlantic brief  squid, Lolliguncula brevis. L. brevis is found broadly f rom 
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the Gulf  of  Mexico to the Northeastern United States and is easily obtained in trawls [171-173]. Previous 

work has described reproducible methods for maintaining wild -caught L. brevis in the lab and breeding 

them to obtain juvenile animals [174]. L. brevis has been previously used to study swimming physiology 

and mechanics in cephalopods, and L. brevis specimens are of ten included in ecological studies of  other 

cephalopods because of  their broad distribution [171, 175]. Previous work on the ecology of  L. brevis, 

along with the ability to maintain and rear wild -caught animals in the lab, makes this species a good 

candidate for future studies on host-symbiont interactions that could complement the work being done in 

E. scolopes. Bobtail squid (E. scolopes) and Loliginid squid (L. brevis) represent evolutionarily distinct 

groups of  squid, and there is an opportunity to use these systems tog ether to inform our understanding of  

conserved or diverging microbial functions to their hosts. Understanding the composition of  bacteria 

associated with L. brevis will shed light on the basic ecology of  squid microbiomes and will have important 

implications for future research design across cephalopod systems.  

Here, we describe the morphology and microbiome of  an undescribed body site in L. brevis, 

which we identify as the “sub-mantle tissue” (SMT). In addition, we use a combination of  culture-based 

techniques and amplicon sequencing to characterize the microbiome of  L. brevis mantle, gill, SMT, and 

ANG tissues. We f ind that while multiple species of  Vibrios are cultured f rom L. brevis, they represent a 

relatively low percentage of  the bacterial community in any given body site. Instead, the mantle, sub -

mantle tissue, and ANG share a conserved microbiome that is dominated by a community of  

Bradyrhizobium spp. Further, the gill community of  L. brevis seems to change as squid mature, and the 

gills of  mature L. brevis host the core microbiome in addition to more diverse bacteria that are present in 

the surrounding seawater community. This work serves as a promising pilot study that establishes L. 

brevis as an exciting model for further exploration of  host-symbiont interactions within cephalopod 

systems. 
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4.2 Results. 

L. brevis collection and identification. 

To obtain the L. brevis specimens used in this study, otter trawls were performed regularly of f  the 

coast of  Shackleford Banks, NC, USA between the summers of  2018 and 2022 (Fig 4.1A). Trawls were 

pulled for ~10 minutes and squid were immediately placed into 5-gallon buckets outf itted with bubblers. It 

was typical for some squid to be deceased upon completion of  the trawl; any live squid were euthanized 

immediately using 5% EtOH in FSIO prior to measurement, dissection, and preservation. 

Based on visual morphology, we predicted that the vast majority of  animals we collected were 

Atlantic brief  squid, Lolliguncula brevis, and each animal was given an “LB#” identif ication code.  One 

specimen appeared morphologically distinct f rom the others, and we predicted that this may represent a 

dif ferent squid species. To conf irm the genetic identity of  this individual, as well as our predicted L. brevis 

specimens, we isolated genomic DNA f rom the eye tissue of  four animals (3 predicted L. brevis and 1 

unidentif ied squid) and PCR-amplif ied a 624-bp region of  the cytochrome oxidase I (COI) gene using 

primers SNS07 and SNS08 [176]. Sanger sequencing of  the resulting PCR-product was performed by 

Eton Bio, and the top BLAST hits for each sample can be found in Table 4.1. Consistent with our 

morphological identif ication, the COI sequences of  LB13, LB14, and LB15 returned nearly identical 

matches to the COI gene sequence for Lolliguncula brevis in the NCBI database (Table 4.1). The fourth 

squid was identif ied as Doryteuthis pleii according to the same NCBI BLAST performed above and was 

thus given the identif ier DP1 (Table 4.1). The phylogeny of  these COI sequences is shown in Fig 4.1B, 

with the Octopus bimaculoides sequence used as an outgroup and the Euprymna scolopes and 

Lolliguncula diomedeae sequences included for reference. 

Previous work has shown the relationship between total weight and mantle length measurements 

to be a reliable indicator for Loliginid squid species identif ication [173, 174]. We obtained weight and 

mantle length measurements for all squid collected in this study  and plotted their relationship (Fig 4.1C). 

Indeed, the R-squared value for all points excluding DP1 was 0.9277, with the D. pleii specimen 

representing a clear outlier. Taken together, these independent results suggest that the squid collected in 

this study are L. brevis with the exception of  the single specimen, DP1 (D. pleii). 
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L. brevis dissection and body site selection 

To investigate bacterial associations with various L. brevis tissues, we began by dissecting out 

the gills and an approximately 25 mm2 section of  mantle tissue f rom each squid (Fig 4.2AB). In animals 

large enough to have formed sex organs, sex was determined by the presence of  either sperm ducts or 

nidamental glands, and these animals were identif ied as “mature”. Animals with no visible sex organs 

were identif ied as “sub-adults”. Mature female squid of ten form an accessory nidamental gland (ANG), 

which houses a complex microbial community that is expelled onto eggs as they are laid and provides 

critical protection f rom fungus for developing embryos [161, 163, 165]. We observed these ANGs in 

mature female L. brevis and collected this tissue for subsequent amplicon sequencing (Fig 4.2CE). 

Given that many squid harbor symbiotic, bioluminescent Vibrionaceae within a light organ, we looked for 

the presence of  light organs in L. brevis during routine dissection. Although one early description of  L. 

brevis notes the lack of  a light organ in this species, light organs are found in other closely -related 

Loliginid squids [177-179]. Interestingly, we observed a tissue structure in all L. brevis animals, including 

males, females, and sub-adults, that did not appear to be labeled in any morphological diagrams of  L. 

brevis. This tissue is dense, loosely-connected within the mantle cavity, and does not appear to be 

physically associated with either the digestive or reproductive systems. Reminiscent of  the E. Scolopes 

light organ, this tissue is found just ventral to the ink sac in both L. brevis and D. pleii and has a distinct 

kidney-bean shape (Fig 4.2CD). We collected this tissue for further characterization and refer to this 

sample type as sub-mantle tissue (SMT) throughout the manuscript. In total, we obtained tissue samples 

f rom the mantle (M), gill (G), accessory nidamental gland (ANG), and/or sub -mantle tissue (SMT) of  28 

animals for subsequent work. A breakdown of  tissue samples and their subsequent analysis can be found 

in Table 4.2. 

Multiple Vibrio species are cultured from L. brevis gill and sub-mantle tissue 

Given our hypothesis that the sub-mantle tissue may represent a light organ-like structure, we 

reasoned that there may be a population of  culturable Vibrio bacteria associated with this tissue, as is 

characteristic of  other light organs [180-182]. We chose the gills as an additional body site for comparison 

of  culturable microbes, expecting that constant f iltration of  seawater through the gills may result in a more 

diverse suite of  culturable bacteria. Following the initial dissection, tissue samples f rom the gill or sub -
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mantle tissue were rinsed 3x in f ilter-sterilized Instant Ocean (FSIO) prior to homogenization. Tissue was 

allowed to settle for 5 min, and serial dilutions were plated onto  agar plates made with LBS media and 

incubated at 24°C overnight. 

We were surprised to f ind that the majority of  resulting bacterial colonies were brightly 

bioluminescent, whether they were isolated f rom the gill or the sub-mantle tissue. Approximately 300 of  

these isolates, both bright and dim, have been stocked down for future investigations.  Previously, we 

sequenced the genomes of  two of  these isolates and identif ied them as V. fischeri (LB10_SMT6) and V. 

campbellii (LB10_SMT1) [14, 183].  

