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ABSTRACT
Bacteria impact that health and development of host organisms, and disruption of these
interactions can have adverse effects on host fitness. Microbes acquired from the environment
must adapt to host conditions in order to survive and remain colonized. This is often achieved
through modifications in cellular physiology, such as the production of biofilms or induction of
motility. Changes in bacterial gene expression regulate these processes, often times through a
process known as quorum sensing. Quorum sensing describes a signaling mechanism that
coordinates behaviors among bacterial cells.
Vibrio fischeri is a bacterium that colonizes specific sites within the light organ of the
Hawaiian bobtail squid, where the resulting populations produce bioluminescence via quorum
sensing. This light production is necessary for maintenance of the symbiosis, as non-luminous
strains of V. fischeri become attenuated within the light organ. The goal of this work was to
investigate how quorum sensing impacts the ability of V. fischeri to maintain symbiosis with the
squid.
First, the physiology of a natural isolate of V. fischeri was studied. This isolate was taken
from an adult squid, meaning that it has persisted over the lifetime of the animal. Then, the impact
of luminescence on growth in vitro was tested. This was necessary to determine if effects observed
in vivo were related to growth rate. Finally, the impact of quorum sensing on maintenance of the
symbiosis was directly measured. This work has found that quorum sensing is necessary for the
maintenance of V. fischeri in the Hawaiian bobtail squid.
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Chapter 1
Introduction
Beneficial microbes impact the health and development of plants and animals. For
example, the microbes within the human gut prevent infection by harmful enteric bacteria, as well
as promote nutrient uptake by host epithelial cells and immune health (Linares 2016). Plantassociated microbes can also promote host health, stimulating root growth and reducing stress
associated with disease and other abiotic factors (Lugtenberg 2009; Raaijmakers 2009).
Disruption of these interactions can have negative consequences for a host organism’s fitness,
which makes it critical to understand how beneficial bacteria maintain symbioses with their hosts.
Although often overshadowed by pathogenic organisms, beneficial microbes are more
commonly associated with mammalian hosts (Dethlefesen, et. al. 2007). However, the factors that
promote these associations are not well understood. This aspect of host-microbe interactions has
been difficult to answer in highly complex systems like the human gut. While tools like 16S rRNA
sequencing has provided some answers as to “who’s there?” (Tuohy et al. 2009), the question
“what are they doing?” remains more difficult to address. Changes in bacterial gene expression
are an important aspect of their interactions with hosts (Mangan et al. 2002). This allows bacteria
to form biofilms, become motile, and carry out other functions that promote association with a
host. A common way for bacteria to control these factors is through a process called quorum
sensing.
Quorum sensing, a cell-cell communication method, impacts the functions of hostassociated bacteria (Singh et al. 2000; Venturi and Keel 2016). Individual cells synthesize, and
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subsequently detect, small molecules called autoinducers (AI) (Yang 2015). This allows bacteria
to regulate cellular processes as a function of population density. Activities such as biofilm
formation, antibiotic production, and virulence factors are controlled by quorum sensing (Miller
and Bassler 2001), so this process plays a major role in the ability of microbes to colonize a host.

Figure 1. Model of bacterial quorum sensing.
Black dots represent autoinducer molecules produced by cells. As the number of cells increase, the amount of
autoinducer increases. This promotes changes in bacterial gene expression at a population-wide level.

Through this work, I ask how autoinducer production impacts the ability of bacteria to
maintain association with a host. Turning to a model system allows for the study of quorum
sensing in host-microbe interactions.
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1.1 Squid-Vibrio model system
The mutualism established between the marine bacterium Vibrio fischeri and the Hawaiian
bobtail squid Euprymna scolopes provides a platform to study populations of beneficial microbes
quorum sensing within a host (Figure 2A and 2B). Free-living, planktonic V. fischeri exists
naturally in seawater, albeit at relatively low concentrations of 100 to 103 colony forming units/ml

Figure 2. Squid-Vibrio model system.
(A) Juvenile Euprymna scolopes with mantle dissected to reveal light organ (outlined with white box). (B)
Micrograph of singular Vibrio fischeri cell, shown with flagella (Ruby et al. 2005). (C) Cartoon of juvenile light
organ. Left side represents external structures, right side represents internal crypts which are bilaterally
symmetrical. (D) Confocal micrograph of a juvenile light organ fully colonized with YFP and CFP labeled cells.

