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ABSTRACT OF THE DISSERTATION 

 

 

Mechanisms in bacterial utilization of cellular debris in the ocean 

 

by 

 

 

 

Ryan Paul Guillemette 

 

 

Doctor of Philosophy in Marine Biology 

 

 

University of California San Diego, 2018 

 

 

Professor Farooq Azam, Chair 

 

This dissertation investigates the mechanisms in bacterial utilization of cells and cellular 

debris in the ocean. Bacteria are key members of marine ecosystems. They serve as the 

predominant biotic force acting on marine biogeochemical cycling of organic matter and exert a 

strong influence on marine microbial community dynamics via their cell-cell interactions. While 

scientists have begun to untangle the web of seemingly intractable mechanisms that marine 

bacteria use to acquire and consume organic matter, many unknowns still remain.



 xv 

This research implements a number of techniques including bacterial production 

measurement, mass spectrometry, single-cell analyses, and genetics to test two hypotheses: (1) 

that bacteria can readily respond to a natural pulse of cellular debris from coral mass-spawning, 

and (2) that contact-dependent predatory bacteria can kill and consume their bacterial prey.  

Studies conducted off coastal Panama found that coral gametes elevated the organic 

matter concentration of the surrounding seawater by ~5-fold after a mass spawning event. 

Bacterial production measurements and 454 pyrosequencing of bromodeoxyuridine-labeled 16S 

bacterial rRNA genes showed that it was primarily active Rhodobacteraceae, Flavobacteriaceae, 

and Saprospiraceae taxa that degraded the coral gametes. High resolution mass spectrometry 

analysis supported this hypothesis, showing trends that indicated microbial alteration of the 

organic matter pool. This study demonstrated that coastal marine bacteria can readily respond to 

a large input of autochthonous cellular debris. 

Contact-dependent bacterial predation was tested by using bacteria with a type 6 

secretion system (T6SS+) as model predators in competition assays. Nanoscale secondary ion 

mass spectrometry analysis showed that T6SS+ Vibrio cholerae utilized carbon from its bacterial 

prey. V. cholerae also exhibited the ability to utilize DNA and ribosomes from lysed bacteria as 

nutrients. Additionally, independent competition assays between T6SS+ V. cholerae and 15 

different marine bacterial isolates showed that V. cholerae and/or the challenged isolate were 

killed in 12 out of the 15 assays. The experiments also revealed that the coral and shellfish 

pathogen, Vibrio coralliilyticus, has a functional T6SS. Collectively, these results demonstrate 

that bacterial antagonism often ends in carnage for one or both of the competing species, and 

suggest that the susceptible prey are fresh fodder for the victorious bacterium. 
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CHAPTER 1 

 

Introduction 
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INTRODUCTION  

 Consider that the average milliliter of seawater contains approximately 107 viruses, 106 

bacteria, 104 phytoplankton, 108 colloids and particles, and an astounding 1012-15 different 

dissolved organic molecules (as reviewed in Azam and Malfatti 2007)1. These constituents of 

seawater—especially the microbes—intimately interact with each other and the environment to 

shape the marine ecosystems that we so cherish and rely upon (Figure 1)1. Bacteria in particular 

are major players in the ocean, as they are believed to consume up to 50% of marine primary 

production2. Marine bacteria are also of importance due to their prevalence as pathogens. 

However, the mechanisms that bacteria implement to survive in the ocean are not fully 

understood. In this dissertation, I primarily aim to understand the mechanisms in bacterial 

response to—and creation of—energy rich pulses of organic matter. I also explore the role of 

contact-dependent bacterial predation on marine bacteria and discuss the relevance of these 

findings to marine ecology. 

 

 

Figure 1.1 Microbial structuring of marine ecosystems. (Azam & Malfatti, 2007)1 
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Marine organic matter 

Marine organic matter is generally categorized into two operationally defined fractions 

based on 0.7 µm-nominal-pore-size filtration: > 0.7µm, particulate organic matter (POM) and < 

0.7 µm, dissolved organic matter (DOM). This organic matter is perhaps better conceptualized as 

a continuum of biologically labile, semi-labile, and refractory material that is comprised of truly 

dissolved molecules, colloids, gels, large particles and aggregates, and cells (Figure 2)3. 

Importantly, the age of marine organic matter also varies extensively, ranging from newly 

produced (~10% of the pool) to 100s or even 1000s of years old (~90% of the pool), with the 

latter fraction being predominantly refractory to bacteria4, 5. In trying to better understand 

bacterial utilization of organic matter in the ocean, it is imperative to study how bacteria degrade 

and consume newly derived, nascent organic matter. 

 

 

Figure 1.2 Conceptual diagram of marine organic matter continuum (Verdugo et al., 2004)3 
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Bacterial response to pulses of organic matter 

The estimated ~1029 phylogenetically and metabolically diverse heterotrophic bacteria 

that reside in the sea6, 7 rely upon a broad suite of hydrolytic enzymes8, membrane transporters9, 

and other mechanisms such as the recently discovered DNA-harnessing pili10 to utilize the 

dynamic constituents of the marine organic matter pool. Bacterial response to the varying classes 

organic matter largely influence the alteration and removal of this material11-13 and plays a role in 

the shaping of marine microbial community structure14, 15. However, the majority of studies on 

the nature and mechanisms of such organic matter utilization have largely taken place in the 

form of controlled laboratory amendment experiments, with few studies investigating the 

bacterial response to natural resource pulses in environment (see review in Pedler 2014)16. How 

bacteria respond to an input of natural organic matter, as well as the possible fates of such inputs, 

remains to be better understood.  

Bacterial utilization of nutrient rich “hotspots”  

In addition to understanding bacterial response to organic matter at the macro-scale, it has 

been postulated that bacterial interaction with nutrients at the nano- to micro-scale plays a large 

role in marine biogeochemical cycling and the structuring of microbial communities17. For 

example, such “hotspots” of organic matter can be created via lysis of single-cell organisms 

during a phytoplankton bloom crash, “sloppy feeding” by grazers, host-cell viral lysis, and 

bacterial-lysis of prey bacteria (as reviewed in Azam 1998)18. However, there have been 

relatively few studies on the specific fractions of cell lysate that bacteria can utilize19, 20, and in 

situ mechanistic studies are rare. One mechanism that is ripe for testing bacterial utilization of 

organic matter hotspots is the highly prevalent bacterial type 6 secretion system (T6SS)21. The 
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T6SS is a nanomachine that is capable of injecting toxic effector proteins into adjacent bacterial 

target cells via a needle-like apparatus (Figure 3; as reviewed in Ho et al. 2014)22. The effector 

 

Figure 1.3 Model for T6SS assembly, effector translocation, and component recycling. (A) 

formation of a membrane baseplate; (B) recruitment and assembly of effector proteins; (C) 

polymerization of a Hcp tube with VipA/VipB sheath proteins; (D) sheath contraction and 

launch of the Hcp tube from the host inner membrane which delivers the effector proteins into 

the target cell’s membrane; (E) disassembly of the sheath and tube; (F) recycling or disassembly 

of the baseplate complex (reproduced from Ho et al., 2014; with modified legend summary)22. 

 

proteins have a variety of lethal functions23 which can lead to the lysis of susceptible prey24. 

T6SS-enabled bacterivorous bacteria may (1) gain an advantage in the form of nutrients from 

lysed bacterial prey, in addition to (2) eliminating bacterial competitors—both scenarios have 

been relatively unexplored for marine bacteria. 
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In this work, I aim to better understand the mechanisms in bacterial utilization of cells 

and cellular debris in the ocean. Chapter 2 takes advantage of a field sampling opportunity 

during a highly predictable coral mass-spawning event to determine the bacterial response to a 

pulse of nascent organic matter entering the coastal marine environment. Using a series of 

microcosm studies, I quantify the degradation rate of the coral gametes and ascribe the 

transformation and removal of the gametes’ POM to active bacterial taxa. In Chapter 3, I 

transition into controlled laboratory experiments that focus on bacterial use of prey bacteria as 

nutrients. Lysate amendments to artificial seawater cultures of bacteria demonstrate that bacterial 

cellular debris, including the DNA and ribosome fractions are readily consumed by bacteria. 

Furthermore, nanoscale secondary ion mass spectrometry (NanoSIMS) analysis is used to show 

that the bacterial T6SS is an effective method for generating utilizable cellular debris from lysed 

bacterial prey in situ.  In Chapter 4, I investigate the killing efficacy of Vibrio cholerae’s T6SS 

and highlight the resistance and susceptibility of marine bacterial isolates to V. cholerae T6SS 

attack. In this chapter, I also provide the first report of a functional T6SS in Vibrio coralliilyticus 

which is shown to kill V. cholerae. 
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CHAPTER 2 

 

Bacterioplankton drawdown of coral mass-spawned organic matter 
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APPENDIX 2.1: SUPPORTING INFORMATION (SI) 

 

SI METHODS 

 

Particulate organic carbon and nitrogen analysis  

The thawed GF/F filters were placed in a desiccator in the presence of concentrated HCl 

vapor (12 M) to remove inorganic carbonates and then dried at 50 °C. Carbon and nitrogen was 

analyzed by high-temperature combustion using an organic elemental analyzer (model CEC 

440HA; Control Equipment Corp.) by the Marine Science Institute Analytical Laboratory 

(University of California, Santa Barbara, CA). Duplicate filters with no sample were handled, 

stored, and processed in tandem and used as procedural blanks. Duplicate filters receiving MilliQ 

water were used as operational blanks. Blank values were subtracted from the field and 

experimental sample measurements. The limit of detection for carbon and nitrogen ranged from 

0.1 to 0.4 µM with precision of ± 0.3 wt% and an accuracy of ± 0.3 wt%. 

 

Bacterial production 

 Bacterial production (BP) rates at the 0, 24, 44, and 66 h time points were integrated to 

estimate the total number of bacteria produced per unit volume over the microcosm duration, 

BPTotal.  

𝐵𝑃𝑇𝑜𝑡𝑎𝑙 = ∫ 𝐵𝑃(𝑡)
𝑡=66

𝑡=0
𝑑𝑡 = ∑ (

(𝐵𝑃(𝑡𝑛)+𝐵𝑃(𝑡𝑛+1)

2
) ∗ (𝑡𝑛+1 − 𝑡𝑛)

𝑛=3
𝑛=1   (1) 

 

Terms: BPTotal = cells l-1; BP = cells l-1 h-1; t1,2,3,4 = 0, 24, 44, and 66 h time points, 

respectively. 
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BPTotal (Eq. 1) was then multiplied by cell-specific bacterial carbon (cell-specific BC) to 

determine the total production of bacterial carbon, BPTotal_Carbon. 

BPTotal_Carbon = BPTotal * Cell-specific BC    (2) 

 

Terms: BPTotal_Carbon = µM C; BPTotal = cells l-1; Cell-specific BC = fgC cell-1 

  

Calculation of bacterial carbon demand and bacterial respiration 

We aimed to estimate the proportion of organic carbon that was utilized in the microcosms 

to support bacterial carbon demand (BCD); carbon consumed for bacterial production (BP) and 

bacterial respiration (BR).  

BCD = BP + BR     (3) 

 

Given the methodological limitations of measuring BR in natural assemblage 1, we used a 

sensitivity analysis to estimate BCD based on our calculated BP (Eq. 2) and a hypothetical range 

of bacterial growth efficiency (BGE). BGE is defined as the proportion of BCD that is used for 

BP. 

BGE = BP / BCD     (4) 

 

The range of BGE (5–30%) was selected as input into our model based on previously 

reported BGE values for coastal seawater bacteria 2. This type of analysis has been applied in 

several studies 2-5.  

BCDMax = BP / .05     (5) 

BCDMin = BP / .30     (6) 
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 We then used BCDMax (Eq. 5) and BCDMin (Eq. 6) to estimate the maximum and minimum 

range of BR.  

BRMax = (BP / .05) - BP    (7) 

BRMin = (BP / .30) - BP    (8) 

 

Modeled apportionment of the observed total organic carbon (TOC) drawdown to BR and non-

bacterial respiration (NBR) 

 

The difference between TOC concentration at 0 h and 66 h was reported as TOC drawdown 

for each microcosm.  