The bright luminescence we observed in many of  these isolates, along with the previously 

sequenced genomes of  LB10_SMT1 and LB10_SMT6, supported our prediction that Vibrios may make 

up a signif icant proportion of  L. brevis’ culturable microbiome. While 16S rRNA sequences are of ten used 

to identify bacterial species, work in vibrios has shown that the hsp60 sequence is a better target for 

identifying vibrios at the species level [184-187]. We selected 37 representative isolates: 22 f rom the sub-

mantle tissue and 15 f rom the gills, including 6 isolates f rom our D. pleii specimen. Genomic DNA was 

extracted f rom each isolate, and a 554 bp region of  the hsp60 gene was PCR-amplif ied using primers 

H279 and H280 [188]. The resulting PCR products were sequenced by Eton Bio  for subsequent analysis. 

Phylogeny of  these representative isolates suggest that indeed, all of  the isolates we sequenced cluster 

within a broad vibrio clade (Fig 4.3A). As expected, LB10_SMT6 clustered most closely with Vibrio 

fischeri, and LB10_SMT1 clustered most closely with Vibrio campbellii. 

We also performed a BLAST search for all newly obtained hsp60 sequences; the top hit f rom 

each of  these searches can be found in Table 4.3. Interestingly, we observe a clade of  Vibrio isolates that 

most closely cluster with the Vibrio jasicida reference sequence (Fig 4.3A, green font). We used FastANI 

to calculate the percent identity of  strains across this clade, including the V. jasicida reference, and found 

that while one subset of  this clade does share >98% identity with V. jasicida (DP1_SMT1, DP1_G2, 

LB10_G1, LB14_SMT7, LB10_G3, and LB10_G2), the remaining isolates in this clade shared only 

between 74 – 92% hsp60 identity with V. jasicida – well below the accepted standards for species-level 

identif ication (Fig 4.3B). This analysis suggests that there exists a clade of  culturable Vibrio sp. that are 

associated with L. brevis and D. pleii that related to but distinct f rom Vibrio jasicida. 
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There was no obvious phylogenetic grouping among isolates obtained f rom L. brevis compared to 

D. pleii, nor f rom isolates obtained f rom the gill compared to the sub-mantle tissue. Additionally, we did 

not isolate any bacteria f rom outside of  the Vibrionaceae family. Taken together, these results suggest 

that there appears to be a relatively conserved group of  culturable vibrios associated with both the gill and 

sub-mantle tissue of  L. brevis, and this community may be similar in other Loliginid squid like D. pleii. 

While it is important to note that there are almost certainly other bacteria that are also associated with 

these tissues, our isolations were performed using LBS media that likely enriched vibrio growth and could 

explain why only vibrios were cultured under these conditions.  

Sub-mantle tissue isolates are unable to colonize E. scolopes 

Next, we asked whether the representative isolates LB10_SMT1 (V. campbellii), or LB10_SMT6 

(V. fischeri) could colonize the light organs of  juvenile E. scolopes during traditional host colonization 

assays. Freshly hatched juvenile E. scolopes were exposed to either no bacteria (apo), the native E. 

scolopes symbiont V. fischeri ES114, L. brevis symbionts LB10_SMT6 or LB10_SMT1, or KNH3 – a V. 

campbellii strain isolated f rom Kaneohe Bay, HI. Only the native E. scolopes symbiont ES114 was 

recovered at CFU per squid signif icantly higher than the apo treatment, indicating that neither the L. 

brevis isolates nor KNH3 were able to colonize E. scolopes squid (Fig 4.4). The results of  this 

colonization assay suggest that dif ferent genetic factors are required to colonize E. scolopes light organs 

or L. brevis sub-mantle tissue. 

Sub-mantle tissue does not have characteristics typical of light organs 

Given the initial resemblance of  the sub-mantle tissue (SMT) to the E. scolopes light organ in 

regard to macroscopic morphology and apparent vibrio association, we sought to investigate further 

whether this tissue might be functioning as a light organ. The adult E. scolopes light organ is bilobed with 

typically one pore on either side of  the organ that leads into a crypt space that houses bioluminescent 

symbionts [189]. Importantly, the morphology of  the E. scolopes changes dramatically as the animal 

develops, and these developmental changes have not been well-described in other light organ systems 

[189-191]. Therefore, it is hard to predict how a light organ might look or function dif ferently in a distantly-

related squid such as L. brevis.  
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Moreover, E. scolopes has been shown to use light emitted by its V. fischeri light organ symbionts 

as counterillumination against predators [150]. Counterillumination requires a measurable amount of  light 

to be emitted f rom the light organ in order to camouf lage the animal’s silhouette by matching down-

welling moonlight [150, 192]. We hypothesized that if  the sub-mantle tissue functioned as a light organ in 

L. brevis, we would expect to observe physical characteristics such as  (1) the presence of  pores on the 

surface of  the sub-mantle tissue structure, (2) bacteria associated with crypt spaces, or (3) higher 

luminescence in the sub-mantle tissue compared to other tissue sites.  

Sub-mantle tissues f rom f reshly-caught L. brevis were dissected and immediately preserved in 

4% PFA in mPBS prior to embedding in paraf f in and sectioning for microscopy.  Sub-mantle tissue was 

collected f rom f ive animals, and 5 µm parallel sections were divided for imaging with either DIC or for 

f luorescence in situ hybridization. We imaged the entire sub-mantle tissue section using DIC and did not 

observe any obvious signs of  pores on the surface of  the SMT, and although we observe striations within 

the SMT (Fig 4.5A), it is unclear whether these could be a form of  crypt or cavity as we observe in E. 

scolopes light organs. To identify whether bacteria are associated with the SMT, either within potential 

crypts or elsewhere, we used f luorescence in situ hybridization. Parallel sections of  the same samples 

described above were stained with either a dapB Cy5-conjugated negative control probe, or an EB-16S-

rRNA Cy5-conjugated probe and imaged using f luorescence microscopy.  We chose the EB-16S-rRNA 

probe because it should identify any bacterial signal present within the tissue (Advanced Cell Diagnostics, 

Newark, CA). These slides were also stained with DAPI to visualize squid nuclei, and autof luorescence 

f rom the squid tissue was captured using a f ilter with an excitation wavelength of  467 – 498 nm and an 

emission wavelength of  513 – 556 nm. No Cy5 signal was detected f rom sections that were exposed to 

the dapB probe, as expected in our negative control (Fig 4.5B). In sections exposed to the EB-16S-rRNA 

probe, we observed a strong f luorescence signal dispersed throughout the SMT that was consistent in 

size with both single bacterial cells and potentially cell aggregates (Fig 4.5CD). Interestingly, the bacterial 

signal appeared to be evenly dispersed throughout the tissue rather than associating specif ically within 

cavity spaces or on the surface of  the SMT, suggesting that bacteria in the L. brevis SMT are not 

localized to individual crypts as they would be in the E. scolopes light organ. 
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To determine whether the SMT produces higher relative luminescence than other surrounding 

tissue types, we dissected out the SMT, gill, and mantle tissue f rom 17 f reshly caught L. brevis squid and 

immediately measured the luminescence of  each tissue type using a Promega GloMax 20/20 

luminometer (Fig 4.5E). Between taking measurements for each animal, we also measured the 

luminescence of  “blank” tubes containing 1 mL of  seawater collected f rom the trawl site. There was no 

statistical dif ference between the luminescence o f  the blank treatment and either the SMT, gill, or mantle 

tissue samples according to a Dunnett’s multiple comparison test. To provide context to these relative 

luminescence values, we also used the same luminometer to perform luminescence curves of  

representative isolates that were grown in culture. V. fischeri strains ES114 and MJ11 were isolated f rom 

the light organs of  Euprymna scolopes squid and Monocentris japonica f ish, respectively, and are known 

to be bioluminescent in culture [193-195]. The ES114 ∆luxC-G strain represents a dark mutant that is 

missing essential genes for bioluminescence [195]. LB10_SMT1 and LB10_SMT6 were chosen as 

representative L. brevis sub-mantle tissue isolates; while LB10_SMT1 is brightly luminescent in culture, 