(CFU/ml) (Lee and Ruby 1992). Juvenile squid hatch from their eggs uncolonized by V. fischeri
(Wei and Young 1989) but soon acquire the bacteria from the surrounding seawater. Colonization
occurs within a structure called the light organ, which undergoes significant morphological and
developmental changes in response to V. fischeri (Montgomery and McFall-Ngai 1998). The
bacterial populations grow in epithelial lined spaces called crypt spaces (Visick and McFall-Ngai
2000) (Figure 1C and 1D). Here, the bacterial grow to high densities of up to 109 CFU/ml
(Boettcher and Ruby 1990). In exchange for this niche and the access to nutrients (Wollenberg
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and Ruby 2012), V. fischeri produces bioluminescence that is used by the squid as a form of
camouflage (Jones and Nishiguchi 2004). Despite the fact that only one to two cells are sufficient
for colonization of a crypt space, wild-caught adult animals contain diverse, polyclonal
populations of V. fischeri (Wollenberg and Ruby 2009). These populations of V. fischeri are
maintained over the lifetime of the squid (Ruby and Lee 1998). Therefore, isolating strains from
these adult animals has provided insight into factors that promote stable host-microbe associations.
To evaluate the ability of V. fischeri to colonize juvenile squid, adult animals are first
collected from Hawaii and transported to our aquaculture facility. After the squid are mated, egg
clutches are moved to a separate aquarium system where they are kept free of any V. fischeri. The
resulting juvenile squid are born sterile, allowing for controlled exposure to different inoculums
or strains of V. fischeri that have been modified to test factors impacting colonization and
maintenance of symbiosis.

1.2 Production of Bioluminescence by V. fischeri

Production of bioluminescence is necessary for V. fischeri to maintain association with the
squid (Miyashiro and Ruby 2012). The structural components of luminescence production are
encoded by the operon luxCDABEG (Figure 2). The luxA and luxB genes encode for the
heterodimer enzyme luciferase, which in producing light consumes oxygen to oxidize a long chain
aldehyde (RCOH) and flavin mononucleotide (FMNH2). The remaining Lux proteins are involved
in the recycling of RCOH and FMNH2 to continue the luciferase reaction. The lux operon has
been shown to be essential for colonization of the squid, as a dark mutant becomes attenuated after
colonization (hpi) (Visick et al. 2000) and eventually completely eliminated (Koch et al. 2013).

5

This demonstrates that V. fischeri fitness is different in vivo than it was in vitro, suggesting that
luminescence provides the bacteria with an advantage unrelated to growth within the animal (Bose
et al. 2008). Supporting this idea of attenuation is the observation that naturally isolated strains of
V. fischeri are always able to luminesce when exposed to juvenile animals, which suggests that
strains associated with adult animals require luminescence.
The lux operon in V. fischeri is regulated by quorum sensing. In V. fischeri, luxI encodes
for the acyl homoserine lactone synthase LuxI (Figure 3).

This enzyme utilizes S-

Figure 3. lux operon in V. fischeri.
Diagram represents genetic basis of the LuxIR quorum sensing system and how it regulates production of
bioluminescence. Light is produced through luciferase’s oxidation of RCOH and FMNH2.

adenosylmethionine (SAM) and hexanoyl-acyl carrier protein (ACP) to produce N-3oxohexanoyl-homoserine lactone (3-oxo-C6) (Miyashiro and Ruby 2012). 3-oxo-C6 diffuses
throughout the cell and surrounding environment (Schaefer et al. 1996).

At high cell

concentration, 3-oxo-C6 binds to the transcription LuxR. This heterodimer then binds upstream
of luxI to initiate transcription of the lux operon. This positive feedback loop results in the
production of more 3-oxo-C6 and higher levels of luminescence (Miyashiro and Ruby 2012).
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The goal of this work is to investigate how luminescence impacts the symbiosis between
Vibrio fischeri and the Hawaiian bobtail squid. This included the study of natural isolates, the
luxIR quorum sensing system in vitro, and how AI production impacts V. fischeri attenuation in
vivo. Understanding quorum sensing within a host is a vital step to learning how microbial
populations are established and maintained. This work lays the foundation for the ability to
manipulate bacterial populations in vivo.
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Chapter 2
Experimental Methodology

2.1 Bacterial Growth conditions
Vibrio fischeri colonies were propagated at 28°C on Luria-Bertani-Salt (LBS) medium (1%
[wt/vol] tryptone, 0.5% [wt/vol] yeast extract, 2% NaCl [wt/vol], 50 mM Tris-HCl [pH 7.5])
containing 1.5% agar. Liquid cultures were grown at 28°C shaking in either LBS medium or
SWTO (0.5% [wt/vol] tryptone, 0.3% [wt/vol] yeast extract, 0.3% [vol/vol] glycerol, 0.88%
[wt/vol] NaCl, and 70% [vol/vol] Instant Ocean artificial seawater.

When necessary,

chloramphenicol was used at a concentration of 2.5 µg ml-1 to ensure plasmid maintenance.