TOC drawdown = (TOC0h - TOC66h)    (9) 

 

Since all of the organic carbon (including biomass) in the microcosm samples was 

accounted for in the TOC, then the respiration of the entire heterotrophic community, community 

respiration (CR), was effectively responsible for the observed TOC drawdown. Community 

respiration can also be conceptualized as the sum of BR and NBR. Therefore, we hypothesized 

that the observed TOC drawdown in our study resulted from combined BR and NBR. We used our 

estimated BRMax (Eq. 7) and BRMin (Eq. 8) to estimate NBRMax and NBRMin. 

NBRMin = TOC drawdown - BRMax    (10) 

NBRMax = TOC drawdown - BRMin    (11) 
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Thus, our modeled apportionment of the observed TOC drawdown was partitioned to a 

broad range of combined BR (Eq. 7, 8) and NBR (Eq. 10, 11) estimates. 

 

Bacterial loss 

Bacterial loss was calculated as the difference between bacterial abundance at the 66 h time 

point (BA66h) and the sum of BPTotal (Eq. 1) plus bacterial abundance at the 0 h time point (BA0h) 

5.  

 Bacterial loss = (BPTotal + BA0h) - BA66h    (12) 

  

Terms: Bacterial loss, BPTotal, BA0h, BA66h = cells l-1 

  

Bacterial loss (Eq. 12) was multiplied by the mean cell-specific BC to estimate bacterial 

carbon loss during the 66 h incubation. 

Bacterial carbon loss = Bacterial loss  Cell-specific BC  (13) 

 

Terms: Bacterial carbon loss= µMC; Bacterial loss= cells l-1; Cell-specific BC= fgC cell-1 

 

Fourier transform ion cyclotron mass spectrometry (FT-ICR MS) 

Prior to analysis the DOM extracts were diluted with methanol:water (1:1, v:v) to reach a 

final concentration of 2 µmol DOCextract / mL MeOH. Samples were ionized by electrospray 

ionization (ESI, Apollo II electrospray ionization source, Bruker Daltonik, Bremen, Germany) in 

negative mode at an infusion flow rate of 120 μl h−1 with a Fourier transform ion cyclotron 

resonance mass spectrometer (SolariX, Bruker Daltonik, Bremen, Germany) equipped with a 12 
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T refrigerated, actively shielded, superconducting magnet (Bruker Biospin, Wissembourg, 

France). Two hundred scans were added to one mass spectrum. The magnitude threshold for the 

peak detection was set to a signal-to-noise ratio of > 4. Mass spectra were recalibrated internally 

with compounds that have been repeatedly identified in marine DOM samples (Koch et al., 2008; 

Flerus et al., 2011; m/z: 339.10854, 369.15549, 411.12967, 469.13515, 541.15628, 595.23962, 

611.19814, 651.22944). The average mass accuracy of the internal calibrants was below 0.1 ppm. 

 

FT-ICR MS data evaluation  

All ions were singly charged as confirmed by the spacing of the related 12Cn and 13C12Cn−1 

mass peaks. The spectra were evaluated in the mass range of 200–650 m/z. The base peak (either 

407.1348 or 411.1296 m/z for all samples) was defined as 100% and relative intensities for all 

other peaks were calculated accordingly. Molecular formulas were calculated from m/z values 

allowing for elemental combinations 12C0-∞ 13C0−1 1H0-∞ 14N0−6 15N0−1 
16O0-∞ 32S0−3 34S0−1 31P0-3 and 

a mass accuracy threshold of |Δm| ≤ 0.2 ppm. The double bond equivalent (DBE) of a valid neutral 

formula had to be an integer value and the “nitrogen rule” was applied 6. Formulas which were 

either detected in two process blanks (PPL extraction of ultrapure water) or contained in the list of 

potential surfactants 7 were removed from the entire data set. Formulas containing a 13C, 15N or 

34S isotopes that did not correspond to a parent formula (12C, 14N, 32S) were also removed from the 

data set. Two samples in the original analysis (from microcosm Non-spawn66h) were excluded due 

to a disproportionately lower number of spectral peaks in comparison to all other samples, a trend 

that suggested contamination by salt remnants. 

As an additional level of formula validation, all formulas were sorted according to DBE 

and ppm. A small proportion of formulas corresponded to very high DBE values, many of which 
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were false assignments of sulfur containing compounds (as identified by the peak ratio of the 

parent and daughter ions). We therefore used DBE  30 as an additional cut-off which resulted in 

an unambiguous assignment for the complete data set. The distribution of mass accuracy also 

showed that the majority of the assigned formulas were well within the 0.2 ppm threshold. After 

these validation steps, we excluded the stable isotopes 13C, 15N, and 34S because they only 

represented duplicates of the parent formulas for subsequent sample comparisons. Intensity 

weighted average (wa) molecular masses and element ratios were calculated from the base-peak 

normalized peak-heights. For formulas with a very high relative intensity, the isotope ratio 

provided an additional level of formula validation 6. It should also be considered that the solid-

phase extraction method applied in this study does not cover the entirety of chemical compounds 

in the samples. Therefore, a focus of our evaluation procedure was on formulas that ubiquitously 

occurred in the control and treatment samples, and their relative peak-height changes. This 

excludes the possibility that differences between samples were caused by a shift of the analytical 

window.   

 

Combined BrdU immunocapture and 454 pyrosequencing 

BrdU incubation took place for ~6 h before the samples were filtered through 0.22 µm 

pore-size filters (Sterivex, EMD Millipore, Billerica, MA, USA) to collect bacteria. An additional 

size fractionation was performed with 8 µm pore-size polycarbonate filters (EMD Millipore) to 

include 16S rRNA sequencing analysis of particle attached bacteria in microcosm Spawn samples. 

Samples were immediately flash frozen in liquid nitrogen and stored frozen until processed. 

Genomic DNA extraction was carried out using a ChargeSwitch Forensic DNA 

purification Kit (Invitrogen, Carlsbad, CA, USA). The extraction step was performed twice on the 
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same sample to maximize DNA yield. The extracted DNAs were concentrated using Amicon 

Ultra-15 centrifugal filter units, 30K (EMD Millipore). The concentrated DNA solutions were 

purified with a NucleoSpin gDNA Clean-up Kit (Macherey-Nagel, Düren, Germany) in 

accordance with manufacturer's instructions. 

PCR amplification was carried out in triplicate using Ex Taq HS DNA Polymerase 

(TaKaRa Bio., Shiga, Japan). The denaturation step was done at 94 °C for 3 minutes, followed by 

25 or 30 cycles at 98 °C for 10 seconds. Primer annealing took place for 30 seconds at 55 °C.  

Extension took place at 72 °C for 1 minute, followed by a final extension at 72 °C for 3 minutes. 

The PCR products were purified with Agencourt Ampure XP Kit (Beckman Coulter, Brea, CA, 

USA) in accordance with the manufacturer's instructions. Equal amounts of the PCR amplicons 

from different samples were mixed. Pyrosequencing of the amplicon mixture was performed using 

a GS Junior Titanium emPCR Lib-L Kit (Roche Diagnostics, Branford, CT, USA) and a 454 GS 

Junior system (Roche Diagnostics). 

 Processing and analyses of the pyrosequencing data were performed using mothur v 1.35.1 

8. Sequencing errors and low-quality sequences in the raw sequencing data were removed in 

accordance with the standard 454 operating procedure 9. A distance matrix was constructed for the 

remaining sequences, and the sequences were clustered into operational taxonomic units (OTUs) 

at 97% similarity level with average neighbor clustering. Representative sequences within each 

OTU were classified with a k-mers nearest neighbor searching method 10 against SILVA 119 

reference database 11 at 80% threshold. Unknown sequences, as well as sequences affiliated to 

Eukaryotes, Chloroplast, and Mitochondria were eliminated. Read lengths ranged from 350 to 449 

base pairs (bp) after quality filtering (average read length = 388 bp) and there were 10,419 ± 6825 

reads sample-1. 
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The resulting OTU table was imported to R using the Phyloseq package version 1.19.1 

(McMurdie and Holmes, 2013) and normalized using the cumulative-sum scaling method with the 

MetagenomeSeq package version 1.16.0 12. Normalized OTU counts were transformed to 

represent percentages of each sample’s total in order to perform comparisons of relative 

abundance. To calculate taxa consistently found in BrdU-labeled DNA from the Spawn 

microcosms, Phyloseq scripts were used to subset the data to only Spawn0h and Spawn66h samples; 

as well as to filter out rare OTUs of < 0.1% mean relative abundance across samples, and/or found 

only in a single replicate for each time point. To evaluate the contribution of taxa which were 

observed only in the BrdU-labled DNA and not the Total DNA, Phyloseq and base R commands 

were similarly used to identify those taxa unique to the BrdU-labeled samples and to determine 

their mean relative abundance in each subset. The MetagenomeSeq-normalized count table served 

as direct input to differential abundance analysis with DESeq2 version 1.14.1 13 to identify OTUs 

enriched in the particle-associated fraction. P-values were corrected for multiple testing using the 

Benjamini-Hochberg method 14. Output statistics of the DESeq2 analysis were filtered to include 

only those for taxa which were enriched or depleted in the particle fraction by log2-fold-change ≥ 

2 (4-fold change), and with corrected p-values < 0.05. The results of these analyses were plotted 

using ggplot2 version 2.2.115. 
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Supplementary Figure 1 Compiled POC measurements from 46 937 global samples (Martiny et 

al, 2014): range, 0–927.1; median, 7.4; 25% percentile, 2.8; 75% percentile, 18.1. Arrows: Non-

spawn POC measurements fell within the < 25 µM POC bin, with 82.5% of the samples; Spawn 

POC measurements fell into the 375–425 µM POC bin. Only ~0.1% of the samples (n = 49) from 

the compiled data had higher POC concentration than microcosm Spawn0h samples. y-axis, relative 

frequency (%) of samples contained in bins; x-axis, histogram bin increments of 50 µM POC. 
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Supplementary Figure 2 Number of taxa and summed mean relative abundances of OTUs from 

the Total DNA in 0 h samples (a) and 66 h samples (b). S, Spawn; NS, Non-spawn; NS & S, Non-

spawn and Spawn. 

 

 

 

 

Supplementary Figure 3 Mean relative abundance (%) of active-but-rare bacterial taxa found in 

microcosm Spawn. Shown taxa were present in at least one biological replicate and comprised ≥ 

0.01% relative abundance in the sample. Class designations: α, Alphaproteobacteria; 𝛾, 

Gammaproteobacteria. 



 

 35 

 

Supplementary Figure 4 Log2-fold change (left) and mean relative abundance (%) (right) for 

the BrdU-labeled taxa associated with > 8 µm particles from microcosm Spawn 0 h to 66 h. Class 

designations: α, Alphaproteobacteria; 𝛾, Gammaproteobacteria. 
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Chapter 2, in full, is a reprint of the material. Guillemette, R., Kaneko, R., Blanton, J., 

Tan, J., Witt, M., Hamilton, S., Medina, M., Hamasaki, K., Koch, B.P., Azam, F. 2018. 

Bacterioplankton drawdown of coral-mass spawn organic matter off Bocas del Toro, Panama. 

The ISME Journal: 12; 2238-2251. The dissertation author was the primary investigator and 

author of this material. 
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CHAPTER 3 

 

The bacterial Type Six Secretion System enables intraguild predation 
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Abstract  

 Bacteria with the Type Six Secretion System (T6SS) have been shown to kill other 

bacteria, but the ecological implications of these killing events have not been fully explored. 

Here we test the effect of T6SS on the ecological success of a Vibrio cholerae strain using 

isotopic labeling, intraguild challenges, single cell analyses and growth experiments. Our 

experiments with wild-type (WT) V. cholerae compared to mutants with an inactive T6SS 

confirm previously documented high mortality of competitor bacteria in intraguild challenges. 

Further, we show that the WT V. cholerae assimilated prey lysate, utilized DNA as a nutrient, 

and grew better with a functional T6SS in the presence of susceptible prey. These results support 

the hypothesis that bacterial T6SS increases the predator’s success by reducing competition 

while providing the predator with nutrients. 

 

Main 

Bacterial population structure and function in the marine environment is controlled in 

part by bacteria–bacteria interactions, known metaphorically as “sideways control”1. While 

‘negative’ sideways controls have been shown to reduce or eliminate bacterial competitors (e.g. 

antagonism)2, little is known about bacterial antagonism as a means to consume prey bacteria. 

Such interactions also serve as a “bottom–up control”1 as the prey are utilized for nutrients. Few 

studies on Bdellovibrio and like organisms (BALOs) in the marine environment have shown that 

BALOs invade and digest their bacterial prey3, 4. However, to our knowledge there are no 

published reports of marine bacteria using other mechanisms to kill bacteria for consumption. 