LB10_SMT6 is not visibly luminescent [14, 183]. Peak luminescence values for each strain indicate that 

indeed, LB10_SMT1 produces more luminescence than even ES114 or MJ11, and LB10_SMT6 was not 

statistically dif ferent f rom the ES114 ∆luxC-G dark mutant (Fig 4.5E) according to a one-way ANOVA 

followed by a Tukey multiple comparisons test. In combination with our luminescence measurements of  

f resh L. brevis tissue, these results suggest that, while at least some L. brevis isolates have the potential 

to produce bright luminescence in culture, they do not appear to luminesce in the host under these 

conditions. This is in contrast to the E. scolopes light organ, which emits measurable light produced by its 

bacterial symbionts. 

Taken together, we found no indication that the L. brevis sub-mantle tissue is functioning as a 

light organ, at least in the traditional sense. We did not observe pores on the surface of  the tissue 

structure, and while there are striations within the tissue that may form cavities or crypts, they are not 

densely f illed with bacteria as we would expect f rom a colonized light organ. Additionally, the relative 

luminescence of  sub-mantle tissue is similar to surrounding tissue and seawater, despite housing isolates 

with the potential to luminesce in culture. Nevertheless, we consistently isolate bioluminescent vibrios 
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f rom the sub-mantle tissue and gills of  L. brevis, and f luorescence in situ hybridization indicates a strong 

bacterial association within the SMT that warrants further investigation.  

Amplicon Sequencing 

Body site selection and sample collection. 

To gain a more robust understanding of  the complete microbial community across L. brevis body 

sites, we turned to amplicon sequencing. Given the strong association between vibrios and other squid 

hosts, along with our cultured isolates f rom L. brevis, we anticipated many vibrio taxa would be present in 

L. brevis samples. Although the 16S rRNA gene is a common amplicon target region for broad bacterial 

communities, the hsp60 gene provides more reliable identif ication of  vibrio taxa at the species level and 

has been used previously for vibrio-specif ic community analysis [184, 185, 188].  

We collected six L. brevis squid for amplicon sequencing - three that were identif ied as mature 

females, and three sub-adults. Mantle, gill, and sub-mantle tissue samples were taken f rom all animals, 

and ANG samples were also collected f rom mature females. All samples were f rozen in liquid N2 in the 

f ield immediately following dissection, where they remained until gDNA extractions were performed  upon 

returning to the lab. Seawater was also collected in duplicate f rom either Bogue Sound (inshore) or the 

trawl site (of fshore) (Fig 4.1A). Each 500 mL seawater sample was passed through a 0.22 µm f ilter, and 

gDNA extractions were performed on the biomass captured by the f ilter. Additionally, we included a 

“blank” kit control sample with no DNA added prior to extraction. Genomic DNA f rom each sample was 

used for hsp60-targeted amplicon sequencing; see Fig 4.6 for a complete sample breakdown and primer 

sequences used for amplicon sequencing. DNA extractions were performed using a Zymo 

Bacterial/Fungal DNA Miniprep Kit (Zymo Research, Irvine, CA). Library prep and 300 bp paired-end 

sequencing was performed by UNC’s High-Throughput Sequencing Facility (UNC-HTSF) on a MiSeq 

platform. 

Bacterial community bioinformatics pipeline. 

The bioinformatics pipeline combined the Quantitative Insights into Microbial Ecology (QIIME2 2, 

Version 2022.2) and DADA2 (Version 1.24.0) packages [196-198]. Reads were trimmed, f iltered, 

denoised, and chimeric reads were removed f rom each sample using DADA2.  A complete .Rmd f ile with 

all parameters and computational methods can be found  at 
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https://drive.google.com/f ile/d/1sAf id_ohQAS0B30W6ApO1wLxyR2kbEXf/view?usp=sharing . Figure 4.6 

includes a summary workf low for bioinformatic analysis, and Table 4.4 shows the number of  reads 

retained per sample at each DADA2 step for hsp60 samples.  

For hsp60 amplicon samples, the larger 554 bp target amplicon size meant that forward and 

reverse reads did not merge post-trimming; thus, only the forward reads are examined f or hsp60 samples 

in this analysis and were trimmed to a length of  254 bp. Our analysis produced 5,795,169 raw reads, f rom 

which we identif ied 13,636 total ASVs. Although the hsp60 gene has been used as an amplicon target 

previously, taxonomic reference databases for hsp60 were not readily available with published works. 

Following the workf low described in Dubois et al. 2022, I created a new hsp60 reference database using 

26,217 reference FASTA sequences that were obtained f rom cpnDB.ca on 1/11/2023 [199-201]. In 

addition to the FASTA sequences obtained f rom cpnDB.ca, the reference database created for this study 

also included the newly obtained hsp60 sequences of  cultured L. brevis isolates that were included in Fig 

4.3.  Taxonomy of  hsp60 samples was assigned using the hybrid VSEARCH-sklearn function in QIIME2, 

with unique ASVs as the query input, reference reads and taxonomy f rom the hsp60 reference database 

described above, and a conf idence cutof f  parameter of  0.7, as recommended by Bokulich et al. 2018 

[202].  The output of  this QIIME2 taxonomic assignment was then imported into R (Version 4.1.2) as a 

Phyloseq (Version 1.38.0) object for downstream analysis [203].  

Community composition based on hsp60 amplicon sequences. 

In analyzing our amplicon sequencing data, we f irst sought to visualize the broad community 

composition of  all samples according to their hsp60 sequence. Specif ic taxa were renamed in broad 

categories for the stacked bar plot in Figure 4.7. Taxa designated as “Unassigned at Kingdom Level” 

indicates taxa that did not receive any taxonomic identif ication, even at the kingdom level. “Unidentif ied 

Bacteria” indicates taxa that were assigned as “k__Bacteria” at the kingdom level but received no further 

taxonomic designation. All other taxa are indicated at the family level, and log10-transformed relative 

abundance is indicated on the x-axis, and individual samples are labeled by treatment on the y -axis. 

Because we had previously cultured vibrios f rom L. brevis specimens across multiple body sites, 

we were surprised to see that Vibrionaceae represents a conserved but minority taxa across all samples, 

including samples f rom the water column (Fig 4.7). We were also surprised that the “Unidentif ied 



 76 

Bacteria” group made up such a large proportion of  the microbial community. Most studies that use hsp60 

amplicon targets have been focused on the vibrio community; therefore, vibrios are very well represented 

in hsp60 reference sequences, and reference sequences for more diverse taxa are limited .  

Perhaps most interesting at the community level is the strong presence of  Nitrobacteraceae 

across all L. brevis samples. We initially speculated that the presence of  Nitrobacteraceae could be a 

result of  contamination f rom our DNA extraction kits; however, Nitrobacteraceae is absent in our kitcon 

sample and makes up < 0.1 % of  the relative seawater community compared to ~ 1 – 45% of  the relative 

L. brevis community across individual samples. 

hsp60 rarefaction and alpha diversity measures. 