2.2 Conjugation of Plasmids
All plasmids were conjugated into V. fischeri from the E. coli donor S17-1λpir. Donor
strain and, in some cases, helper strain (pEVS104) were concentrated and mixed with a V. fischeri
recipient culture. This mixed culture was concentrated again before being spotted onto an LBS
plate and grown for 4 hours at 28°C. The spot was then streaked onto selective media for
individual colonies.
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2.3 Squid Colonization assays

2.3.1 Exposure of juveniles to bacterial inoculum
Freshly hatched juvenile squid were grouped into tumbler cups containing 50 ml filtered
sterilized seawater (FSSW). Cultures of V. fischeri were then added to the tumblers to result in a
bacterial inoculum of ~5,000 CFU/ml (unless noted otherwise). Immediately after inoculation, 25
µl of the seawater was plated onto LBS plates and incubated overnight at 28° C to determine exact
CFU in inoculum. At 3.5 hours post-inoculation (hpi) animals were removed from the inoculum
and transferred to fly vials containing 4 ml FSSW. Every 24 hr, animals were transferred into 4
ml of fresh FSSW. Over the course of the experiment, the juvenile animals were kept in a facility
with a light that follows a day/night cycle.
In the event of a co-colonization/competition, colonization was performed as stated above,
with the exception of ~2,500 CFU/ml of each strain being added to the inoculum resulting in a
total inoculum of ~5,000 CFU/ml. Each strain was differentially labeled with a fluorescent
plasmid containing mCherry and either cyan fluorescent protein (CFP) or yellow fluorescent
protein (YFP). The plasmid also contained genes for resistance to chloramphenicol.

2.3.2 Determination of animal luminescence
To measure the luminescence per squid, each animal was first transferred to a fly vial
containing fresh 4 ml of FSSW. Vials were then individually placed in a Promega GloMax 20/20
Luminometer and luminescence was measured.

9

2.3.3 Plating to determine CFU per squid
To determine CFU per squid at a particular time point, animals were transferred to 1.5 ml
microfuge tubes and anesthetized on ice. Tubes were then transferred to -80°C. Animals were
then homogenized with a pestle in 700 µl 70% FSSW. 1 in 20 and 1 in 400 dilutions of this
solution were also prepared. 50 µl of each dilution was plated out onto LBS in duplicate and
grown overnight at 28°C. Plates were only counted if they contained >15 CFU. If animals were
exposed to a co-inoculum of differentially labeled strains, CFU were counted under an Olympus
SX16 fluorescence dissecting microscope (Olympus Corp., Tokyo, Japan) equipped with YFP and
CFP filter sets.

2.3.4 Dissection and Imaging to determine location of colonization
Similar to the CFU plating assay, animals were transferred to 1.5 ml microfuge tubes and
anesthetized on ice.

Animals were then transferred to cold 4% paraformaldehyde/marine

phosphate buffered saline (mPBS). Each animal was washed for 24 hours shaking at 4°C in the
fixative before being washed 4 times in mPBS. A simple dissection of the fixed animals removed
the mantle and digestive tissue, exposing the light organ for imaging. To view locations of
fluorescently labeled populations of V. fischeri, mCherry, YFP, and CFP images were acquired
using a Zeiss 780 confocal microscope (Carl Zeiss AG, Jena, Germany).
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2.4 Motility Assay
20 ml of soft agar media was used to prepare motility plates (125 ml 70% Instant Ocean,
0.625 g tryptone, 0.375 g yeast extract, 0.313 g agar). Plates were cooled at room temperature
overnight. Cultures of V. fischeri were grown to an OD600 of about 1.0, and cultures were
normalized to an OD of 0.2 using LBS media. 5 µl of this solution was injected into the center of
a soft agar motility plate in triplicate. The plates were incubated at 28°C. The diameter of the
resulting motility ring was measured every 1.5 hours for 7.5 hours.

2.5 Luminescence assays

2.5.1 Luminescence with exogenous AI
Overnight cultures were diluted 1:100 into LBS and were incubated shaking until reaching
an OD600 of about 1. Each culture was than diluted 1:10 into LBS either lacking or containing 120
µM N-(3-oxo-hexanoyl)-L-homoserine lactone (3OC6). These cultures were grown to mid log
phase (OD600 = ~1). 100 µl of each culture was removed and relative light was measured using a
Promega Luminometer. This culture was then diluted 1:10 and optical density (600 nm) was
measured using a spectrophotometer.

2.5.2 Determination of peak quorum sensing
Overnight cultures were normalized to an OD600 of 1 using LBS media and then diluted
1:100 into SWTO. As strains were incubated at 28°C shaking, OD600 and luminescence values
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were measured every 30 minutes starting at 1.5 hours p.i. until the OD600 ceased to double every
hour.

To determine the OD600 range at which peak quorum sensing was occurring, the

luminescence per OD600 value of each measurement was compared to the previous measurement’s
value. The OD600 range at which these values did not significantly differ was determined to be the
range at which peak quorum sensing was occurring.

2.5.3 Luminescence at peak quorum sensing
Overnight cultures were normalized to an OD600 of 1 using LBS media and then diluted
1:100 into SWTO. Strains were incubated at 28°C shaking until reaching an OD600 within the
range determined by 2.5.2 protocol.

Luminescence and OD600 were measured, and the

luminescence per OD600 was calculated. In some instances, after being measured, cultures were
serially diluted and plated onto LBS to determine CFU/ml.