One experimentally tractable mechanism that may facilitate such an interaction is the 

Type Six Secretion System (T6SS),  a nanomachine that is harbored by ~25% of sequenced 
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gram–negative bacteria5. Capable of killing prokaryotes6 and eukaryotes7, T6SS injection of 

toxic effector proteins into neighboring cells ultimately leads to lysis of susceptible prey8. In a 

perspective article9, authors Pukatzki and Provenzano hypothesized that the marine bacterium 

and human pathogen, Vibrio cholerae, employs its T6SS to engage in intraguild predation, 

whereby the predator consumes its competing prey10. However, this hypothesis is difficult to test 

given the confounding challenges inherent to distinguishing strain–specific growth and/or 

assimilation of prey–derived substrates, with high sensitivity, in a heterologous bacterial 

population.  

Here we used nanoscale secondary ion mass spectrometry (NanoSIMS) to test if T6SS–

harboring V. cholerae assimilated carbon from its prey, Vibrio harveyi. In a competition assay, 

13C–labeled V. harveyi was challenged against a predator strain for 8h on Zobell 2216E agar. The 

predator was either wild–type (WT) V. cholerae, which possessed a constitutively firing T6SS 

(WT challenge), or a T6SS–inoperable mutant, V. cholerae vipA (vipA challenge). In 

accordance with a previous study11, we found that V. harveyi was indeed susceptible to V. 

cholerae T6SS–mediated toxicity. We observed an 85–fold decrease in recovered V. harveyi 

colony forming units (CFUs) in the WT challenge, in comparison to the vipA challenge (two–

tailed t–test, p < 0.0001; Figure 3.1a).  

To trace the uptake of 13C–labeled prey lysate by the predator, triplicate samples from 

each challenge assay, and 0h and 8h controls for all strains, were formalin fixed, filtered onto 0.2 

µm polycarbonate–membrane filters, and prepared for NanoSIMS analysis (see Methods). The 

controls were used to determine the initial label of the predator and prey strains, and to determine 

the proportion of label that was retained after 8h incubation on the unlabeled media. 30 μm x 30 

μm areas (n = 8–12) were analyzed for each of the three replicate filters per treatment. Single 
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cells (Figure 3.1b, c) were quantitatively analyzed to determine 13C atom percent excess (APE), 

the percent enrichment of the rare isotope (13C) above natural abundance (Figure 3.1d, e; Table 

S3.1). The predator and prey were distinguished by k–means cluster analysis12-14, which yielded 

a cutoff of 0.81 13C APE (Figure 3.1d, e; Supplementary Note). This cutoff is less than the 

minimum enrichment observed for V. harveyi in the ΔvipA challenge, and given the average 

survival of V. harveyi in the WT challenge, this cutoff is conservative (see Supplementary Note).  

Our statistical analysis of the cutoff–defined cell populations showed that V. cholerae 

was significantly enriched with ~40% more 13C in the WT challenge, in comparison to the vipA 

challenge (Mann–Whitney U Test, p < 0.0001; Kolmogorov–Smirnov Test, p = 0.0001; Figure 

3.1f, g; Table S3.1). We calculated, that on average, 0.41% of the carbon assimilated into 

biomass by WT V. cholerae was derived from the prey, while single–cells within that population 

were comprised of up to 3.8% prey–carbon (see Methods). Note that these should be considered 

lower assimilation estimates since our cutoff excluded the possibility that WT V. cholerae cells 

had higher than 0.81 13C APE. While the cutoff was implemented to be conservative, it is 

reasonable to surmise that some WT V. cholerae cells had enrichments above that cutoff (up to a 

maximum observed value of 8.1 13C APE; Supplementary Note), suggesting that select single–

cells may have been comprised of up to 48% prey–carbon.  

Having conclusively demonstrated that WT V. cholerae consumed its prey in situ, we 

then designed a proof–of–concept experiment to determine the utilizability of prey lysate. 

Amendment of V. harveyi–lysate as the sole carbon source to artificial seawater (ASW) cultures 

of WT V. cholerae or V. cholerae thyA, a thymine auxotroph, resulted in ~140–fold increases in 

cell yields for both treatments, in comparison to the non–amended controls (two–tailed t–test, p < 

0.001; Figure 3.2). These results indicate that the bacterial lysate can be readily used as a carbon 
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source, and furthermore, that the DNA can provide nucleic acid bases, such as thymine. We also 

observed that cell yields significantly increased when ASW cultures of WT V. cholerae were 

amended with purified DNA or ribosomes, in comparison to the non–amended controls (two–

tailed t–test, p < 0.01; Figure S3.1). The apparent ability of V. cholerae to degrade and assimilate 

organic matter from DNA and ribosomes—both of which constitute a major fraction of bacterial 

biomass and are enriched with nitrogen and phosphorous—suggests that consumption of 

bacterial lysate could be advantageous in both carbon–rich and carbon–limited environments. 

Furthermore, studies have demonstrated that exogenous DNA, including released DNA from 

T6SS–killed prey can be taken up by V. cholerae and used for horizontal gene transfer15-17. Our 

demonstration that V. cholerae readily grows on the DNA from lysed bacteria supports an 

alternative hypothesis—that the DNA could also be used for nutrients. 

Finally, we tested if T6SS functionality provided the predator with a growth advantage. 

Competition assays with unlabeled predator and prey were run in otherwise identical conditions 

to those described in our NanoSIMS experiments, and both the predator and the prey were 

recovered. Recovery of V. harveyi CFUs was ~85–fold less in the WT challenge, in comparison 

to the vipA challenge; while recovery of WT V. cholerae CFUs was ~4–fold higher (two–tailed 

t–test, p < 0.01; Figure S3.2). We hypothesize that the near elimination of competing V. harveyi 

led to the higher growth yield that was observed, presumably due to a relative increase in 

nutrient availability from both the media and the prey–lysate.  

Collectively, our results demonstrate that the bacterial T6SS enables intraguild predation, 

increasing predator success through the acquisition of nutrients from prey lysate and reduction of 

competition. Given the high prevalence of bacteria with contact-dependent growth inhibition 

systems, such as the T6SS, we suggest that intraguild predation may play an important role in 
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nutrient cycling in high bacterial density marine habitats such as marine snow, fecal pellets, and 

sediment. Future work might also consider the impact of intraguild predation in other systems, 

including animal and human microbiomes.  
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Figures 

 

Figure 3.1 V. harveyi (prey) versus WT V. cholerae or V. cholerae vipA (predators). (a) 

Recovered V. harveyi CFUs (y–axis) from the WT challenge (black) and the vipA challenge 

(grey). Error bars represent the mean ± SD of three independent replicates. **** (two–tailed t–

test, p < 0.0001). (b, c) Representative NanoSIMS images showing 13C atom percent excess 

(APE) of the predator and prey strains from each challenge. (d, e) Summarized NanoSIMS data 

showing 13C APE of individual ROIs from the WT challenge (d) and the vipA challenge (e). 

ROIs falling below the analysis cutoff (dashed line, 0.81% 13C APE) were scored as predators, 

while ROIs above the cutoff were scored as prey. (f, g) Median ± 95% confidence intervals for 

the 13C APE of WT V. cholerae (f) and V. cholerae vipA (g). **** (Mann–Whitney U Test, p < 

0.0001; Kolmogorov–Smirnov Test, p = 0.0001). 

Figure	1.	Guillemette	et	al.,	unpublished
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Figure 3.2 Artificial seawater cultures with and without amendment of V. harveyi–lysate to WT V. 

cholerae (a) or V. cholerae thyA, a thymine auxotroph (b). Incubations took place for 24h. Error bars 

represent the mean ± SD. Statistical differences between treatments are denoted by asterisks (two–

tailed t–test, ***p < 0.001; ****p < 0.0001). CFUs (grey bars) were enumerated for V. cholerae thyA 

in addition to the microscopy–based cell counts (black bars) to ensure that the recovered cells 

maintained their antibiotic resistance to trimethoprim, an antibiotic which inhibits bacterial synthesis 

of thymine. 
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APPENDIX 3.1: SUPPLEMENTARY INFORMATION 

 

Supplementary Note 

 

 

 This note addresses the identification of WT V. cholerae predator cells to calculate 13C 

incorporation from V. harveyi prey lysate. We established a conservative cutoff value (0.81 13C 

APE) below which all cells from the challenge assays should be WT V. cholerae or V. cholerae 

ΔvipA. This cutoff value was based on both k–means cluster analysis and the lowest V. harveyi 

13C enrichment observed in the ΔvipA challenge. We also discuss the basis for our upper estimate 

of WT V. cholerae enrichment (8.1 13C APE).  

 We used k–means cluster analysis in an attempt to distinguish predator from prey based 

on 13C APE of single cells (selected as regions of interest; ROIs) plotted for each experimental 

treatment. K–means has been used as an effective method for grouping cells according to their 

isotope ratios in stable isotope probing and NanoSIMS studies14. It is a partitional cluster 

analysis method that uses a known, fixed number of clusters (k), and a starting configuration of 

cluster centers12, 13. The analysis then assigns each ROI to the clusters and uses an iterative 

refinement technique to optimize the ROI’s membership to that cluster. In this way, the sum of 

square distance is minimized between the cluster center and the ROI.  

Our k–means analysis of the vipA challenge resulted in distinct clusters for the predator 

and prey populations (Figure S3.3a). However, clustering for the WT challenge was less clear, as 

the plotted ROIs were more dispersed along the y–axis (Figure S3.3b). Therefore, we set a 

conservative cutoff for the identification of WT V. cholerae at 0.81 13C APE for our statistical 

analysis and for calculating the lower estimate of prey assimilation. The cutoff was based both 

on the k–means analysis of the vipA challenge, which showed 0.81 13C APE for the least 

enriched of the 243 V. harveyi cells (Figure S3.31a), and the fact that all V. harveyi cells in the 
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8h control (n = 104) had 13C APE above 0.81 (Figure S3.3d; Table S2). However, we expect that 

a portion, if not all of the more 13C–enriched cells in the WT challenge were actually V. cholerae 

cells.  

To assess the likelihood that a portion of cells in the WT challenge with > 0.81 13C APE 

were V. cholerae, we considered two issues: (1) the possibility that some of the analyzed cells 

were residual dead–V. harveyi, and (2) the probability that V. harveyi survived the WT challenge. 

The following discussion addresses both of these issues. 

(1) Our data do not support the hypothesis that residual dead–V. harveyi remained after 8h in 

the WT challenge. We found that the 13C labeling of V. harveyi cells in the vipA 

challenge at 0h (median = 24.4 13C APE; Figure S3.3c) was diluted ~16–fold to 1.5 13C 

APE after the 8h competition assay (Figure S3.3a). Assuming this same exponential 

dilution rate for V. harveyi in the WT challenge and the results of previous work that 

definitively showed that prey are killed within two hours during T6SS–mediated 

competition assays7, the average 13C label of V. harveyi in the WT challenge would have 

been down to 12.2 13C APE by the time V. harveyi was killed. Given the result that no 

cells in the WT challenge exhibited 13C APE values above 8.1 13C APE, we conclude it is 

unlikely that our analysis included residual dead–V. harveyi. 

(2) We assert that live V. harveyi would have been rare after 8h in the WT challenge because 

our experiments have shown that 98.8% of the V. harveyi population was killed (Fig. 

3.1a). Based on binomial statistics, we expect that a maximum of 8 out of the 246 

analyzed cells in the WT challenge could have been live V. harveyi at the 8h experiment 

termination (Wilson/Brown binomial proportions, lower limit = 0 cells; upper limit = 8 

cells; mean = 3 cells). By comparison, we found 54 cells in the WT challenge that 
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exhibited 13C APE values that were in the range of analyzed V. harveyi cells in the 8h 

control incubation (Figure S3.3d) and the vipA challenge (Figure S3.3a). Thus, while up 

to eight of the analyzed cells in the WT challenge could have been V. harveyi survivors, 

we expect at least 46 of the cells to have been V. cholerae.  

Based on this analysis, most, if not all of the analyzed cells in the WT challenge were likely V. 

cholerae. Therefore, while we used 0.81 13C APE as a conservative cutoff for our statistical 

analysis and for calculating the lower estimate of prey lysate assimilation, there is a sound basis 

for posing an upper assimilation estimate of up to 8.1 13C APE for select-single cells of WT V. 

cholerae. 