 Rarefaction analysis is typically used to estimate the richness within and between sequenced 

samples and gives an indication of  whether sequencing depth was suf f icient to capture the diversity of  

taxa within a sample [204, 205]. A curve on a rarefaction plot indicates that suf f icient samples depth 

reached saturation, and it is unlikely that new taxa would be identif ied by increasing the sample depth; in 

contrast, an ascending graph implies that the sample has an insuf f icient sampling depth to infer true taxa 

diversity. A rarefaction plot for the hsp60 amplicon samples in this study indicates that a suf f icient 

sampling depth was reached for all samples (Fig 4.8A). While we include a rarefaction plot for 

visualization, recent works argue that rarefaction is not justif iable and we do not use rarif ied datasets for 

subsequent analysis [206]. 

 Next, we plotted the Chao1 and Shannon alpha diversity measures for all hsp60 amplicon 

samples (Fig 4.8B). The Chao1 index is a qualitative measure of  species richness that estimates the 

number of  species in a sample, while the Shannon index measures both the richness and evenness 

within a sample. Generally, we observe higher diversity and evenness in SMT and mantle samples 

compared to other samples, although we did not perform statistics across alpha-diversity measures as 

some treatments contain only one or two samples. 

L. brevis samples are distinct from seawater and kitcon samples at the community-level. 

 The dendrogram in Fig 4.9A depicts the variance-stabilized Euclidean distance calculated 

between all hsp60 amplicon samples. Individual samples are labeled by treatment and color-coded by 
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body site. Most samples clustered together by treatment; we observe a distinct grouping of  the mature gill 

and ANG communities that were most similar to the seawater community. 

 To more clearly quantify and visualize this separation, we performed a PCoA analysis using the 

Bray-Curtis distance metric across body sites (Fig 4.9B). Individual points represent samples that are 

color-coded by treatment, and ellipses are draw around sub-adult, mature, and seawater groupings. 

Again, we observe a very clear separation between L. brevis, seawater, and kitcon samples, with the 

mature ANG and gill samples clustering more closely with the seawater community compared t o other L. 

brevis body sites. While the distinct grouping of  mature ANG and gill samples stands out visually in the 

PCoA plot, it is also very interesting that the mantle and sub-mantle tissue samples are so similar. This 

similarity indicates that there may be a conserved core microbiome that is shared between these (and 

other) body sites. 

L. brevis hosts a distinct, conserved microbial community. 

 

 While the distance metrics described above identif ied a distinct separation between the L. brevis 

and surrounding seawater community, we sought to better understand the taxa driving this separation. 

We used a PCA plot to visualize individual samples that were color-coded by treatment and added 

ellipses based on squid maturity or seawater variables. Further, we included the top 10 family-level taxa 

as vectors according to their principle component association (Fig 4.10). This plot suggests that taxa 

including Nitrobacteraceae, Roseobacteraceae, and Endozoicomonadaceae, among others, are enriched 

in L. brevis samples compared to the seawater samples, which were dominated by Synechococcaceae, 

Pelagibacteraceae, and Streptomycetaceae. 

Core microbiome of L. brevis is dominated by Nitrobacteraceae, Vibrionaceae, and unidentified 

bacteria. 

 To understand the taxa driving similarities between the remaining L. brevis samples, we sought to 

characterize the core microbiome that is conserved across L. brevis body sites. Taxa were f iltered and 

identif ied as belonging to the core microbiome by representing > 5% of  total reads across > 80% of  all L. 

brevis samples. This analysis identif ied 507 conserved ASVs that passed our f iltering cri teria. The relative 

abundance of  this core community was plotted at the family level using a stacked bar plot (Fig 4.11). This 

plot indicates that Nitrobacteraceae (Bradyrhizobium spp.) and unidentif ied bacteria make up the majority 
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of  core taxa, along with a low abundance but still conserved group of  Vibrionaceae (Aliivibrio spp.). It is 

important to note that any assigned bacteria here are indeed conserved taxa but may or may not actually 

represent a single genus.  

 For a higher resolution view of  the microbiome sampled here,  we identif ied the top 100 families 

across all samples by abundance and plotted the relative abundance of  each taxa on a heat map (Fig 

4.12A). Columns are labeled across the bottom of  the plot by sample ID (kitcon = kit control; LB# = L. 

brevis samples; IW/OW = seawater samples), and the dendrogram across the top of  the plot represents 

the Euclidean distance between samples. According to this plot, it is clear that Nitrobacteraceae and taxa 

that were unidentif ied at the kingdom level were heavily enriched in L. brevis samples compared to the 

kitcon or seawater treatments. While Vibrionaceae and unidentif ied bacteria were also identif ied in the 

core L. brevis microbiome, it is harder to interpret their association with L. brevis because these taxa 

make up a similar relative abundance in the seawater samples. 

 We also identif ied the top 100 unique ASVs across all samples by abundance and plotted the 

relative abundance of  each taxa on a heat map (Fig 4.12B). The plot is labeled as described above, 

except that rows indicate unique ASVs rather than families.  This plot identif ies ~30 unique ASVs that are 

heavily enriched in L. brevis samples compared to the kitcon or seawater treatments and were 

taxonomically identif ied as primarily Bradyrhizobium spp. (Nitrobacteraceae family) or uncultured bacteria 

(Unidentif ied Bacteria). Taken together, these data provide ample evidence that Bradyrhizobium spp. and 

several specif ic, unidentif ied bacterial ASVs make up a core microbiome in L. brevis that is highly-

conserved across the SMT, mantle, gill, and ANG body sites. 
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4.3 Discussion. 

The Atlantic brief  squid, Lolliguncula brevis, represents an easily obtained Loliginid squid that is 

found broadly f rom the Gulf  of  Mexico to the coastal Northeastern United States  [171-173]. While not 

typically sold commercially, L. brevis has been used as a model system for understanding cephalopod 

swimming mechanics and its ecology is relatively well-studied compared to other cephalopods [173, 207-

209]. Previous work has described methods for maintaining L. brevis in aquaculture, including methods 

for breeding wild-caught adults to obtain juvenile animals [174, 210]. This broad ecological knowledge of  

L. brevis makes it an excellent candidate for future research, and this study sought to exploit our proximity 

to the North Carolina coast to expand our limited knowledge of  Loliginid squid microbiomes. Here, we 

used a combination of  culture-based assays, ultrastructure and f luorescence microscopy, and amplicon 

sequencing to characterize the microbiome of  L. brevis mantle, gill, sub-mantle tissue, and ANG body 

sites. Further, we provide a physical description of  an undescribed tissue site in L. brevis, which we 

identify as the “sub-mantle tissue” (SMT). 

During routine dissections of  L. brevis, we observed a distinct tissue site within the mantle cavity 

that we were unable to f ind mention of  in the literature. This tissue was present in the same location in all 

animals we collected regardless of  sex or maturity and was physically reminiscent of  the well-studied light 

organ in Euprymna scolopes. However, f reshly dissected SMT did not luminesce any more than the 

surrounding mantle tissue, gill tissue, or seawater. Further, we did not observe any pores or crypts 

associated with the SMT by ultrastructure microscopy, suggesting that the SMT is unlikely a functioning 

light organ, at least as we know it. It is also possible that the SMT represents a vestigial light organ, and 

future work should focus on identifying a function for the SMT and its associated  bacteria. While the 

general function of  the SMT remains unknown, f luorescence in situ hybridization was used to observe 

bacteria that were physically associated with the SMT. We cultured multiple species of  bioluminescent 

vibrios that were associated with both the SMT and gill tissue of  L. brevis. This included a clade of  vibrios 

that were most closely related to Vibrio jasicida but seem to represent a group of  host-associated vibrios 

that have not yet been described at the species level. 