2.6 in vitro lux gene expression assay
To quantify lux gene expression in vitro, a plasmid containing cfp under control of the lux
promoter was introduced to the LuxI- strain (pTM424). pTM424 also contained mCherry under
control of the tetA, an active promoter in V. fischeri. Cultures of LuxI- were grown to an OD600
of 1 and diluted 10 fold into media supplemented with 120 µM 3OC6 HSL. Media supplemented
with Dimethyl sulfoxide (DMSO) served as a negative control. These cultures were grown again
to an OD600 of 1 before being centrifuged cold at 13,000 g for 5 min. The resulting pellet was
resuspended in 350 ml minimal media. Sample CFP fluorescence was measured in triplicate with
a Tecan M1000Pro fluorescence plate reader (Tecan Group, Mannedorf, Switzerland).
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Measurements were normalized by the mCherry value for each sample. Background fluorescence
levels obtained by measuring CFP values from the non-fluorescent plasmid pVSV105.

2.7 Statistics
All Statistical analyses were performed using Prism software (Graphpad, La Jolla, CA,
USA). For normally distributed sets of data, Student’s t-tests were used to determine significance
between two groups and ANOVA was used for three or more groups. In data sets where normal
destitutions could not be assumed (squid-associated data), non-parametric versions of these tests
were used (Mann-Whitney U test and Kruskal-Wallis test, respectively).
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Chapter 3
Characterization of a Naturally-Isolated Vibrio fischeri strain

3.1 Introduction
Adult Euprymna scolopes obtained from the wild harbor polyclonal infections of Vibrio
fischeri, meaning that multiple strains exist within the light organ (Wollenberg and Ruby 2009).
Various strains obtained from the same animal have shown great variation, both phenotypic and
genotypic. Despite these differences, they have all shown at least one thing in common: the ability
to remain associated with the squid to its adulthood. However, the precise methods by which these
infections are established and maintained remains unknown. Studying the phenotypic and genetic
diversity of naturally isolated V. fischeri strains can provide insight to the bacterial traits that
promote initial colonization and persistence of this symbiosis. The goal of this experiment was to
evaluate the ability of a V. fischeri isolate to colonize juvenile squid. An adult squid’s light organ
was dissected and the homogenate was plated onto rich media. I selected an isolate of V. fischeri
to characterize, ANM004. Through a series of phenotypic assays, ANM004 was compared to the
well characterized type-strain ES114.
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3.2 Results

3.2.1 Colony Morphology of ANM004
The naturally isolated strain, ANM004, was first characterized based on overnight growth
on an LBS agar plate. After ~24 hours incubation, the individual colonies produced were
approximately 1.5 mm in diameter, white, and opaque.

The colony morphology was

indistinguishable from the type-strain ES114.

3.2.2 Bioluminescence response to AI in vitro
Bioluminescence is the function of V. fischeri in the squid-Vibrio symbiosis.

The

production of bioluminescence, controlled by the LuxIR quorum sensing pathway, depends on the
production and subsequent detection of the autoinducer (AI) molecule N-(3-oxo-hexanoyl)-Lhomoserine lactone (3OC6). To test the ability of ANM004 to respond to 3OC6, 120 nM
exogenous 3OC6 was added to sub-cultured, mid-log phase ANM004. This was also performed
with a mutant lacking luxCDABEG (Δlux), the genes necessary for light production, and the type
strain ES114 as negative and positive controls, respectively. These cultures were then grown to
an OD600=1, and the resulting luminescence was measured. Grown in LBS, ANM004 luminesced
at 655 RLU. Grown in the presence of 3OC6, ANM004 luminesced at 2,598,200 RLU. This level
was ~ 4000 times brighter than without supplemented 3OC6, suggesting ANM004 responds to
3OC6 by bioluminescence. ANM004 was also 75 times brighter than ES114 when both strains
were grown in the presence of 3OC6 (Figure 4), suggesting ANM004 exhibits a stronger
bioluminescence response to 3OC6 relative to ES114.
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Figure 4. Luminescence of ANM004 in vitro.
Dots represent individual luminescence measurements from each culture. Open circles represent conditions
lacking exogenous 3OC6, closed circles represent conditions containing 3OC6. Bars show means. Student’s ttest was used to make comparisons between groups.

3.2.3 Motility in soft agar
Motility is an essential function of V. fischeri in the colonization of the squid host (Graf et
al. (1994). Activation of motility allows for the bacteria to swim through the ducts into the internal
crypts of the light organ where the infections will be established. Differences in motility rates
between strains of V. fischeri could promote a competitive advantage in one strain over another in
the ability to colonize an animal.
To determine the rate of motility of ANM004, the bacteria was injected into the center of
a soft-agar plate. During incubation, the V. fischeri began to grow in the plate. When nutrients
were exhausted, the bacteria utilized flagellar-based motility to swim outward and acquire
additional nutrients in the plate. A “ring” formed as the bacteria swam outward, and the rate that
this ring grows is indicative of motility rate. The size of the ring was measured every 90 minutes.
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From this, the motility rate of ANM004 and ES114 was determined (Figure 5). ANM004 swam
at a rate of 3.2 mm/hr., while ES114 swam at a rate of 8.5 mm/hr. The rate of change for the size
of the ANM004 ring was 2.7 times slower than that of ES114, suggesting that ANM004 has a
lower rate of motility.

Figure 5. Motility in soft agar.
Dots represent mean diameter of three measurements, bars show SD. Student’s t-test was used to compare linear
regressions of each replicate.