 

Supplementary Materials and Methods  

Bacterial strains 

WT V. cholerae 2740–80, and its T6SS–inoperable derivative, V. cholerae vipA, have 

been previously described18. V. cholerae thyA, a thymine auxotroph, was selected for by plating 

108–109 cells of V. cholerae on M9 glycerol with 0.01% thymine plus trimethoprim (TMP). 

TMP–resistant mutants lack ThyA activity and grow at the expense of exogenous thymine19. 

TMP resistant colonies were purified through successive streaking and then plated onto M9 

glycerol with TMP and 2 mg mL–1 DNA (Salmon testes, Sigma Cat# D1626). Colonies that grew 

at the expense of exogenous DNA were used in the lysate amendment experiments (described 

below). Model prey, Vibrio harveyi strain B392 has been described previously20. The following 

concentrations of antibiotics were used where indicated: streptomycin, 100 µg mL–1; rifampicin, 

50 µg mL–1; trimethoprim, 10 µg mL–1. 
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Competition assays 

V. harveyi was grown in 0.22–µm filtered autoclaved seawater (FASW) that was 

enriched with NaNO3 (88 µM final), NaH2PO4 (3.6 µM final), 0.1 g L–1 yeast extract, 0.5 g L–1 

peptone, and D–glucose–13C6 (0.4% final, Sigma–Aldrich, Cat# 389374). The V. cholerae strains 

were grown in Zobell 2216 E. All cultures were grown for 18h, diluted 1000–fold into fresh 

media, and then grown overnight. The cultures were then washed, diluted 50–fold into fresh 

media, and grown for 2–3h until they reached mid–exponential phase. All strains were cultured 

with shaking at 25C. Centrifugation was conducted at 10,000 x G for 4 minutes. 

Once the cultures reached mid–exponential phase they were concentrated to an OD600 of 

10.0 in Zobell 2216 E. To determine the initial isotopic–label (APE at 0h), aliquots of each strain 

were immediately fixed with formalin (2% final) and processed as described below. For the 

experimental treatments, 10 µl volumes of WT V. cholerae or V. cholerae vipA were mixed 1:1 

(v:v) with V. harveyi. 5 µl aliquots of the co–cultures were spotted onto Zobell agar plates and 

allowed to compete for 8h. In parallel, 5 µl aliquots of each strain were also independently plated 

onto Zobell 2216 E to determine the isotopic–label (%) that remained after 8h incubation (8h 

control). After incubation, the cells from each treatment were resuspended from the plate into 

FASW. Aliquots were immediately filtered onto white 0.2 µm pore–size polycarbonate filters 

(MilliporeSigma, Burlington, MA, USA), rinsed twice with FASW, then fixed with 2% formalin 

while in the filtration rig. The filters were then washed three times with MilliQ water and air–

dried. The dried filters were sectioned with sterile scissors and prepared for NanoSIMS analysis. 

Aliquots from each treatment were also serial–diluted and plated onto antibiotic selection media 

to recover and enumerate the surviving V. cholerae strains (streptomycin) or V. harveyi 

(rifampicin).  
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NanoSIMS analysis 

 The sectioned filters were mounted to analysis substrates with conductive tabs and 

coated with ~5 nm of gold. NanoSIMS analysis was performed at Lawrence Livermore National 

Laboratory using a NanoSIMS 50 (Cameca, Gennevilliers, France). Prior to analysis, samples 

were sputtered to a depth of ~60 nm with 90 pA of Cs+ current to achieve sputtering equilibrium 

and to ensure that the analysis was of intracellular material. For each filter, a primary 133Cs+ ion 

beam (2 pA, ~150 nm diameter, 16 keV) was rastered over 30 x 30 μm analysis areas (n= 8–12) 

with 256 x 256 pixels and a dwell time of 1 ms/pixel, for 19–30 scans (cycles). The secondary 

ion mass spectrometer was tuned for ~7000 M/∆M. Secondary electron images and quantitative 

secondary ion images were simultaneously collected for 12C2
–, 13C12C–, and 12C14N–, on 

individual electron multipliers in pulse counting mode21.  

The NanoSIMS data were processed using L’Image (http://limagesoftware.net). Ion 

image data were deadtime and image shift corrected before producing 13C12C–/12C12C– ratio 

images, which reflect the level of 13C incorporation into biomass. Regions of interest (ROIs) for 

isotopic ratio quantification were drawn around each cell. These ratios were extracted by cycle 

and averaged. Note that 13C12C–/12C2
– is divided by two to calculate the 13C/12C ratio. The data 

are presented as 13C atom percent excess (APE), which are calculated from the initial (Ri) and 

final (Rf) 13C/12C ratios: APE = [Rf/( Rf + 1) – Ri/( Ri + 1)] · 100%22. Cluster analysis of 13C APE 

was performed in R using the default ‘kmeans’ function14, 23. The fraction of carbon assimilated 

by the predator from the prey was calculated by subtracting the mean 13C APE of the WT V. 

cholerae population after 8h competition assays (0.07; Table S3.1) by its 13C initial APE (0.0, 

Table S3.2), divided by the 13C APE of source (17.3, V. harveyi at 1 h). The same calculation 

was also performed to estimate prey assimilation for the most enriched ROI from our cutoff-

http://limagesoftware.net/
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defined population (0.66 13C APE) and for the most enriched of all ROIs in the WT challenge 

(8.1 13C APE). The calculation assumes that the 13C of V. harveyi in the WT challenge diluted at 

the same exponential rate as V. harveyi in the vipA challenge (from 24.4 13C APE at 0h to 1.5 

13C APE at 8h; Tables S3.1, 2). 

 

Vibrio cholerae growth on lysate 

 Overnight cultures of the V. cholerae strains were grown in liquid Zobell 2216 E, diluted 

1: 10,000 in artificial seawater24, and acclimated for 24h with shaking. The cultures were then 

diluted ~100–fold into fresh ASW to obtain cell concentrations of 5 x 104 mL–1 or 2.5 x 105 mL–1 

and incubated for 24h with and without amendment. Each treatment consisted of three 

independent replicates (10 mL volumes). The treatments included: (1) V. harveyi lysate (WT V. 

cholerae was amended with ~6 x 107 lysed V. harveyi cells mL–1, V. cholerae thyA was amended 

with ~6 x 108 lysed V. harveyi cells mL–1); (2) DNA (3.3, 33.3, or 333.3 µg mL–1; Salmon testes, 

MilliporeSigma); or (3) Ribosomes (3.3 µg mL–1; E. coli, New England BioLabs, Ipswich, MA, 

USA). WT V. cholerae and V. cholerae thyA were grown with streptomycin or streptomycin and 

trimethoprim, respectively. To obtain bacterial lysate, an overnight culture of streptomycin–

sensitive V. harveyi was washed, re–suspended in ASW plus streptomycin, and subjected to three 

successive passages through a French press at ~18,000 psi. Microscopic examination confirmed 

that the V. harveyi cells were lysed. In a parallel control, V. haveyi lysate was incubated in ASW 

plus streptomycin and plated on streptomycin containing agar. The lack of cell growth that was 

observed indicates that no V. harveyi cells were included in our V. cholerae cell counts. 

Samples from each replicate (1–2 mL) were fixed with 2% formalin, filtered onto 0.2 μm 

pore–size polycarbonate filters, and stained with DAPI Vectashield (Vector Labs., Burlingame, 
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CA)25. At least 200 cells from 10 or more fields of view were counted by epifluorescence 

microscopy. To ensure that the cultures were bacteriophage–free, one sample from each 

treatment was also filtered onto a 0.02 µm pore–size Anodisc filter (Whatman, GE Life Sciences, 

Marlborough, MA, USA) then stained with SYBR Green I (Invitrogen, Carlsbad, CA, USA) to  

enumerate virus–like–particles (VLPs)26. No VLPs were observed on any of the filters. Sub–

samples from the V. cholerae thyA cultures were also serial diluted and plated onto streptomycin 

plus trimethoprim containing plates to ensure that the recovered cells maintained their antibiotic 

resistance to trimethoprim.  

 

Statistics 

GraphPad Prism version 7.0 (GraphPad Software, Inc.) was used for statistical analyses. 
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Supplementary Figures 

 

Figure S3.1 WT V. cholerae cells mL–1 (y–axis) after 24h artificial seawater incubations with and 

without amendment of DNA (a) or ribosomes (b). Error bars represent the mean ± SD. Statistical 

differences between treatments are denoted by asterisks (two–tailed t–test, **p < 0.01); or letters 

(ordinary one–way ANOVA, α = 0.05) where statistically significant differences among treatments 

are denoted by different letters (Sidak’s multiple comparisons test, a; b; c; d).  

 

 

Figure S3.2 Recovery of WT V. cholerae and V. cholerae vipA CFUs (y–axis) after 8h competition 

assays versus V. harveyi. Error bars represent the mean ± SD of three independent replicates. **(two–

tailed t–test, p < 0.01). 
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Figure S3.3 Distinction of predator and prey cell populations. The 13C APE calculated from each 

region of interest (ROI) identified in the ∆vipA challenge (a) and the WT challenge (b) were 

plotted on the y–axis. Each ROI represents a single cell. The x–axis was expanded to show 

individual ROIs. K-means cluster analysis established cutoffs (dashed–lines) for the 

identification of the predator strains (below the lines) and prey (above the lines). The dotted–line 

indicates a conservative cutoff value that was applied for the identification of predator and prey 

in the WT challenge. The median ± 95% confidence intervals for V. harveyi controls at 0h (c) 

and 8h (d) are shown for comparison. Note the difference in scale (y-axis) between scatter plots 

a, b, d versus c. 

 

 

 

 

 

 

 

 

 

 

 

Supplementary	Figure	N1.	Guillemette	et	al.,	unpublished
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Supplementary Tables 

 

Table S3.1 Summarized data of 13C atom percent excess (APE) for all ROIs respective to their 

treatment in Figure 3.1b,c. 

 

 

 

Supplementary Table 1. Summarized data of 13C atom percent excess (APE) for all ROIs respective to their treatment in Fig. 1b, c.

V. cholerae V. harveyi V. cholerae ∆vipA V. harveyi

Sample size (n) 192 54 141 243

Median 
13

C APE 0.05 3.06 0.03 1.46

Actual confidence level 96.39% 95.98% 95.71% 96.01%

Lower confidence limit 0.04 2.43 0.01 1.34

Upper confidence limit 0.06 3.47 0.04 1.47

Mean 
13

C APE 0.07 3.22 0.03 1.50

Std. Error of Mean 0.01 0.22 0.01 0.03

Shapiro-Wilk normality test

W 0.7133 0.9255 0.979 0.9352

P value <0.0001 0.0024 0.0289 <0.0001

Passed normality test (alpha=0.05)? No No No No

P value summary **** ** * ****

D'Agostino & Pearson normality test

K2 170.1 8.865 6.953 35.43

P value <0.0001 0.0119 0.0309 <0.0001

Passed normality test (alpha=0.05)? No No No No

P value summary **** * * ****

Mann Whitney test:                             

V. cholerae  vs. V. cholerae 

∆vipA

P value <0.0001

Exact or approximate P value? Approximate

P value summary ****

Significantly different (P < 0.05)? Yes

One- or two-tailed P value? Two-tailed

Sum of ranks 35762 , 19850

Mann-Whitney U 9839

Difference between medians

Median of V. cholerae 0.0514, n=192

Median of V. cholerae ∆vipA 0.0297, n=141

Difference: Actual -0.0217

Difference: Hodges-Lehmann -0.0296

Kolmogorov-Smirnov test:                   

V. cholerae  vs. V. cholerae 

∆vipA

P value 0.0001

Exact or approximate P value? Approximate

P value summary ***

Significantly different (P < 0.05)? Yes

Kolmogorov-Smirnov D 0.2439

V. cholerae ∆vipA vs. V. harveyiV. cholerae  vs. V. harveyi

*ROIs above the dashed line in Fig. 1b, c were scored as V. harveyi , those below as V. cholerae  or V. cholerae ∆vipA.
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Table S3.2 Summarized data of 13C atom percent excess (APE) for the 0h and 8h controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Table 2. Summarized data of 13C atom percent excess (APE) for the 0 h and 8 h controls.