The genomes of  two SMT isolates collected for this study have been sequenced, and the strains 

were identif ied as Vibrio fischeri (LB10_SMT6), and Vibrio campbellii (LB10_SMT1) [14, 183]. These 
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strains, along with a Vibrio campbellii strain that was isolated f rom Kaneohe Bay, HI (KNH6) were unable 

to colonize juvenile E. scolopes during a host-colonization assay. This suggests that dif ferent genetic 

factors are required for colonizing E. scolopes and L. brevis, providing further evidence that L. brevis 

could be exploited as a model system to complement work being done in E. scolopes. 

The results of  our juvenile E. scolopes colonization assay (Fig 4.4) suggest that L. brevis and its 

microbial symbionts could be used in combination with the E. scolopes light organ symbiosis to better 

understand the evolution of  host-symbiont partnerships. I predict that the experimental evolution assay 

described in chapter 3 of  this dissertation could be used to coincubate native E. scolopes symbionts with 

L. brevis isolates that are unable to naturally colonize E. scolopes squid, such as LB10_SMT6 or 

LB10_SMT1. Using a counterselection against the native squid symbiont, the mixed culture would be 

used as inoculum during juvenile E. scolopes colonization assays as described above. If  essential host-

colonization factors are exchanged during this coincubation period, then presumably only evolved L. 

brevis isolates that acquired genetic factors required for E. scolopes colonization would be recovered 

f rom colonized animals. Those evolved genotypes could then be isolated and their genomic sequences 

compared to each parent strain to understand genes that are enriched or depleted in evolved strains that 

gained the ability to colonize a new host. 

Because we had previously isolated only Vibrio sp. f rom L. brevis, and Vibrio sp. are of ten studied 

in association with squid and other hosts, we expected Vibrio sp. to make up the majority of  the L. brevis 

microbiome. However, amplicon sequencing using an ~554 bp hsp60 target (primer pairs H279/H280 and 

H1612/H1613 [188]) revealed that while vibrios are indeed present and conserved across L. brevis 

samples, they are a minority taxa within the community.  Instead, the L. brevis core microbiome is 

dominated by Bradyrhizobium and unknown bacteria that are found in high abundance across all body 

sites. Bradyrhizobium represents a genus of  Gram-negative nitrogen-f ixers that are most commonly 

identif ied in soil and are known for f orming symbiotic relationships with legumes where they f ix nitrogen in 

exchanges for carbohydrates f rom the plant [211-213]. Although Bradyrhizobium is known to be host 

(plant)-associated and is represented in marine systems, to our knowledge this is the f irst direct 

association between Bradyrhizobium and a marine invertebrate. Given that cephalopods continuously 

excrete nitrogen waste is it tempting to speculate that this could provide a critical source of  nitrogen that 
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would drive the association between L. brevis and Bradyrhizobium.  Future studies should attempt to 

isolate Bradyrhizobium f rom L. brevis and include research questions that address this relationship to 

better understand the association between Bradyrhizobium and L. brevis that we describe here. 

In addition to the core microbiome, the gills of  mature L. brevis also host more diverse taxa that 

most closely resemble the surrounding seawater community. Gills constantly f ilter seawater as the animal 

breathes and diverse taxa have the opportunity to become associated with the gill tissue, making it 

unsurprising that the gills host a more diverse microbial community compared to other body sites . 

Interestingly, we observe a distinct shif t in the microbial community of  sub -adult vs. mature L. brevis gills, 

which suggests that this community may change over time.  Future research should seek to understand 

this community shif t and how microbial partners may be displaced or acquired over time. 

This study was somewhat limited by our use of  the hsp60 amplicon target, and we propose that 

future work should build on this pilot study to gain a more robust understanding of  squid microbial 

communities. While the hsp60 gene makes an excellent amplicon target for identifying vibrios at the 

species level, hsp60 reference sequences for more diverse taxa remain very limited. This explains why so 

many of  our ASVs were only identif ied taxonomically at the kingdom level. This study identif ied a 

conserved microbiome in L. brevis, but we were unsuccessful in culturing these unknown bacteria. 

Phylogeny of  ASV sequences designated as unknown bacteria in the L. brevis core microbiome suggest 

that they may be most closely related to Bradyrhizobium, but it would be worth resequencing these 

samples using a 16S amplicon target or revisiting this data as more hsp60 reference sequences become 

available. Using multiple 16S amplicon targets in combination could also potentially allow for more 

successful species-level taxonomic identif ication.  Future amplicon studies should take the availability of  

reference sequences into consideration during study design, and keep in mind how research questions 

might change with a limited reference database. 

 

 4.4 Materials and Methods. 

Animal collection. 

 At the time of  this study, cephalopod work does not require any specif ic IACUC statements or 

permits for animal collection. However, we made every ef fort to make sure that animals were collected 
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responsibly and treated with care. All animals were collected by otter trawl ~3 miles of fshore f rom 

Shackelford Banks, NC. Live squid were anesthetized using 5% EtOH in FSIO prior to dissection. 

Bacterial isolation from squid. 

 Immediately following dissection of  f resh L. brevis specimens, tissue samples were rinsed 3x in 

FSIO. Tissue was homogenized using a sterile pestle in a 1.5 mL tube, and tissue was lef t undisturbed for 

~5 min to settle prior to plating. Serial dilutions were then spread plated onto LBS agar plates using st erile 

glass beads and incubated overnight at 24 °C. Individual colonies were restreaked at least 2x to ensure 

clonal isolation before stocking down for subsequent use. Bacteria were isolated f rom at least 20 L. brevis 

individuals and 1 D. pleii individual and include isolates f rom the mantle, gill, and sub-mantle tissue 

(SMT). 

Isolate identification based on hsp60 sequence. 

 Genomic DNA was extracted f rom 37 squid isolates and ~554 bp of  the hsp60 sequence was 

PCR-amplif ied using primers H279 and H280. The resulting PCR product was then sequenced by Eton 

Biosciences. Sequences were aligned by Clustal and subsequently trimmed, and the resulting trimmed 

alignment was used to create a phylogenetic tree. 

Luminescence curves of L. brevis isolates. 

 To measure peak luminescence in culture, isolates were streaked out onto LBS agar plates and 

incubated at 24 °C overnight. Three individual colonies of  each strain were subsequently used to 

inoculate liquid LBS cultures for biological replication and again incubated at 24 °C overnight, with 

shaking. The following day, cultures were diluted 1:1000 into ASWT and relative luminescence units 

(RLU) and corresponding optical density (OD600) were measured at 30 min time intervals over the course 

of  6 hours. Peak luminescence was calculated by dividing the RLU/OD600. 

Luminescence measurements of L. brevis tissue. 

 Immediately following dissection of  f reshly caught L. brevis, tissue samples were placed in a 1.5 

mL tube with ~1 mL f resh seawater and relative luminescence was measured. Blank samples consisted 

of  1 mL f resh seawater obtained f rom the trawl site with no tissue added. These measurements were 

performed in the f ield within 30 minutes of  animal collection. 
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Microscopy of L. brevis sub-mantle tissue. 

 Immediately following dissection, the SMT of  6 individual L. brevis squid were preserved in 4% 

PFA in mPBS and stored on ice until returning to the lab. Preserved tissue was then embedded in paraf f in 

and 5 µm parallel sections were obtained f rom each sample to be used for either ultrastructure or 

f luorescence microscopy. 

 Ultrastructure microscopy. DIC images were obtained on an inverted Nikon Ti-2 microscope 

outf itted with a Hammamatsu ORCA Fusion sCMOS camera. To capture the entire SMT section, 17x10 

f ields of  view were imaged and stitched together with 15% overlap to produce the f inal images in this 

manuscript.  