3.2.4 Colonization of E. scolopes
Strains of V. fischeri can exhibit phenotypic differences that result in varying ability to
colonize the host squid. Because differences in luminescence and motility between ANM004 and
ES114 were observed (Figs. 4 and 5), I hypothesized that the extent to which the strains colonize
animals could also differ between the two strains. Without symbionts, juvenile animals are nonluminous, so a luminous animal post-exposure to V. fischeri would suggest colonization by V.
fischeri. Juvenile squid were introduced to inoculums of ES114 and ANM004. At 48 hr post
inoculation (hpi), the luminescence animals exposed to either ANM004 or ES114 was measured
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(Figure 6). Apo-symbiotic squid, which were not exposed to bacteria, were used as a negative
control. Luminescence levels of these animals were beneath the limit of detection. Animals

Figure 6. Luminescence per squid at 48 hr p.i.
Dots represent luminescence measurements of individual animals. Bars show medians. All Apo-symbiotic
animals were non-luminous. Mann-Whitney U test was used to determine significance between ES114 and
ANM004.

exposed to ES114 had a median luminescence value of 41305 relative light units (RLU). Animals
exposed to ANM004 had a median luminescence value of 174491 RLU. Therefore, ANM004 was
about 5-fold brighter in vivo than ES114. These results suggested that both ANM004 and ES114
were able to colonize the squid.
The animals were then frozen, homogenized, and plated to determine the total number of
CFU in each animal (Figure 7). Apo-symbiotic animals contained levels of CFU beneath the limit
of detection. Animals exposed to ES114 had a median of 215600 CFU/squid, while animals
exposed to ANM004 had a median value of 708400 CFU/squid. Therefore, animals exposed to
ANM004 contained about 3.5 times as many CFU as the animals exposed to ES114. This suggests

18

the ANM004 is more efficient at colonizing the light organ of juvenile animals than the type strain
ES114.

Figure 7. CFU per squid at 48 hr p.i.
Dots represent CFU contained in individual animals. Bars show medians. All Apo animals contained levels of
CFU beneath our limit of detection. Mann-Whitney U test was used for statistical comparison.

3.3 Discussion
The genetic and phenotypic traits of bacteria can impact its ability to establish infection.
Particularly, the characteristics of different strains and how they colonize a host can promote the
formation of diverse, polyclonal infections. Through characterization of a naturally isolated strain
of V. fischeri, we can uncover properties that promote the formation of a symbiotic infection.
Traits of this strain are therefore specifically associated with maintenance of the squid-Vibrio
symbiosis.
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The results suggest that the naturally isolated strain ANM004 is phenotypically different
than the ES114 strain that is commonly used in squid-Vibrio studies. ANM004 was much brighter
in response to 3OC6 than ES114. This suggests that there are genetic differences in the LuxI/R
intergenic region, modifying how LuxR binds to activated transcription of the lux genes. Future
work could involve genetic analysis of this region to determine the cause for the elevated response
to 3OC6.
The results of the motility assay showed that ANM004 was slower than ES114. Since
motility is important for colonization, I had predicted that ES114 would be a better colonizer of
the squid. However, ANM004 colonized the squid to a higher level of CFU. This was determined
by CFU plating, however, and the locations of the infections were not taken into account. For
instance, if ANM004 tends to colonize larger crypts than ES114, the total CFU could be greater
even if the total number of infections was the same. Fluorescently tagging ANM004 and observing
which crypts it tends to colonize lends itself to a future experiment.
In the wild, V. fischeri strains are in competition with other strains for the niche provided
by the squid light organ. Certain phenotypic differences between strains, particularly lack of
motility, have been shown to negatively impact the ability of the bacteria to colonize the host
(Nyholm et al. 2000). ANM004, however, demonstrated an increased ability to colonize the squid
over ES114. The strains showed equal growth rates in culture, suggesting that the luminescence
production by ANM004 played a role in its colonization advantage. More work on natural isolates
of V. fischeri remains to be done, including determining if luminescence production in various
strains in correlated with higher levels of host colonization.
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Chapter 4
Production of Bioluminescence in vitro

4.1 Introduction
The lux genes play a critical role in establishing and maintaining the relationship between
Vibrio fischeri and Euprymna scolopes (Visick et al. 2000) (Koch et al. 2013).
Without light production, the bacteria are not upholding their end of the symbiosis. The
squid do not tolerate “cheaters”, and lux- populations become attenuated within the animal.
However, it is relatively unknown what effect quorum sensing regulation of the lux genes has on
the stability of the symbiosis.
To study quorum sensing in V. fischeri, I utilized a mutant that is unable to produce 3OC6.
This mutant, VCW2G7, contains a frameshift mutation in the luxI coding region, resulting in a
nonfunctional LuxI (Figure 8B). This strain still contained the remainder of the lux operon, but it
lacked the ability to produce 3-oxo-C6. VCW2G7 will be referred to as LuxI-. As a control for
light production, the mutant EVS102 was included in many experiments. This contains a deletion
of luxCDABEG (Figure 8A). Although it still contained the regulatory genes for the operon, the
genes encoding luciferase and the other structural proteins for luminescence were not present. This
strain will be referred to as Δlux.