0 h 8 h 0 h 8 h 0 h 8 h

n (cells) 15 63 22 85 22 104

Median 0.00 0.00 0.00 0.00 24.39 3.60

Actual confidence level 96.5% 95.7% 98.3% 97.1% 98.3% 96.1%

Lower confidence limit 0.00 0.00 0.00 0.00 22.86 3.50

Upper confidence limit 0.00 0.00 0.00 0.00 25.52 3.68

9
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Chapter 3, in full, has been submitted for publication of the material. Guillemette, R., Ty 

J. Samo, Xavier Mayali, Peter K. Weber, John J. Mekalanos, and Farooq Azam. The bacterial 

Type Six Secretion System enables intraguild predation. The dissertation author was the primary 

investigator and author of this material. 
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CHAPTER 4 

 

Insight into the resilience and susceptibility of marine bacteria to T6SS attack by 

Vibrio cholerae and Vibrio coralliilyticus 
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Abstract 

 The type 6 secretion system (T6SS) is carried by many bacteria and is capable of killing 

adjacent bacterial cells in a contact-dependent manner. T6SS-mediated killing of prey bacteria 

can lead to ecological advantages for the bacterial predator, however, relatively little is known 

about the range of prey bacteria that are susceptible to T6SS attack. In this study, 15 diverse 

marine bacterial isolates from the phyla Bacteroidetes and Ɣ-Proteobacteria were challenged 

against the marine bacterium and human pathogen, Vibrio cholerae, which has a well described 

T6SS. We found that the T6SS of V. cholerae killed a subset of the tested Ɣ-Proteobacteria, 

including members of the orders Vibrionales, Alteromonadales, Oceanospirillales, and 

Pseudomonadales. V. cholerae also co-existed with multiple Bacteroidetes and Ɣ-Proteobacteria, 

and was specifically killed by only one of the isolates, Vibrio coralliilyticus. Follow-up 

experiments revealed that five V. coralliilyticus strains, including known coral and shellfish 

pathogens were not only able to survive the T6SS challenge against V. cholerae, but also killed 

V. cholerae. Predicted protein comparisons and mutagenesis strongly suggested that V. 

coralliilyticus may have used its own T6SS to kill V. cholerae, and showed that V. coralliilyticus 

was not immune to the V. cholerae T6SS. Presumably, V. coralliilyticus protected itself from V. 

cholerae T6SS-mediated killing by striking first, or more effectively with its own T6SS. This 

study provides greater insight into the killing efficacy of the V. cholerae T6SS against marine 

bacteria, while describing a potentially analogous lethal system in V. coralliilyticus, both of 

which have implications for human health, aquaculture, and coral pathogenesis. 
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Introduction 

Bacterial-bacterial antagonism plays a major role in shaping bacterial community 

structure and function1-5, however there is only a modest amount of information available 

regarding the nature and mechanisms of such interactions. The early studies investigating marine 

bacterial-bacterial antagonism predominantly focused on the production and release of 

antibiotics by predatory bacteria as a means to inhibit their preys’ growth6-8. While their findings 

demonstrated that marine bacteria were in fact capable of killing other bacteria, it has been 

suggested that the relatively low frequency of killing that was observed may have been due to the 

common use of non-marine bacteria as model prey9. Later, experiments that used more 

ecologically-relevant bacterial prey species from pelagic seawater, marine particles, and coral 

found that killing occurred in > 50% of their competition assays9, 10. Taken together, these 

studies highlighted the need for more ecologically relevant predator and prey in laboratory 

antagonism assays, and also implied that a substantial proportion of the tested marine bacteria 

were able to defend themselves against bacterial antagonism techniques that had been 

demonstrated to kill non-marine bacterial types.  

In addition to chemical-mediated bacterial growth inhibition, marine bacteria have been 

shown to possess and use a wide variety of other antibacterial mechanisms. For example, 

bdellovibrios have long been known to prey upon marine bacteria by invading their prey and 

digesting them from the inside out11, 12. Recent studies have demonstrated that bdellovibrios, 

such as Halobacteriovorax, can influence bacterial communities associated with corals and that 

they were able to readily consume coral-associated bacteria including known coral pathogens13, 

14. Another example of predatory marine bacteria is represented by the Saprospiraceae family, 

such as the bacterium Saprospira grandis, which traps bacteria on a mucilaginous substance 
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using a method known as ixotrophy. S. grandis then kills its prey via cell-cell contact, 

presumably through expression of a needle-like rhapidosome, digestive enzymes, or a 

combination of both mechanisms15. Evidence suggests that other killing techniques mediated by 

cell-cell contact, commonly known as contact-dependent growth inhibition (CDI) are highly 

prevalent among marine bacteria, however such studies are limited16-18. 

In this work, we focused on one well characterized CDI system that is carried by many 

gram-negative bacteria, the type 6 secretion system (T6SS)17, 19. The T6SS is a nanomachine that 

is capable of killing eukaryotic and bacterial prey cells by directly injecting toxic effector 

proteins into them, which carry out a variety of lethal functions20-23. Generally, the needle-like 

apparatus is assembled in stages (as reviewed in Toska et al., 2018)24 and once complete it 

resembles an inverted bacteriophage tailspike25. Upon assembly initiation, a transmembrane 

baseplate is formed to anchor the system to the cell envelope26. VgrG and PAAR-domain-

containing effector proteins are then recruited to the baseplate to form a needle-like tip and serve 

as the nucleation site for the formation of a Hcp protein shaft27-29. A sheath comprised of VipA 

and VipB subunits then assembles around the shaft and when the sheath contracts the 

Hcp/VgrG/PAAR complex is propelled into adjacent target cells30-33. VasK and VasF proteins 

are also associated with the extracellular secretions of the effector proteins34. The ATPase ClpV 

then disassembles the sheath, and possibly the entire apparatus, within seconds after “firing”35. 

Bacteria carrying a functional T6SS exhibit a remarkable ability to efficiently kill their bacterial 

prey, which can apparently lead to the displacement of host associated commensals36, 

intraspecific competition during host colonization37, community phase separation38, and 

intraguild predation39 (Guillemette et al., submitted). Conversely, some bacteria have developed 

mechanisms to resist T6SS attack. For example, a recent study showed that the production of 
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exopolysaccharide (EPS) by Vibrio cholerae can act as a unidirectional barrier to protect itself 

from T6SS attack. Furthermore, it has been well documented that some bacterial species such as 

members of the Bacteroides contain immunity genes against various effectors. In addition to 

passive resistance mechanisms, bacteria such as P. aeruginosa can sense exogenous T6SS 

attacks and retaliate with a T6SS of their own40. 

Despite the large increase in recent T6SS studies, relatively little is known about the 

effectiveness of T6SS expression against different marine bacterial types. It was found that the 

marine bacterium and human pathogen, Vibrio cholerae is capable of using its T6SS to kill 

species such as V. communis, V. harveyi, Pseudoalteromonas phenolica, and Aeromonas sp.41, 42. 

Other vibrio species, such as V. parahaemolyticus, V. alginolyticus, and V. fischeri were also 

shown to have functional T6SSs, however the known scope of their susceptible marine prey 

remains limited to three Vibrio species: V. cholerae, V. natriegens, and select strains of V. 

fischeri37, 43, 44. We considered that further exploration into the range of T6SS-susceptible prey 

should increase understanding of the type of bacteria that a T6SS can kill, while also helping to 

inform microbial ecologists on the type of bacteria, and ultimately the mechanisms, that are 

resistant to T6SS attack. Such knowledge may prove useful in trying to understand marine 

microbial community dynamics and has already been posited to be an important consideration 

for the development of antimicrobials and probiotics24. Here, we challenged a number of 

phylogenetically diverse marine bacterial types, including members of the phyla Proteobacteria 

and Bacteroidetes against T6SS attack from V. cholerae strain 2740-80. Our results included 

observations that V. cholerae exhibited both amensalism and commensalism with many of the 

isolates, and that V. cholerae itself fell prey to select isolates. Interestingly, we discovered that 

the known coral and shellfish pathogen, V. coralliilyticus, likely has a functional T6SS that is 
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capable of killing V. cholerae. The results of this study are broadly discussed in the context of 

marine ecology, which includes implications for ocean health and human health, aquaculture, 

and coral pathogenesis. 

 

Materials & Methods 

Bacterial strains 

The phylogeny, description, and source of each isolate that was used in the challenge 

assays are contained in Table 4.1 and Table S4.1. Prior to our experiments, each of the marine 

bacterial challengers listed in Table S4.1 were plated onto rifampicin containing media to 

generate spontaneous rifampicin mutants (Rr).  Single Rr colonies for each isolate were picked, 

streaked purified, and confirmed resistant to rifampicin before storage in 25% glycerol at -80 °C. 

For challenge assays, the isolates were grown with Zobell 2216E at 25 °C. The following 

concentrations of antibiotics were used where appropriate: streptomycin, 100 µg mL–1; 

rifampicin, 50 µg mL–1; ampicillin 100 µg mL–1. 

For mutagenesis, V. coralliilyticus strains were grown in a modified glycerol artificial 

seawater (GASW) media supplemented with 50 mM Tris-Base (GASW-Tris) and the pH 

adjusted to 8.3 with HCl prior to autoclaving to prevent acidification of the media and incubated 

at 27 °C45, unless otherwise stated. For solid media, 15 g/l of agar was added prior to 

autoclaving. All E. coli strains were grown in LB-Miller at 37 °C, unless otherwise stated. 

Antibiotics for selection with E. coli were used at the following concentrations unless otherwise 

stated: kanamycin, 50 µg/ml; streptomycin, 25 µg/ml; spectinomycin, 50 µg/ml; and 

chloramphenicol, 15 µg/ml. Antibiotics for selection with V. coralliilyticus were used at the 

following concentrations unless otherwise stated: ampicillin, 200 µg/ml; streptomycin, 50 µg/ml; 
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spectinomycin, 100 µg/ml; and chloramphenicol, 5 µg/ml. Growth media for E. coli auxotrophic 

strains were supplemented with deoxythymidine (DT) or diaminopimelate (DAP) at a final 

concentration of 0.3 mM as required. Arabinose-inducible expression of the ccdB gene was 

achieved by the addition of 0.3% L-arabinose to GASW-Tris (GASW-ARA) and expression was 

repressed by the addition of 1% D-glucose to LB (LB-DEX) or GASW-Tris (GASW-DEX)46. 

Bacterial cultures were washed with either ASW (GASW lacking glycerol, tryptone, or yeast 

extract) or phosphate buffered saline (PBS) for Vibrio and E. coli strains, respectively. 

 

Plasmid construction 

 All of the plasmids that were used are listed in Table S4.2, and the DNA oligonucleotide 

primers are listed in Table S4.3. The plasmid pBU226 is a suicide vector used to create a clean 

deletion of the vtpR homolog in OCN008 except for the first and last 18 nucleotides. Genomic 

DNA from OCN008 was used as template for PCR with the primer pairs 008-vtpR-up-EcoRI-F 

and Vcor-vtpR-up-OEX-R and Vcor-vtpR-down-OEX-F and 008-vtpR-down-XbaI-R to amplify 

regions up- and downstream of vtpR, respectively. The resulting PCR product was cloned as a 

EcoR1/XbaI fragment into the same sites in pSW4426T to create pBU226. Unless otherwise 

stated, all suicide plasmids were screened using PCR and sanger sequencing using the primer 

pair pSW4426T-MCS-F and pSW4426T-MCS-R to confirm successful cloning. 

 The plasmid pBU247 is a suicide vector used to create a clean deletion of the vasK 

homolog in OCN008 except for the first and last 18 nucleotides. OCN008 genomic DNA was 

used as template for PCR with the primer pairs 008vasK-up-EcoR1-F and 008vasK-up-OEX-R 

and 008vasK-down-OEX-F and 008vasK-down-XbaI-R. The resulting PCR product was cloned 

as a EcoR1/XbaI fragment into the same sites in pSW4426T to create pBU247. 
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 The plasmid pBU266 is a suicide vector used to create a clean deletion of the vtpA 

homolog in OCN008 except for the first and last 18 nucleotides. OCN008 genomic DNA was 

used as template for PCR with the primer pairs vtpA-up-EcoRI-F and vtpA-up-OEX-R and 

vtpA-down-OEX-F and vtpA-down-SpeI-R. The resulting PCR product was cloned as a 

EcoR1/SpeI fragment into the same sites in pSW4426T to create pBU266. 