 Fluorescence microscopy. Sections were prepared for f luorescence in situ hybridization with 

either a dapB Cy5-conjugated probe as a negative control, DAPI to stain the host (squid) nuclei, or an 

EB-16S-rRNA Cy5-conjugated probe. Each section was imaged on an inverted Nikon Ti-2 microscope 

outf itted with a Hammamatsu ORCA Fusion sCMOS camera. Brightness and contrast adjustments were 

made uniformly across all images in FIJI [63]. 
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4.5 Figures. 

 
Figure 4.1. L. brevis collection and identification. A. Map of  trawl site where squid were collected of f  
the coast of  Shackleford Banks, NC, USA. B. Phylogeny of  representative squid obtained for this study, 
constructed using COI gene sequence and FastTree. C. Weight (g) vs. mantle length (cm) plot of  squid 

obtained for this study. Each data point represents measurements taken f rom an individual animal (n = 
38). Shape indicates the squid species; COI gene was sequenced f rom individuals colored blue (square = 
Doryteuthis pleii; circle = Lolliguncula brevis). Color indicates the subsequent method performed on each 

sample (green = microscopy; sub-adult = amplicon; mature = amplicon; gray = weight/length 
measurement only). A simple linear regression of  weight vs. mantle length of  L. brevis resulted in an R2-
value of  0.9277.  
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Figure 4.2. L. brevis dissection and body site selection. A. Undissected L. brevis with mantle 
sampling location indicated by green box. B. Mature, female L. brevis specimen that has been dissected 

to show the gill sampling location, indicated by orange box. C. Mature, female L. brevis specimen with the 
nidamental gland removed to indicate the sampling locations for the D. sub-mantle tissue (blue box), and 
E. accessory nidamental gland (pink box). All specimens were anaesthetized in 5% EtOH in FSIO prior to 

dissection and imaging.  
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Figure 4.3. Phylogeny of Vibrionaceae species cultured from L. brevis gill and sub-mantle tissue. 
A. Phylogenetic tree constructure using the hsp60 gene sequence of  37 isolates that were cultured f rom 

either the gill (orange) or sub-mantle tissue (blue) of  four L. brevis (LB) and one D. pleii (DP) specimens. 
Twenty additional hsp60 gene sequences were obtained f rom NCBI and included on the phylogenet ic 
tree for reference (black). V. jasicida clade isolates are colored green. All hsp60 sequences were aligned 

using Clustal, trimmed, and the resulting phylogeny was calculated using FastTree and visualized in 
Geneious. The top BLAST result for each isolate included on this tree, along with the accession numbers 
for all reference sequences, can be found in Table 4.3. B. Pairwise FastANI comparison between the 

hsp60 gene sequences of  all members of  the V. jasicida clade identif ied in (A).   
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Figure 4.4. Vibrios isolated from L. brevis sub-mantle tissue are unable to colonize juvenile E. 

scolopes. Results of  juvenile E. scolopes colonization assays with strains V. fischeri ES114, V. fischeri 
LB10SMT6, V. campbellii LB10SMT1, and V. campbellii KNH3 as inoculum. Each data point represents 
the CFUs per squid calculated for an individual squid f rom CFUs collected at 24 h af ter initial exposure to 

inoculum. The isolation source of  each inoculum strain is indicated direct ly above the treatment. Letters 
indicate signif icantly dif ferent CFUs per squid between treatments (one-way ANOVA with Tukey’s 
multiple-comparison posttest: P < 0.01). Experiment was performed twice; representative data shown 

here (n = 37). Data for this section was collected and analyzed in collaboration with Katie Bultman in Mark 
Mandel’s lab at University of  WI – Madison.  

100

101

102

103

104

105

106

107

C
F

U
 p

e
r 

s
q
u
id

a

a a a

b

E. scolopes

apo ES114 LB10SMT6 LB10SMT1 KNH3

V. campbelliiV. fischeri

L. brevis water



 88 

 
 
Figure 4.5. Sub-mantle tissue is not characteristic of other light organs. A. Stitched DIC micrograph 

of  f ixed, paraf fin-embedded section of  L. brevis sub-mantle tissue. Physical map of  the sub-mantle tissue 
as imaged by light microscopy. To capture the entire organ, 17 x 10 f ields of  view were imaged using a 
DIC f ilter cassette and stitched with 15% overlap. Scale bar = 2 mm. Black box represents relative size 

and location of  panels (B) – (D) compared to the overall sub-mantle tissue structure. B. Merged 
micrograph of  L. brevis sub-mantle tissue section including the dapB Cy5-conjugated f luorescence in situ 
hybridization (FISH) probe used as a negative control (red; signal absent), squid nuclei (blue; DAPI), or 

squid connective tissue (green; autof luorescence). C. Merged micrograph of  L. brevis sub-mantle tissue 
section including the EB-16S-rRNA Cy5 conjugated FISH probe (red; a combination of  single-cells and 
aggregates are observed), squid nucleo (blue; DAPI), or squid connective tissue (green; 

autof luorescence). D. Single-channel micrograph of  the EB-16S-rRNA Cy5 conjugated FISH probe f rom 
panel (C); red signal has been false-colored white for more visible contrast. Scale bar for panels (B) – (D) 
= 50 µm. All microscopy was performed on parallel sections of  sub -mantle tissue obtained f rom f ive 

individual L. brevis specimens. E. Relative luminescence of  f reshly dissected L. brevis tissue, measured 
in the f ield within 1 h of  collection. Blank represents 1 mL f resh seawater f rom the trawl site. Peak 
luminescence of  isolates in culture, calculated for all strains by (lum/OD 600) at OD600 = 1.8. Experiment 

was repeated twice (n = 3), representative data shown here. All measurements in (E) were collected 
using the same luminometer. 
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Figure 4.6. Amplicon sequencing and bioinformatic processing workflow .  
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Figure 4.7. Community composition based on hsp60 amplicon sequences. Relative abundance of  
taxa across all samples. Samples are ordered based on Euclidean distance and labeled by body site. 
Unique ASVs were renamed and clustered based on their best taxonomic match. “Unassigned at 

Kingdom Level” indicates ASVs that did not receive any taxonomic identif ication, even at the Kingdom 
level. “Unidentif ied Bacteria” indicates ASVs that were identif ied as bacteria at the Kingdom level  but 
received no further taxonomic designation. The top 7 Families identif ied across all samples by abundance 

are indicated with unique colors; all other ASVs received Family-level taxonomic identif ication and are 
grouped and labeled as “Other Families”.  
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Figure 4.8. Rarefaction and alpha diversity measures for hsp60 amplicon samples. A. Rarefaction 
curve for all samples that were used for hsp60 amplicon sequencing. X-axis indicates sample size (reads 
per sample), y-axis indicates number of  ASVs identif ied, and the solid vertical line indicates the minimum 

reads f rom a single sample (sample ID = kitcon). Lines are color-coded based on body site using the 
same color palette as (B). B. Chao1 and Shannon alpha diversity measures for all hsp60 amplicon 
samples. Samples are grouped by maturity (or seawater/kitcon as indicated) on the x -axis, and color-

coded by body site.  
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Figure 4.9. L. brevis samples are distinct from seawater and kitcon samples at the community-

level. A. Dendrogram depicting the variance-stabilized Euclidean distance between samples. Samples 
are labeled by treatment and color-coded by body site. Purple = SMT; green = mantle; orange = gill; blue 
= ANG; black = kit control (kitcon); gray = seawater. B. PCoA plot using the Bray-Curtis distance 

calculation of  all samples. Treatments are color-coded and ellipses were plotted according to the 
maturity/seawater variable.  
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Figure 4.10. L. brevis hosts a distinct, conserved microbial community. PCA plot comparing the 
community similarity across treatments according to body site and maturity. Treatments are color-coded 
and ellipses are plotted according to the maturity/seawater variable. The top 13 families driving these 

groupings are labeled and indicated as vectors.  
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Figure 4.11. Core microbiome of L. brevis. A stacked bar plot showing the core microbial community as 

identif ied by 0.005 detection and 0.8 prevalence parameters across all squid samples at the family level. 
Relative abundance was calculated as a percentage of  the core community. Bars are labeled by 
treatment and ordered by Euclidean distance.
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Figure 4.12. Top 100 taxa across all hsp60 amplicon samples. A heat plot showing the top 100 unique 
families (A) or ASVs (B) across all hsp60 amplicon samples f rom this study. Each column is labeled by 