Figure 8. lux mutants.
(A) Δlux mutant containing an in frame deletion of luxCDABEG. (B) LuxI- mutant in which frameshift
mutation results in a non-functional LuxI enzyme.
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4.2 Hypothesis
To understand the role of light production in this symbiosis, we had to first study the
behavior of these strains in vitro. It had been previously shown that deletion of the lux operon
incurred a fitness advantage to V. fischeri when grown in culture. This study tested the hypothesis
that AI production decreases the fitness of V. fischeri in vitro.

4.3 Results

4.3.1 lux genes promote the production of luminescence in vitro
Production of bioluminescence in Vibrio fischeri is controlled by the lux operon (described
in introduction). luxCDABEG encodes for the enzyme luciferase, as well as reductases. Together,
these proteins utilize oxygen as a substrate for the production of luminescence. A frameshift
mutation in the luxI region (LuxI-) is sufficient to disrupt translation of LuxI and therefore
synthesis of 3-oxo-C6 HSL.

To test the impact that 3OC6 production has on V. fischeri

luminescence, LuxI- was grown shaking in SWTO media, and luminescence and optical density
were measured at various time points (Figures 9A and B). WT ES114 and Δlux were used as
controls for luminescence production. The specific luminescence (lum/OD) of Wild-type (WT) V.
fischeri increased over the course of growth. Deletion of the lux operon (Δlux) resulted in
decreased luminescence over growth compared to WT, consistent with previous work.
Disruption of 3-oxo-C6 production resulted in decreased specific luminescence over
growth (Figure 9B), suggesting that 3-oxo-C6 promotes production of light. This finding is
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Figure 9. Impact of lux genes on V. fischeri luminescence in vitro.
WT (circle), Δlux (triangle), and LuxI- (square) were grown aerobically in SWTO media. Each strain was grown in
triplicate. (A) OD measurements were taken using an SWTO blank. (B) Luminescence measurements were taken at
same time points as OD. For both OD and luminescence, each replicate was plotted individually.

consistent with previous work. LuxI- is still luminescent, reaching a peak luminescence of 4191
RLU. This is most likely due to the fact that it can still produce the autoinducer C8, which also
indirectly regulates expression of the lux operon (Lupp et al. 2003).
To test the ability of the lux mutants to respond to 3OC6, the strains were grown in LBS to
an OD600 = 1 and subcultured into media lacking or containing 120 nM 3OC6. After two hours of
incubation with AI, the luminescence of each culture was measured (Figure 10). In the absence of
3OC6, WT reached an average luminescence per OD of 1027 RLU (nonluminous). In the presence
of 3OC6, WT reached an average luminescence per OD of 63,000 RLU. This 62-fold increase is
consistent with the model that 3OC6 promotes luminescence. In contrast to WT, Δlux was
nonluminous in both the absence and presence of 3OC6. This is consistent with the model that the
lux genes are necessary for light production. Similar to WT, LuxI- exhibited an 84-fold response
to 3OC6, suggesting that 3OC6 promotes luminescence in LuxI-.
3OC6 induces transcription of the lux genes in V. fischeri. Using a construct in which cfp
expression was driven by the lux promoter, the transcriptional response of V. fischeri in response
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Figure 10. Impact of 3-oxo-C6 HSL on luminescence.
Strains were grown aerobically in LBS supplemented with 120 nM 3-oxo-C6 HSL. Each point is a biological
replicate of luminescence values normalized by optical density. Bars represent means. One-way ANOVA was used
to determine statistical significance.

to 3OC6 was measured (Figure 11). CFP levels were approximately 10 times higher in LuxIexposed to 3OC6 compared to LuxI- exposed to only DMSO. This suggests that non-self AI can
induce transcription of the lux genes in V. fischeri.

Figure 11. Impact of 3-oxo-C6 HSL on lux expression.
Strains harboring a CFP reporter plasmid (pTM424) for lux expression were grown aerobically in LBS supplemented
with exogenous autoinducer. Fluorescence measurements were normalized by mCherry expression. Background
luminescence obtained using the non-fluorescent plasmid pVSV105 was subtracted from each measurement. Each
point is a biological replicate of CFP value normalized by mCherry values, and bars represent means. Student’s ttests were used to determine statistical significance.
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Because Δlux can produce 3OC6 and LuxI- is capable of responding to 3OC6, one
possibility is that growing these strains together in culture would result in the production of
luminescence (Figures 12A and B).

Grown in SWTO, each mutant luminesced at levels

comparable to those observed in Figure 8. The luminescence exhibited by the Δlux:LuxI- coculture was comparable to that produced by the LuxI- culture. This suggests that the 3OC6
produced by another V. fischeri strain in culture is insufficient to induce increased transcription of
the lux genes in vitro.