 The plasmid pBU267 is a suicide vector used to create a clean deletion of the vtpB 

homolog in OCN008 except for the first and last 18 nucleotides. OCN008 genomic DNA was 

used as template for PCR with the primer pairs vtpB-up-SpeI-F and vtpB-up-OEX-R and vtpB-

down-OEX-F and vtpA-down-SpeI-R. The resulting PCR product was cloned as a SpeI fragment 

into the XbaI site in pSW4426T that had been previously dephosphorylated with FastAP 

Thermosensitive Alkaline Phosphatase (Thermo Fisher Scientific) to create pBU266. 

The plasmid pBU270 is a replicative vector used to express a wild type copy of vasK to 

complement the OCN008 vasK mutant. OCN008 genomic DNA was used as template for PCR 

with the primer pair vasK-XbaI-F and vasK-XbaI-R. The resulting PCR product was cloned as a 

XbaI fragment into the same site in pBU246 that had been previously dephosphorylated to create 

pBU270. 

The plasmid pBU271 is a replicative vector used to express a wild type copy of vtpR to 

complement the OCN008 vtpR mutant. OCN008 genomic DNA was used as template for PCR 

with the primer pair 008-vtpR-SacI-F and 008-vtpR-XbaI-R. The resulting PCR product was 

cloned as a SacI/XbaI fragment into the same sites in pBU246 to create pBU271.  
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Mutant creation 

All V. coralliilyticus suicide vectors were introduced using tri-parental conjugations with 

E. coli as previously described45. Donor and recipient strains were grown overnight with the 

appropriate antibiotics and DAP or DT as required. Overnight cultures were diluted 1:1000 in 

fresh culture medium without antibiotics, grown to an optical density measured at 600 nm 

(OD600) of 0.4, and then one ml washed three times with either ASW or PBS for Vibrio or E. coli 

strains, respectively. The strains were then combined, resuspended in ASW to a total volume of 

50 µl, and spotted onto GASW-DEX plates supplemented with DAP and DT. Conjugation spots 

were incubated at 30 °C for 15 h before being resuspended in ASW, washed three times with 

ASW, diluted, and plated onto GASW-DEX supplemented with chloramphenicol, but lacking 

DAP or DT, at 27 °C. Chloramphenicol-resistant colonies, were streaked for isolation on 

GASW-DEX with spectinomycin and streptomycin, the colonies were then screened for the 

presence of the suicide vector integrated into the chromosome using colony PCR and the primers 

pSW4499-cat-F and pSW4499-oriT-R. Colonies of Vibrio with the integrated plasmid were 

grown for 15 h in GASW-DEX broth. Cultures were washed with ASW three times, diluted, and 

plated onto GASW-ARA to isolate mutants with a clean deletion of the target gene. Mutants 

were confirmed using PCR and primers specific to the gene being mutated. 

 

Challenge assays 

Bacterial isolates were grown in liquid culture overnight, washed, diluted 1:10 into fresh 

media, and grown for ~3 h. The cultures were then concentrated to an OD600 of 10. Predator and 

challenger were mixed 1:1 (v:v; 10 µl total) and 5 µl aliquots of the co–cultures were spotted onto 

Zobell 2216E agar. Challenge assays were conducted for 4 h at 25 °C. The cells were then 
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resuspended, serial–diluted, and plated onto antibiotic selection media to recover and enumerate 

the surviving predator and challenger. Centrifugation was conducted at 8,600 x G for 5 minutes. 

Each challenge was independently repeated three times (biological replicates, n= 3), and each 

biological replicate consisted of three technical replicates.  

To ensure that our results were consistent and that the data interpretation was standardized, 

each bacterial challenger was screened against the same batch-culture of the predator. We 

compared the mean +/- SD of recovered colony forming units (CFUs) for both of the predators 

and the challenger to their expected recovery, assuming that no killing took place. Isolates were 

scored as “killed” if their recovery was at least one log-fold less than their expected recovery (p-

value < 0.01; two-tailed t-test). 

 

Statistics 

GraphPad Prism version 7.0 (GraphPad Software, Inc.) was used for statistical analyses. 

 

Results & Discussion 

Select Ɣ-Proteobacteria exhibited susceptibility to T6SS attack by V. 

cholerae  

 To test the killing efficacy of T6SS expression during interspecific bacterial competition, 

we challenged a suite of marine isolates from different environmental and phylogenetic 

backgrounds (Table S4.1) against V. cholerae strain 2740-80 with either an active T6SS (T6SS+) 

or its isogenic T6SS knockout mutant (T6SS-) derivative (Table 4.1). Colony forming unit (CFU) 

recoveries were reduced by > 90% for 6 out of the 15 isolates in the challenges against T6SS+ V. 
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cholerae (p < 0.01, two-tailed t-test), but were fully recovered in the challenges against T6SS- V. 

cholerae, indicating that those isolates were highly susceptible to T6SS attack (Table 4.2). The 

six susceptible isolates were all Ɣ-Proteobacteria, including three members of the order 

Vibrionales (V. harveyi, Vibrio sp. SWAT-3, and V. shilonii,), an Alteromonadales (Alteromonas 

Alt-SIO), an Oceanospirillales (Halomonas sp. 73), and a Pseudomonadales (Psychrobacter 

aquimaris). One obvious insight that is provided by these data is that the susceptible isolates 

must avoid encounters with T6SS-expressing bacteria in the ocean in order to survive. 

Avoidance should be relatively easy for free-living, planktonic bacteria such as Alteromonas Alt-

SIO, and for bacteria that are found at cold temperatures which has been demonstrated to reduce 

T6SS expression42, such as Halomonas sp. 73 and Psychrobacter aquimaris. However, 

susceptible bacteria that may reside in higher bacterial density environments such as V. harveyi, 

Vibrio sp. SWAT-3, and V. shilonii might be exposed to T6SS attack more often. It is possible 

that such taxa are selected for in environments where T6SS-expression is absent or that these 

taxa are able to avoid cell-cell contact with T6SS-armed predators, however these possibilities 

were not tested here. 

Surprisingly, two of the Bacteroidetes isolates (Aequorivita sp. 97 and Roseivirga sp. 

121), along with one Ɣ-Proteobacteria (Pseudomonoas sp. 2) were killed in the presence of both 

T6SS+ and T6SS- V. cholerae (p < 0.01, two-tailed t-test; Table 4.2). These results suggested that 

the T6SS did not play a role in the killing of these isolates. While the mechanism(s) that led to 

significantly reduced recovery of these three isolates when co-cultured with T6SS- V. cholerae 

were not explored here, we offer several possible scenarios that might explain these 

observations: (1) the challenged isolates went into a viable but not culturable (under these 

conditions) state, (2) the challenged isolates were outcompeted for resources, and/or (3) T6SS- V. 
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cholerae used an alternative inhibitory mechanism such as toxic byproducts of metabolism to kill 

the challenged isolates. Interestingly, we also observed that when T6SS+ and T6SS- V. cholerae 

were each challenged against Pseudoalteromonas flavipulchra it resulted in death for both V. 

cholerae strains and for P. flavipulchra itself (p < 0.01, two-tailed t-test; Table 4.2). This result 

may be explained in part by P. flavipulchra’s highly antagonistic nature which has been 

demonstrated to inhibit the growth of a number of marine bacteria via release of inhibitory 

chemical(s)10. This species is also known to produce amino acid (lysine or glycine) oxidase that 

are capable of hydrolyzing amino acids present within cells or in the growth media to produce 

hydrogen peroxide47. These enzymes are bactericidal to a wide range of isolates and can also be 

autotoxic48-50, often resulting in the death of the bacteria that produce them in rich bacterial 

media such as Zobell 2216E (Ushijima, unpublished). Such a scenario which would explain the 

loss of both the predator and prey cells. Given that challenge assays with T6SS- V. cholerae 

resulted in the reduced survival (> 90%) of 4 out of the 15 tested isolates (p < 0.01, two-tailed t-

test; Table 4.2), we suggest that future experiments are warranted to also test if T6SS- V. 

cholerae also has a bactericidal mechanism of its own. 

 

Multiple challengers were resistant to attack by the V. cholerae 

T6SS  

Three out of the 15 challengers were observed to co-exist with V. cholerae, as neither the 

challenged isolate nor T6SS+ or T6SS- V. cholerae were killed in their respective assays (Table 

4.2). Two of these isolates were from the phylum Bacteroidetes (Flavobacteria sp. BBFL7 and 

Salgentibacter sp. 1). Interestingly, members of the Bacteroidetes have been demonstrated to 

exhibit immunity against T6SS toxic effector proteins51. This is relevant to marine microbial 



 

 75 

ecology since Bacteroidetes are commonly found to be the predominant taxa on particles such as 

marine snow52, despite an apparently high susceptibility to antagonistic molecules9. The other 

isolates that we observed to co-exist with T6SS+ V. cholerae were two closely related Ɣ-

Proteobacteria (Pseudoalteromonas Tw7 and Pseudoalteromonas Tw2). Pseudoalteromonas 

Tw2 also exhibited the ability to kill T6SS- but not T6SS+ V. cholerae (p < 0.01, two-tailed t-test; 

Table 4.2). Overall, of the 15 isolates tested only V. coralliilyticus displayed the ability to 

survive the assays and kill both T6SS+ and T6SS- V. cholerae (p < 0.01, two-tailed t-test; Table 

4.2). Collectively, our results suggest that resistance to V. cholerae 2740-80 and similar T6SSs 

might be common for marine bacteria and we have begun looking into the resistance 

mechanisms that are used.     

 

Multiple V. coralliilyticus strains killed T6SS+ V. cholerae 

 Intrigued by the ability of V. coralliilyticus to survive the T6SS challenge assays and to 

kill V. cholerae, we conducted further experiments to determine if these characteristics were 

strain-specific. Five V. coralliilyticus strains were challenged, including known coral and 

shellfish pathogens (OCN008, OCN014, RE98, RE22, and BAA-450; Table 4.1) against T6SS+ 

and T6SS- V. cholerae. Consistent with our initial result, we found that all five of the V. 

coralliilyticus strains fully recovered after the assays and that the survival of both T6SS+ and 

T6SS- V. cholerae was reduced > 99% by all five strains (p < 0.0001, two-tailed t-test; Fig. 4.1). 

This suggested the presence of conserved mechanisms shared between these strains that offered 

protection to V. coralliilyticus and enabled them to kill V. cholerae. 
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Evidence supports the hypothesis that V. coralliilyticus killed V. cholerae by 

expressing its own T6SS  

We hypothesized that the observed survival of V. coralliilyticus when challenged against 

T6SS+ V. cholerae could have been due to (1) V. coralliilyticus being resistant to T6SS attack, 

(2) V. coralliilyticus killing V. cholerae before itself was killed, or (3) a combination of both 

scenarios. For the first scenario, we considered that protease production by V. coralliilyticus 

might enable it to resist T6SS attack. Two metalloproteases produced by V. coralliilyticus, VtpA 

and VtpB, are believed to contribute to its virulence towards coral and oyster larvae53-56, and the 

purified proteases have been demonstrated to degrade coral tissue and disrupt the photosystem of 

Symbiodinium spp.54, 55. Furthermore, these proteases can degrade enzymes in culture57, and the 

supernatants of V. coralliilyticus cultures containing the proteases are able to substantially 

degrade 10 µg of BSA within 30 min (data not shown). Additionally, previous studies have 

demonstrated that the VtpA and VtpB proteases are maximally produced at high cell density53, 

similar to the conditions that we used for the T6SS challenge assays. We hypothesized that the 

proteolytic activity of V. coralliilyticus could degrade the V. cholerae T6SS apparatus or effector 

proteins before they are able to function, or that the protease could potentially kill V. cholerae 

directly. To test these hypotheses, knockout mutants were made using strain OCN008 with 

deletions of the quorum sensing regulator vtpR, which regulates protease activity in V. 

coralliilyticus58, as well as the protease-encoding genes vtpA and vtpB individually and in 

combination. These four mutant strains were challenged against T6SS+ and T6SS- V. cholerae in 

our competition assays. We found that the ΔvtpR mutant was more susceptible to T6SS-mediated 

killing and that it was unable to kill V. cholerae (p < 0.001, two-tailed t-test; Fig. 4.2). However, 

all three V. coralliilyticus protease mutants (ΔvtpA, ΔvtpB, and ΔvtpAB) survived the assays and 
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retained their ability to kill V. cholerae at levels equivalent to the wild-type strain (p < 0.0001, 

two-tailed t-test; Fig. 2). Therefore, we concluded that while VtpR did play a role in the success 

of V. coralliilyticus survival, the proteases were unlikely to be the main mechanism that 

protected V. coralliilyticus from T6SS attack and were not responsible for the observed killing of 

V. cholerae.  

As a homolog of the V. cholerae quorum sensing regulator HapR, VtpR is believed to 

regulate a wide range of physiological functions58. Recently, Strutzmann and Blokesch (2016) 

reported that mutations that inactivated HapR resulted in reduced T6SS activity for V. 

cholerae59. At the time of our study, it was not known if V. coralliilyticus had a functional T6SS, 

however T6SS-like needle structures within V. coralliilyticus had been observed60. We 

considered that if V. coralliilyticus carries a functional T6SS that is regulated in part by VtpR, 

then the deletion of vtpR in OCN008 may have diminished or eliminated T6SS expression in our 

study, explaining our observation that the ΔvtpR strain was unable to kill V. cholerae. Further 

experiments are underway to demonstrate this regulatory link. 