Sample ID. The dendrogram across the top of  the plot represents the Euclidean distance between 
samples. Prev. indicates the prevalence of  each taxa across samples, i.e. Prev  = 1 indicates that the taxa 
is conserved across all samples. 
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Table 4.1. Squid COI NCBI BLAST hits.  

Squid ID

query 

length (bp) date accessed scientific nam e

m ax 

score

total 

score

query 

cover

E 

value

% 

identity

acc. length 

(bp) accession ID

DP1 624 1/17/23 Doryteuthis  ple ii 1151 1151 84% 0 99.22% 658 AY039619.1

LB13 624 1/17/23 Lolliguncula brevis 1160 1160 84% 0 99.53% 657 KU905932.1

LB14 624 1/17/23 Lolliguncula brevis 1160 1160 84% 0 99.53% 657 KU905932.1

LB15 624 1/17/23 Lolliguncula brevis 1168 1168 84% 0 99.69% 657 KU905932.1

top NCBI BLAST hit
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Table 4.2. Squid sample breakdown.  

body site: ANG

maturity: sub-adult mature sub-adult mature sub-adult mature mature inshore offshore kit con.

luminescence 6 6 15 2 17

DIC microscopy 5

FISH microscopy 5

16S  amplicon seq 3 3 3 2 2 1

hsp60  amplicon seq 3 3 3 3 3 3 3 2 2 1

mantle gill sub-mantle tissue seawater



 
 

 

  
Table 4.3. Cultured isolates hsp60 NCBI BLAST hits.

Internal ID M anuscr ipt ID squid host body site

date 

accessed scientific name

max  

score

total 

score

query  

cover E value

% 

identity

acc. length 

(bp) accesion ID reference

LB10LO4 LB10_SMT4 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio sp.  ED002 473 473 66% 1.00E-128 86.36% 3645534 CP080238.1 this study

LB15G3 LB15_G3 Lolliguncula brevis gill (G) 1/17/23 V ibrio jasicida  090810c 545 545 71% 3.00E-150 89.37% 3690481 CP025792.1 this study

LB14LO2 LB14_SMT2 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio jasicida  090810c 584 584 84% 6.00E-162 87.10% 3690481 CP025792.1 this study

LB15G1 LB15_G1 Lolliguncula brevis gill (G) 1/17/23 V ibrio jasicida  090810c 623 623 83% 1.00E-173 88.63% 3690481 CP025792.1 this study

LB7G3 DP1_G3 Doryteuthis  ple ii gill (G) 1/17/23 V ibrio sp.  B1REV9 939 939 84% 0 99.42% 1894653 HG992745.1 this study

LB10LO7 LB10_SMT7 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio sp.  B1REV9 948 948 84% 0 99.24% 1894653 HG992745.1 this study

LB11LO2 LB11_SMT2 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio harveyi 922 922 85% 0 98.30% 624 DQ279074.1 this study

LB11G2 LB11_G2 Lolliguncula brevis gill (G) 1/17/23 V ibrio harveyi 924 924 83% 0 99.03% 3713225 CP025537.1 this study

LB14LO8 LB14_SMT8 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio sp.  SCSIO 43155 955 955 85% 0 99.43% 3568316 CP071852.1 this study

LB10LO2 LB10_SMT2 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio owe nsii 815 815 84% 0 94.84% 3797023 CP025796.1 this study

LB15G2 LB15_G2 Lolliguncula brevis gill (G) 1/17/23 V ibrio cam pbe llii 900 900 85% 0 97.19% 3524636 CP033134.1 this study

LB11G1 LB11_G1 Lolliguncula brevis gill (G) 1/17/23 V ibrio sp.  B1ASS3 950 950 85% 0 99.24% 4055171 HG992742.1 this study

LB11LO1 LB11_SMT1 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio sp.  B1ASS3 952 952 84% 0 99.62% 4055171 HG992742.1 this study

LB15LO3 LB15_SMT3 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio cam pbe llii 941 941 84% 0 99.23% 3524636 CP033134.1 this study

LB11LO3 LB11_SMT3 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio cam pbe llii 946 946 84% 0 99.43% 3581305 CP025953.1 this study

LB10LO3 LB10_SMT3 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio rotiferianus 966 966 85% 0 99.81% 3326271 CP018312.1 this study

LB15LO1 LB15_SMT1 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio cam pbe llii 942 942 85% 0 99.05% 3524636 CP033134.1 this study

LB7LO2 DP1_SMT2 Doryteuthis  ple ii sub-mantle tissue (SMT) 1/17/23 V ibrio owe nsii 944 944 84% 0 99.42% 3797023 CP02576.1 this study

LB14G3 LB14_G3 Lolliguncula brevis gill (G) 1/17/23 V ibrio cam pbe llii 955 955 85% 0 99.43% 3524636 CP033134.1 this study

LB14G2 LB14_G2 Lolliguncula brevis gill (G) 1/17/23 V ibrio cam pbe llii 955 955 85% 0 99.43% 3524636 CP033134.1 this study

LB14LO3 LB14_SMT3 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio cam pbe llii 966 966 86% 0 99.25% 3524636 CP033134.1 this study

LB10LO1 LB10_SMT1 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio cam pbe llii 966 966 86% 0 99.62% 3469516 CP026321.1 Septer et al. 2020

LB15LO2 LB15_SMT2 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio hyugaensis 689 689 83% 0 90.93% 3530957 CP025794.1 this study

LB11G3 LB11_G3 Lolliguncula brevis gill (G) 1/17/23 V ibrio jasicida 090810c 839 839 84% 0 95.78% 3690481 CP025792.1 this study

LB14LO7 LB14_SMT7 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio hyugaensis 953 953 84% 0 99.81% 3530957 CP025794.1 this study

LB7G2 DP1_G2 Doryteuthis  ple ii gill (G) 1/17/23 V ibrio jasicida 090810c 946 946 84% 0 99.42% 3690481 CP025792.1 this study

LB7LO1 DP1_SMT1 Doryteuthis  ple ii sub-mantle tissue (SMT) 1/17/23 V ibrio jasicida 090810c 935 935 83% 0 99.23% 3690481 CP025792.1 this study

LB10G1 LB10_G1 Lolliguncula brevis gill (G) 1/17/23 V ibrio jasicida 090810c 929 929 83% 0 99.22% 3690481 CP025792.1 this study

LB10G2 LB10_G2 Lolliguncula brevis gill (G) 1/17/23 V ibrio jasicida 090810c 950 950 84% 0 99.62% 3690481 CP025792.1 this study

LB10G3 LB10_G3 Lolliguncula brevis gill (G) 1/17/23 V ibrio jasicida 090810c 950 950 84% 0 99.62% 3690481 CP025792.1 this study