Figure 12. Impact of co-culture on luminescence.
Cultures of WT (circle), Δlux (triangle), LuxI- (square), and a 1:1 mix of Δlux and LuxI- (diamond) were grown
aerobically in SWTO media. (A) OD measurements were taken using an SWTO blank. (B) Luminescence
measurements were taken at same time points as OD.

4.3.2 Luminescence decreases the fitness of V. fischeri in vitro
It had been shown that when grown in the presence of exogenous 3OC6, the Δlux mutant
exhibits a higher rate of growth than WT. These strains were grown in SWTO supplemented with
1 µM 3OC6, and the resulting growth measurements were fitted to exponential growth curves
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(Figure 13). Under these conditions, WT had a doubling time of 1.38 hr. Δlux had a doubling
time of 1.33 hr, which was significantly different at p = 0.0067.

Figure 13. Growth rate of luminescent V. fischeri
Δlux and WT were grown in the presence of 1 µM 3-oxo-C6 HSL. An exponential growth curve was fitted to the
OD measurements, and the doubling times were compared by a Student’s t-test.

4.4 Discussion
Because V. fischeri regulates production of bioluminescence through quorum sensing, it
will only become bright when at high cell density. At low cell density, there is insufficient amounts
of autoinducer molecules to activate lux transcription. Therefore, wild V. fischeri found in
seawater is non-luminous, and instead will only be luminescent when associated with the animal.
In order to study how luminescence impacts the squid-Vibrio symbiosis, we first had to understand
how V. fischeri behaves in culture. This allows us to attribute phenotypes observed in vivo to
either an innate function of the bacteria or to an interaction with the host.
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These experiments were testing the hypothesis that LuxIR quorum sensing negatively
impacts the fitness of V. fischeri. We predicted that, due to the energetically taxing process of
light production, LuxI- would have a lower fitness rate when in the presence of 3OC6.
I first evaluated the ability of V. fischeri to produce bioluminescence while it grew, as well
as the impact that lux genes have on bioluminescence. The bacteria were grown in SWTO medium,
a condition known to promote the production of luminescence in V. fischeri. The finding that V.
fischeri luminescence begins to plateau at around an OD of 2.5 suggests that the cells are no longer
contributing energy to light production. Despite growing comparably to WT, the Δlux mutant
remained dark over the entirety of its growth, consistent with our understanding that luciferase is
required for luminescence production. LuxI- initially became luminesced at a level comparable to
WT cells, most likely due to alternative methods of V. fischeri regulating lux transcription.
Another autoinducer, C8 HSL, can bind to the transcription factor LuxR. The binding of this
complex to the lux promoter region induces transcription, although to a lesser extent that 3OC6
bound to LuxR. At around an OD of 1.5, LuxI- luminescence begins to plateau, and the peak
luminescence achieved by this strain was 4.5 fold lower than WT. This suggests that the
production of 3OC6 promotes full induction of the lux operon, and therefore production of
bioluminescence. This data shows the importance of positive feedback loops in quorum sensing.
The WT V. fischeri had a much higher peak luminescence because synthesized AI can induce
transcription of more AI.
I then tested the ability of these strains to respond to exogenous 3OC6 while growing in
LBS media. LuxI- exhibited a response comparable to WT, suggesting that production of 3OC6
in WT is negligible to its luminescence levels when grown in LBS. This also provided us with
confirmation that LuxI- luminescence is capable of being fully induced with non-self AI. In the
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wild, however, V. fischeri would normally not be exposed to such high concentrations of AI in
seawater. Though this observation may not be directly biologically relevant, it lends itself to
explaining how a LuxI deficient strain may be able to luminescence in vivo.
Using a construct with CFP expression being driven by the lux promoter, I evaluated the
impact that 3OC6 had on lux expression in vitro. The promoter for tetA, which is expressed in V.
fischeri, was also present on this construct. This drove the expression of mCherry, allowing me to
normalize CFP fluorescence values to the number of cells present as determined by mCherry
fluorescence. In the presence of 3OC6, lux expression increased 10-fold. This is consistent with
the increase of luminescence observed in vivo. Our results are consistent with a functional reporter
that could be used to observe lux expression in vivo. This high amount of lux transcription from
non-self AI also suggested that it would be possible for V. fischeri luminescence to be fully induced
by a separate population of cells.
Because LuxI- could respond to exogenous 3OC6, I predicted that co-culturing LuxI- with
Δlux in SWTO would result in the production of luminescence. However, the luminescence of
this co-culture was comparable to LuxI- grown independently. This suggested that the level of
3OC6 produced by Δlux was insufficient to impact lux transcription.
The defects of symbiosis maintenance by Δlux that have been previously shown could have
possibly been due to a growth disadvantage in strains lacking Δlux. This hypothesis was rejected
by our data, which suggested that Δlux incurs a growth advantage in comparison to WT. The
production of bioluminescence is an energy intensive process. Accordingly, producing it when
not associated with the animal leads to a fitness defect. Retaining the lux operon is clearly
beneficial for cells, as it has been shown to be necessary to maintain symbiosis with the squid. But
because luminescence can be induced by external AI sources, it is curious as to why all V. fischeri
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strains have maintained a functional copy of luxI. It would seem more beneficial for the cells to
not be producing an AI and avoid any fitness defect, and then utilize AI from other strains when it
is necessary to produce light. In order to study the role of luxI in the symbiosis, its impact on
luminescence and attenuation needed to be evaluated in vivo.
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Chapter 5
Impact of Bioluminescence on the Squid-Vibrio symbiosis