To investigate the possibility of V. coralliilyticus expressing its own T6SS, we created a 

V. coralliilyticus vasK deletion mutant (∆vasK) and challenged it against T6SS+ or T6SS- V. 

cholerae. This mutant has a deletion in a gene predicted to encode a homolog of VasK, which is 

essential for V. cholerae T6SS function34. In accordance with our hypothesis, we found that both 

T6SS+ and T6SS- V. cholerae survived the challenge assays (Fig 3), demonstrating that the 

killing of V. cholerae by V. coralliilyticus requires the vasK gene. Moreover, the T6SS- V. 

coralliilyticus strain was susceptible to T6SS attack by V. cholerae (p < 0.0001, two-tailed t-test; 

Fig. 4.3), demonstrating that V. coralliilyticus is not inherently resistant to the V. cholerae T6SS. 

Genetic complementation of the T6SS- V. coralliilyticus strain restored the mutants’ ability to 
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kill V. cholerae and to resist T6SS-mediated attacks (p < 0.0001, two-tailed t-test; Fig. 4.3). 

Thus, the inability of the T6SS- V. coralliilyticus strain to kill V. cholerae, in combination with 

its increased susceptibility to T6SS-mediated killing strongly suggests that V. coralliilyticus uses 

its own T6SS to kill V. cholerae before V. cholerae can strike. Therefore, in T6SS duels with V. 

cholerae, V. coralliilyticus may be able to survive by winning in the ‘quick draw’ or by striking 

more effectively, as opposed to being resistant to attack. This contrasts with the previously 

described tit-for-tat interactions between V. cholerae and P. aeruginosa, in which, P. aeruginosa 

is naturally resistant to V. cholerae T6SS-mediated killing, while utilizing its own T6SS only in 

response to bacterial aggression40. Furthermore, given that the T6SS- V. coralliilyticus mutant 

was found to be susceptible to V. cholerae T6SS attack, we were able to rule out the hypothesis 

that V. coralliilyticus employed other natural resistance mechanisms to T6SS attack such as 

immunity to the toxic effector proteins or protective exopolysaccharide (EPS) “armor” that have 

been previously described51, 61. Interestingly, the ΔvtpR strain, which was susceptible to T6SS+ 

V. cholerae was found to produce more EPS in comparison to the wild-type strain (p < 0.0001, 

Tukey’s multiple comparisons test; Fig. S4.1), further suggesting that EPS production was not the 

protective mechanism for V. coralliilyticus in our study. In all, these results support the 

hypothesis that V. coralliilyticus has a functional T6SS, which we found to be effective at killing 

V. cholerae and required for resistance to T6SS-mediated killing by V. cholerae. 

 

V. coralliilyticus T6SS expression has implications for coral and shellfish 

health 

We surmise that the other four V. coralliilyticus strains that were observed to kill T6SS+ 

and T6SS- V. cholerae (Fig. 4.1) also carried a functional T6SS. While that hypothesis was not 
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explicitly tested here, we did find that proteins required for a functional T6SS in V. cholerae had 

24-69% amino acid homology with V. coralliilyticus proteins (Table S4.4). Furthermore, the 

putative OCN008 T6SS proteins were present in the genomes of the four other V. coralliilyticus 

strains (OCN014, RE98, RE22, and BAA-450) sharing 99-100% amino acid homology (Table 

S4.5). Collectively, our results suggest that each of these strains have functional T6SSs which 

could have a large impact on the understanding and treatment of coral and shellfish health. For 

example, V. coralliilyticus strains OCN008, OCN014, and BAA-450 have all been described as 

etiological agents of disease for multiple genera of coral54, 56, 62, and strains RE98 and RE22 have 

been implicated in mass shellfish larvae mortalities63. It has been suggested that V. coralliilyticus 

is capable of altering the coral microflora which is thought to protect the host from infection13, 

however, no mechanisms have been proposed for how the pathogen accomplishes this. 

Furthermore, Kimes et al. (2011) demonstrated that the V. coralliilyticus upregulates expression 

of T6SS-assocaited proteins at temperatures that correlate with increased virulence, and showed 

the presence of putative T6SS needle structures using electron microscopy60. Therefore, we 

propose that the T6SS of V. coralliilyticus could be an important mechanism for the 

displacement of, and protection against host-associated bacteria as it attempts to colonize 

potential hosts. Furthermore, while T6SS-expressing bacteria have been proposed as probiotics 

to kill aquaculture-associated pathogens such as V. coralliilyticus, our results suggest that more 

work is required to further understand the complexity of bacterial-bacterial antagonism before 

such probiotic treatments can be rendered effective. 

We propose that V. coralliilyticus might also use the T6SS to attack other host-associated 

organisms or the hosts-cells themselves. Studies have suggested that during infections, V. 

coralliilyticus is capable of harming the photosynthetic algal symbionts within coral cells 
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(Symbiodinium spp.), resulting in coral bleaching54, 55. Given that the V. cholerae T6SS has been 

shown to kill eukaryotic organisms, such as the amoeba Dictyostelium discoideum, it is tempting 

to speculate that the V. coralliilyticus T6SS may be utilized to kill Symbiodinium or even attack 

the host cells directly. While it is still unclear if V. coralliilyticus acts as an intracellular 

pathogen, a recent study has demonstrated that V. coralliilyticus can end up within coral cells 

and vesicles during infection64. We suggest that it might be possible for V. coralliilyticus to 

respond in these environments with its T6SS to escape host cells. This scenario would be 

reminiscent to how the intracellular pathogens Francisella tularensis and Burkholderia 

pseudomallei uses their T6SS to escape vesicles and macrophages, or to spread from cell to 

cell65, 66. We propose that further investigations are warranted to better understand the role of 

T6SS expression by V. coralliilyticus in coral and shellfish pathogenesis, which may aid in the 

protection of these environmentally and economically-important organisms.  

 

Conclusion 

The bacterial type 6 secretion system is carried by various bacteria and is capable of 

efficiently killing susceptible bacterial prey. Here, we challenged diverse marine bacterial 

isolates against T6SS+ V. cholerae and confirmed previously documented high mortality rates for 

select members of the genus vibrio. We also provided the first documentation of T6SS-mediated 

killing of marine Alteromonadales (Alteromonas Alt-SIO), Oceanospirillales (Halomonas sp. 73), 

and Pseudomonadales (Psychrobacter aquimaris). Additionally, we observed that a number of 

isolates including members of the Bacteroidetes and Ɣ-Proteobacteria phyla were resistant to V. 

cholerae T6SS attack, including five V. coralliilyticus strains. Furthermore, we found that all of 

the tested V. coralliilyticus strains also killed V. cholerae, presumably via the use of their own 
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T6SS. We propose that bacterial susceptibility and resistance to contact dependent growth 

inhibition mechanisms, such as the T6SS, might be important for the structuring of marine 

microbial communities in high bacterial density environments such as marine snow, fecal pellets, 

sediment, and animal hosts. Future work will be required to test the ecological impacts of such 

mechanisms in situ which should be possible by using conventional imaging techniques.  
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Figures 

 

Figure 4.1 V. coralliilyticus challenge assays. Five V. coralliilyticus strains (OCN008, RE014, 

RE98, RE22, and BAA-450) were challenged against T6SS+ V. cholerae (black bars) and T6SS- 

V. cholerae (grey bars). (a) V. cholerae CFU recovery; (b) V. coralliilyticus CFU recovery. Error 

bars represent the mean ±SD of three biological replicates. Statistical difference was determined 

by comparing the data to fully recovered CFUs for each strain (2.5 x 107 CFU mL-1). 
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Figure 4.2 V. coralliilyticus protease-mutant challenge assays. V. coralliilyticus OCN008, 

protease-mutant derivatives (∆vtpA, ∆vtpB, and ∆vtpAB), and the ∆vtpR mutant were challenged 

against T6SS+ V. cholerae (black bars) and T6SS- V. cholerae (grey bars). (a) V. cholerae CFU 

recovery; (b) V. coralliilyticus CFU recovery. Error bars represent the mean ±SD of three 

biological replicates. Statistical difference was determined by comparing the data to fully 

recovered CFUs for each strain (2.5 x 107 CFU mL-1). 
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Figure 4.3 Genetically complemented V. coralliilyticus T6SS mutant challenge assay. The V. 

coralliilyticus OCN008 ∆vasK strain (T6SS-) and the ∆vasK strain carrying a plasmid expressing 

a wild-type copy of vasK (pBU270) were challenged against T6SS+ V. cholerae (black bars) and 

T6SS+ V. cholerae (grey bars). (a) V. cholerae CFU recovery; (b) V. coralliilyticus CFU 

recovery. Error bars represent the mean ±SD of three biological replicates. 
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Tables 

Table 4.1 V. cholerae and V. coralliilyticus strains used in this study. 

Genus, species, strain Description Source/citation 

Wild 

type 

V. cholerae 2740-80 Nontoxinogenic El Tor strain isolated from a patient in 

Florida, United States; SmR, RfR 

(Goldberg & Murphy 

1983)67 

V. coralliilyticus ATCC 

BAA-450 

Type strain of V. coralliilyticus; coral pathogen isolate off 

the coast of Zanzibar; ApR 

(Ben-Haim & 

Rosenberg 2002)68 

V. coralliilyticus 

OCN008 

Coral pathogen isolated from Kaneohe Bay, HI; ApR (Ushijima et al. 2014)62 

V. coralliilyticus 

OCN014 

Coral pathogen isolated from Palmyra Atoll; ApR, SmR (Ushijima et al. 2016)46 

V. coralliilyticus RE22 Oyster larvae pathogen isolated from Netarts Bay, OR; ApR, 

SmR 

(Estes et al. 2004)63 

V. coralliilyticus RE98 Oyster larvae pathogen isolated from Netarts Bay, OR; ApR (Estes et al. 2004)63 

Mutant V. cholerae 2740-80 

ΔvipA 

V. cholerae 2740-80 with an in-frame deletion of vipA; SmR, 

RfR 

(Basler et al. 2012)35 

V. coralliilyticus 

OCN008 ΔvtpR  

OCN008 with an in-frame deletion of the quorum sensing 

regulatory protein-encoding gene vtpR; ApR 

This study 

V. coralliilyticus 

OCN008 ΔvtpA 

OCN008 with an in-frame deletion of the metalloprotease-

encoding gene vtpA; ApR 

This study 

V. coralliilyticus 

OCN008 ΔvtpB 

OCN008 with an in-frame deletion of the metalloprotease-

encoding gene vtpB; ApR 

This study 

V. coralliilyticus 

OCN008 ΔvtpAB 

An OCN008 double deletion mutant with in-frame deletions 

of vtpA and vtpB; ApR 

This study 

V. coralliilyticus 

OCN008 ΔvasK 

OCN008 with an in-frame deletion of a vasK homolog 

predicted to encode a T6SS-associated protein; ApR 

This study 

*Abbreviations: ApR = resistant to ampicillin, SmR = resistant to streptomycin, RfR = resistant to 

rifampicin, KmR = resistant to kanamycin, EmR = resistant to erythromycin, TcR = resistant to 

tetracycline. 
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Table 4.2 Summary of V. cholerae challenge assays.  