LB11LO6 LB11_SMT6 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio zhuhaiensis 878 878 83% 0 97.30% 3329049 AP019660.1 this study

LB10LO6 LB10_SMT6 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 A liivibrio fische ri  MJ11 922 922 83% 0 98.84% 2905029 CP001139.1 Suria et al. 2022

LB14LO1 LB14_SMT1 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio sp.  THAF190c 754 754 84% 0 92.93% 3313709 CP045338.1 this study

LB7G1 DP1_G1 Doryteuthis  ple ii gill (G) 1/17/23 V ibrio sp.  PID32_28 833 833 74% 0 99.35% 500 KM574571.1 this study

LB7LO4 DP1_SMT4 Doryteuthis  ple ii sub-mantle tissue (SMT) 1/17/23 V ibrio sp.  PID32_28 839 839 75% 0 99.35% 500 KM574571.1 this study

LB14G1 LB14_G1 Lolliguncula brevis gill (G) 1/17/23 V ibrio sp.  THA F 190c 928 928 84% 0 99.03% 3313709 CP045338.1 this study

LB14LO6 LB14_SMT6 Lolliguncula brevis sub-mantle tissue (SMT) 1/17/23 V ibrio fortis 880 880 84% 0 97.12% 3262072 AP025487.1 this study
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Table 4.4. hsp60 read counts tracked through DADA2 processing steps.  

  

hsp60 

samples treatment dada2_input filtered denoisedF denoisedFpool nonchim

final % reads 

retained

IWA inshore water 274686 165967 148403 148403 137155 49.9

IWB inshore water 176142 111204 100199 100199 92882 52.7

kitcon kit control 109487 35027 32592 32592 25224 23

LB13AM mature ANG 221000 133858 122991 122991 113892 51.5

LB14AM mature ANG 196076 106911 99658 99658 87932 44.8

LB62AM mature ANG 205855 108193 100563 100563 87958 42.7

LB13GM mature gill 145752 88518 76609 76609 65297 44.8

LB14GM mature gill 223879 126740 97091 97091 80763 36.1

LB62GM mature gill 267034 162396 151589 151589 137617 51.5

LB13MM mature mantle 292253 171764 158181 158181 144206 49.3

LB14MM mature mantle 227536 142879 129947 129947 122202 53.7

LB62MM mature mantle 112325 66707 61014 61014 56094 49.9

LB13SM mature SMT 191367 113900 103445 103445 95650 50

LB14SM mature SMT 223822 133016 123110 123110 113563 50.7

LB62SM mature SMT 282020 168158 156797 156797 143730 51

OWA offshore water 176466 113771 98216 98216 88270 50

OWB offshore water 268118 164523 150334 150334 135093 50.4

LB8GS sub-adult gill 270891 153839 142782 142782 129973 48

LB10GS sub-adult gill 261397 163699 151419 151419 138515 53

LB11GS sub-adult gill 166901 104426 89259 89259 74278 44.5

LB8MS sub-adult mantle 189001 111109 102613 102613 94217 49.9

LB10MS sub-adult mantle 178647 92858 86217 86217 73336 41.1

LB11MS sub-adult mantle 268832 163938 151359 151359 137148 51

LB8SS sub-adult SMT 281704 164504 153345 153345 139798 49.6

LB10SS sub-adult SMT 326872 197375 182617 182617 165952 50.8

LB11SS sub-adult SMT 257106 162344 147105 147105 134727 52.4



 102 

CONCLUDING REMARKS 

 

Symbioses between bacteria and their eukaryotic hosts can be found in nearly any environment, 

and despite incredible diversity across systems, the mechanisms by which b acteria evolve and compete 

during host-colonization remain largely conserved. Host environments provide a unique physical niche 

where symbionts are forced into contact with other microbes and have the opportunity to compete for 

colonization sites or exchange DNA via contact-mediated mechanisms. The light organ of  Euprymna 

scolopes squid is colonized exclusively by the bioluminescent bacterium Vibrio fischeri and has long been 

used as a model for studying host-colonization processes because of  its simplified microbiome. V. fischeri 

encodes a type VI secretion system – a contact-dependent killing mechanism that V. fischeri uses to 

compete for colonization sites within the squid light organ. Additionally, V. fischeri encodes both 

conserved and strain-specif ic mechanisms for horizontal gene transfer. Despite decades of  research 

studying the light organ association between V. fischeri and E. scolopes, questions remain about the 

diversity of  host-associated bacteria and how competition and HGT impact their abil ity to colonize light 

organ niche. 

Given that squid have already proven to be excellent model systems for studying host -symbiont 

interactions, it is surprising that we do not have a better understanding of  squid microbiomes across 

dif ferent body sites. As described above, the light organ of  Hawaiian bobtail squid is colonized exclusively 

by Vibrio fischeri. More diverse Vibrios have been isolated f rom the light organs of  other squid species; 

however, the Hawaiian bobtail squid remains the primary model squid hos t for studying symbioses. 

Recent work has also characterized the accessory nidamental gland (ANG) of  E. scolopes and its 

associated microbial community. The ANG is a female reproductive organ that has been described in 

several Sepiolid and Loliginid squid species and hosts a diverse bacterial community that is excreted into 

the egg jelly coat as they are laid and has been shown in E. scolopes to protect against bacterial and 

fungal infection during embryo development. While both the light organ and ANG have been studied 
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separately, these organs are not conserved across all squid species, and we do not understand how the 

microbial communities of  light organs, ANGs, or more conserved body sites dif fer within individual squid. 

To that end, the overarching goal of  my dissertation work was to use creative approaches to 

design and implement new tools to further our understanding of  microbial interactions within symbioses . 

The f irst three chapters of  my dissertation utilize the E. scolopes – V. fischeri light organ association as a 

model system. In chapter one, I designed a novel f luorescence microscopy assay and analysis workf low 

for quantifying contact-dependent killing at the single-cell level. In chapter two, I combined this assay with 

a subcellular model for T6SS interactions; the results of  this study revealed that strains with the ability to 

activate T6SS more quickly will dominate competitive interactions, even if  both strains are lethal. In my 

third chapter, I designed an experimental evo lution assay that uses selectable antibiotic markers to 

quantify gene transfer between V. fischeri strains during coculture. The results of  this study revealed that 

the conditions required for DNA transfer in our experimental evolution assay are inconsistent with any 

mechanism of  gene transfer that has previously been described in V. fischeri. In my f inal chapter, I 

characterized the microbiome of  the Atlantic brief  squid, Lolliguncula brevis across multiple body sites 

and found that L. brevis hosts a very conserved microbiome that is dominated by Bradyrhizobium, 

Aliivibrio, and unidentif ied bacteria. This chapter serves as a pilot study for understanding broader squid-

symbiont associations and warrants future work to further address the f indings I describe here.  

In future amplicon-based studies where the broader microbial community is not yet known, I 

recommend starting with a 16S amplicon target before proceeding with an amplicon target like hsp60 that 

has not been properly validated across diverse taxa. Reference repositories for 16S rRNA sequences are 

maintained regularly and contain much more diverse sequence representation, which likely would have 

resulted in better taxonomic identif ication of  the L. brevis community. This pilot study was an incredible 

learning experience, and I conclude this dissertation with many more questions and ideas than concrete 

answers. Ultimately, the work I present in my dissertation is a culmination of  how I have grown as a 

scientist over the past seven years, and I hope that my contributions to the squid symbiosis community 

will drive us forward in answering new and more complex research questions as we continue to learn 

more about how these systems function. 
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