 
T6SS+ assay  T6SS- assay 

Challenger isolate Predator Challenger  Predator  Challenger 

Vibrio coralliilyticus 
    

Vibrio shilonii 
    

Vibrio harveyi B392 
    

Vibrio sp. SWAT3 
    

Pseudoalteromonas sp. Tw7 
    

Pseudoalteromonas sp. Tw2 
    

Alteromonas Alt-SIO 
    

Pseudoalteromonas flavipulchra 
    

Halomonoas sp. 
    

Pseudomonoas sp. 
    

Psychrobacter aquimaris 
    

Flavobacterium sp. BBFL7 
    

Salgentibacter sp. 
    

Aequorivita sp. 
    

Roseivirga sp.  
    

*Predators, T6SS+ or T6SS- V. cholerae were challenged against marine bacterial isolates in 4 h 

competition assays. Predator and challenger were both recovered. Isolates that yielded at least 

one log-fold less (p < 0.01) of recovered colony forming units after the assays were scored as 

“killed” (grey boxes). 
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Supplementary information 

 

 

Figure S4.1 V. coralliilyticus OCN008 biofilm assay. A crystal violet assay was run to measure 

the amount of biofilm mass produced by wild type V. coralliilyticus and the ∆vtpR and ∆vasK 

mutant strains. Blank = marine broth with no V. coralliilyticus cells. Higher optical density (OD) 

values at 550nm indicates more biofilm (extracellular polysaccharide) production. Statistical 

differences between treatments are denoted by different letters (ordinary one–way ANOVA, α = 0.05; 

p < 0.0001, Tukey’s multiple comparison test, a, b, c).  
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Table S4.1 Marine bacterial challenger strains used in this study. 

Phylum, 

class 

Order Genus, species, strain Description Source/citation 

Ɣ-

Proteobacteia 

Vibrionales V. coralliilyticus  Coral pathogen; RfR (Rypien et al. 2010)10 

Vibrio shilonii AK1 Coral pathogen; RfR (Kushmaro et al. 1996)69 

Vibrio harveyi B392 Free-living and marine organism 

associated bacterium; RfR 

(Byers & Meighen 

1985)70 

Vibrio sp. SWAT3 Particle-attached bacterium, 

isolated from Scripps Pier, CA; RfR 

(Long & Azam 2001)9 

 

Alteromonadales 

Pseudoalteromonas sp. 

Tw7 

Particle-attached bacterium, 

isolated from Scripps Pier, CA; RfR 

(Bidle & Azam 2001)71 

Pseudoalteromonas sp. 

Tw2 

Particle-attached bacterium, 

isolated from Scripps Pier, CA; RfR 

(Bidle & Azam 2001)71 

Alteromonas Alt-SIO Free-living bacterium, isolated 

from Scripps Pier, CA; RfR 

(Pedler et al. 2014)72 

Pseudoalteromonas 

flavipulchra 2ta6 

Coral associated bacterium that 

exhibits high antagonism towards 

other bacteria; RfR 

(Rypien et al. 2010)10 

Oceanospirillales Halomonoas sp. 73 Isolated from Mariana Trench 

benthic boundary water; RfR 

(Peoples et al. 2018)73 

Pseudomonadales Pseudomonoas sp. 28 Isolated from Mariana Trench 

sediment; RfR 

(Peoples et al. 2018)73 

Psychrobacter aquimaris Isolated from the South Sea in 

Korea; RfR 

(Yoon et al. 2005)74 

Bacteroidetes Flavobacteriales Flavobacteria sp. BBFL7 Isolated from Scripps Pier, CA; 

RfR 

(Bidle & Azam 2001)71 

Salgentibacter sp. 1 Mariana trench water column; RfR (Peoples et al. 2018)73 

Aequorivita sp. 97 Mariana trench sediment; RfR (Peoples et al. 2018)73 

Flammeovirgacea Roseivirga sp. 121 Mariana trench sediment; RfR (Peoples et al. 2018)73 

*Abbreviations: RfR = resistant to rifampicin. 
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Table S4.2 Conjugation strains and plasmids used in this study. 

ID Description Citation or source 

E. coli 

β3916 

Conjugation strain; ΔdapA::(erm-pir); KmR, EmR, TcR (Le Roux et al. 

2007)75 

E. coli 

π3813 

Conjugation strain; ΔthyA::(erm-pir); EmR (Le Roux et al. 

2007)75 

pSW4436T Base plasmid for suicide vectors that carries an inducible ccdB selectable marker; CmR, 

SpR, SmR 

(Le Roux et al. 

2007)75 

pBU226 Suicide vector used to delete the vtpR homolog in OCN008; CmR, SpR, SmR This study 

pBU246 Base plasmid for inducible expression plasmids used to complement V. coralliilyticus 

deletion mutants; CmR, SpR, SmR 

(Ushijima et al. 

2018)45 

pBU247 Suicide vector used to delete the vasK homolog in OCN008; CmR, SpR, SmR This study 

pBU266 Suicide vector used to delete the vtpA homolog in OCN008; CmR, SpR, SmR This study 

pBU267 Suicide vector used to delete the vtpB homolog in OCN008; CmR, SpR, SmR This study 

pBU270 Inducible expression plasmid used to express a wild type copy of vasK in OCN008; 

CmR, SpR, SmR 

This study 

pBU271 Inducible expression plasmid used to express a wild type copy of vtpR in OCN008; 

CmR, SpR, SmR 

This study 
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Table 4.3 DNA oligonucleotide primers used in this study. 

Primer name DNA sequence (5’ → 3’) Source or citation 

pSW4426T-MCS-F CTCAACGGGAATCCTGCTCTGCGAG (Ushijima et al. 

2016)46 

pSW4426T-MCS-

R 

ACTGCTTGGTGCCAGCCAATGAG (Ushijima et al. 

2016)46 

008-vtpR-up-

EcoRI-F 

ATATATGAATTCACGAGAAGGCTTATCAAGCAGCGTA This study 

Vcor-vtpR-up-

OEX-R 

ACTTGTAGATGCAAAGCTTAGCTATAGAATCCATAGTTATATTTCCTTG This study 

Vcor-vtpR-down-

OEX-F 

GGATTCTATAGCTAAGCTTTGCATCTACAAGTAGATTAACCAGTGTCAT This study 

008-vtpR-down-

XbaI-R 

ATGGTGAGAAAGCAGGTCTAGAAATTGATGAG This study 

008vasK-up-

EcoR1-F 

ATATATGAATTCTCCTTCCGTACCGGGTGGTAT This study 

008vasK-up-OEX-

R 

ATAGGTCGATGGTTTCTATAATATTTTTTAGCATAGTTATTCAGCCA This study 

008vasK-down-

OEX-F 

GCTAAAAAATATTATAGAAACCATCGACCTATAAAAAAGTAAACTTA This study 

008vasK-down-

XbaI-R 

ATATATTCTAGATCCACGCCGAGCAAACTACAAG This study 

vtpA-up-EcoRI-F ATATATCGAATTCATTCGGCAATCATAAAGGCACAGGCTGT This study 

vtpA-up-OEX-R AGTCTAATCTTAGTGTCATTTGACGTTGTTTCATTTTACTTTCCTGTT This study 

vtpA-down-OEX-F GAAACAACGTCAAATGACACTAAGATTAGACTAATAAAAAAACACAAC This study 

vtpA-down-SpeI-R ATATATACTAGTCTGGTTCTCTGCGGCCTTGCCATCTCTTTT This study 

vtpB-up-SpeI-F ATATATACTAGTTACGTACCAAGTTTGGTTTAGGCCAGTTATT This study 

vtpB-up-OEX-R AGTTGGCTTTGATGAAACGCTTGGCTATTTTCATTATGATTCTCCTT This study 

vtpB-down-OEX-F GAAAATAGCCAAGCGTTTCATCAAAGCCAACTAATCCATTCTAA This study 

vtpB-down-SpeI-R ATATATACTAGTTTGATGGTGCGATCTGGCTGGATACC This study 

vasK-XbaI-F ATATATTCTAGAAGTCGTGGCTGAATAACTATGCTAAAAAATATTAT This study 

vasK-XbaI-R ATATATTCTAGATTATAGGTCGATGGTTTCGGGTAGAGAGAAGTTAT This study 
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Table S4.4 Comparison of V. coralliilyticus T6SS-associated proteins to select V. cholerae 

proteins. 

V. cholerae 

T6SS 

protein 

OCN008 

homolog 
OCN014 

homolog 
BAA-450 

homolog 
RE22 

homolog 
RE98 

homolog 
General 

protein 

function 

VasA 
(VCA0110) 

ERB64088 
(43%) 

AIS57250 
(43%) 

EEX32046 
(43%) 

KPH23943 
(43%) 

AIW21233 
(43%) 

Structural 

VasK 
(VCA0120) 

MH794511 
(24%) 

AIS57248 
(24%) 

WP_039952112 
(24%) 

KPH23940 
(24%) 

AIW21236 
(24%) 

Structural 

VipA 
(VCA0107) 

ERB64085 
(55%) 

AIS57253 
(55%) 

EEX32049 
(55%) 

KPH23946 
(55%) 

AIW21230 
(55%) 

Structural 

VipB 
(VCA0108) 

ERB64086 
(69%) 

AIS57252 
(69%) 

EEX32048 
(69%) 

KPH23945 
(69%) 

AIW21231 
(69%) 

Structural 

Hcp-1* 
(VC1415) 

ERB62208 
(55%) 

AIS57260 
(55%) 

EEX32057 
(55%) 

KPH23954 
(55%) 

AIW21222 
(55%) 

Structural 

Hcp-2* 
(VCA0017) 

ERB62208 
(55%) 

AIS57260 
(55%) 

EEX32057 
(55%) 

KPH23954 
(55%) 

AIW21222 
(55%) 

Structural 

VasH 
(VCA0117) 

ERB65234 
(42%) 

AIS57262 
(42%) 

EEX32059 
(42%) 

KPH23956 
(42%) 

AIW21220 
(42%) 

σ54 activator 

VasF 
(VCA0115) 

ERB64099 
(37%) 

AIS57243 
(37%) 

EEX32037 
(37%) 

KPH23935 
 (37%) 

AIW21241 
(37%) 

Effector 

translocation 

VgrG-2* 
(VCA0018) 

ERB64077 
(34%) 

AIS57259 
(34%) 

EEX32056 
(34%) 

KPH23953 
(34%) 

AIW21223 
(34%) 

Effector 

VgrG-3* 
(VCA0123) 

ERB64077 
(32%) 

AIS57259 
(32%) 

EEX32056 
(32%) 

KPH23953 
(32%) 

AIW21223 
(32%) 

Effector 

*More than one V. cholerae homolog is most similar to multiple homologs in V. 

coralliilyticus 
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Table S4.5 Comparison of V. coralliilyticus T6SS-related proteins to OCN008 proteins. 

 

OCN008 protein OCN014 homolog BAA-450 homolog RE22 
homolog 

RE98 
homolog 

VasA 
(ERB64088) 

AIS57250 
(99%) 

EEX32046 
(100%) 

KPH23943 
(99%) 

AIW21233 
(100%) 

VasK 
(MH794511) 

AIS57248 
(99%) 

WP_039952112 
(99%) 

KPH23940 
(99%) 

AIW21236 
(99%) 

VipA 
(ERB64085) 

AIS57253 
(100%) 

EEX32049 
(100%) 

KPH23946 
(100%) 

AIW21230 
(99%) 

VipB 
(ERB64086) 

AIS57252 
(100%) 

EEX32048 
(100%) 

KPH23945 
(100%) 

AIW21231 
(99%) 

Hcp 
(ERB62208) 

AIS57260 
(100%) 

EEX32057 
(100%) 

KPH23954 
(100%) 

AIW21222 
(100%) 

VasH 
(ERB65234) 

AIS57262 
(99%) 

EEX32059 
(99%) 

KPH23956 
(99%) 

AIW21220 
(99%) 

VasF 
(ERB64099) 

AIS57243 
(100%) 

EEX32037 
(100%) 

KPH23935 
(100%) 

AIW21241 
(100%) 

VgrG 
(ERB64077) 

AIS57259 
(100%) 

EEX32056 
(99%) 

KPH23953 
(99%) 

AIW21223 
(99%) 
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Chapter 4, in full, has been submitted for publication of the material. Guillemette, R., 

Ushijima B., Jalan M., Hase C., and Farooq Azam. Insight into the resilience and susceptibility 

of marine bacteria to T6SS attack by Vibrio cholerae and Vibrio coralliilyticus. The dissertation 

author was the primary investigator and author of this material. 
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