5.1 Introduction
It has been shown that luminescence production by V. fischeri is necessary for the
maintenance of the symbiosis (Visick et al. 2000). This finding is in contrast to the observation
that light production in vitro incurs a fitness defect to the bacteria, suggesting that luminescence
confers a fitness advantage inside the squid. Furthermore, naturally isolated V. fischeri strains are
luminescent, which suggests that they synthesize 3-oxo-C6.
We therefore moved to testing the LuxI- mutant in vivo. This would inform us on how
quorum-sensing regulation of luminescence impacts the symbiosis, as well as begin to answer
questions about colonization “cheaters” and how they are eliminated from the squid.

5.2 Hypothesis
Not only has luminescence production been shown to be necessary for maintenance of the
symbiosis, but all natural isolates obtained in our lab have been luminescent in vivo. We therefore
hypothesized that production of 3OC6, and not just presence of the lux operon, promotes
association with the squid.
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5.3 Results

5.3.1 Luminescence genes promote the production of luminescence in vivo
Production of bioluminesence results from establishemnt of the squid-Vibrio symbiosis.
To test impact of 3OC6 production on symbiosis establishment, LuxI- was introduced to juvenile
squid. WT and Δlux were included as controls (Figure 14). When exposed to an inoculum of WT
cells, animals exhibited a median luminescence of 16,271 RLU. This is consistent with the notion
that infections of V. fischeri are luminescent within the squid. Animals exposed to Δlux were
nonluminous, exhibiting a median luminescence values of 203 RLU. Animals exposed to LuxIwere nonluminous, with a median value of 197 RLU. These values were found to be significantly
less than WT but comparable to animals not exposed to any bacteria (Apo-symbiotic). This is
consistent with findings from the in vitro experiments, suggesting that quorum sensing is required
for production of luminescence in vivo.

Figure 14. Impact of lux genes on luminescence in vivo.
Each group of animals was exposed to a bacterial inoculum of ~5,000 CFU/ml, except for Apo-symbiotic animals
which were exposed only to media. Luminescence per animal was measured at 24 hpi. Each point represents an
animal, bars represent medians. Dashed line represents threshold of luminescence as determined by 95% confidence
interval of APO luminescence values. Kruskal-Wallis test was used to determine statistical significance.
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5.3.2 Impact of bioluminescence on symbiosis maintenance
Production of luminescence is required for V. fischeri to maintain association with in the
squid. To test the impact that 3OC6 has on maintenance of populations, CFU/squid exposed to V.
fischeri was measured over time. WT and Δlux were included as positive and negative controls,
respectively, for strains that are maintained (Figures 15A, B, and C). When singly colonized,
LuxI- is initially able to colonize animals to WT levels. However, by 72 hpi, it exhibited a 10-fold
lower CFU compared to WT. This suggested that LuxI promotes V. fischeri association with the
squid.

Figure 15. Impact of luminescence on squid colonization.
CFU/squid of animals exposed to WT V. fischeri (A), Δlux (B), and LuxI- (C). Half of animals from each group were
frozen and homogenized at each time point. Each point represents CFU per animal, bars represent medians. Dashed
line represents limit of detection for CFU. Mann-Whitney U test was used to determine statistical significance.
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5.3.3 Impact of exogenous 3-oxo-C6 HSL on luminescence in vivo

Figure 16. Impact of 3OC6 on luminescence in vivo.
Each group of animals was exposed to a bacterial inoculum of ~5,000 CFU/ml, except for Apo-symbiotic animals
which were exposed only to media. At 3.5 hpi, FSSW was supplemented with 3-oxo-C6 HSL. Luminescence per
animal was measured at 24 hpi. Each point represents an animal, bars represent medians. Dashed line represents
threshold of luminescence as determined by 95% confidence interval of APO luminescence values. Student’s t-test
was used to determine statistical significance.

We had demonstrated that the LuxI- mutant of V. fischeri responds to exogenous 3OC6 in
vitro. Therefore, it was hypothesized that V. fischeri could utilize non-self 3OC6 within the light
organ to produce luminescence. To test this, we exposed juvenile squid to an inoculum of LuxIV. fischeri. After 3.5 hpi, animals were transferred into vials containing FSSW supplemented with
either 120 nM 3OC6 or DMSO (Figure 16). At 24 hpi, 100% of animals exposed to 3OC6 were
luminescent, compared to 0% of animals exposed to only DMSO. This suggested that light
production by the lux operon can be induced by exogenous 3OC6.
Because LuxI- responds to exogenous 3OC6 in vivo, it was hypothesized that AI produced
from a strain of V. fischeri could promote production of luminescence in another strain in vivo. To
test this, we needed a condition in which luminescence would only arise if quorum sensing was
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Figure 17. Impact of co-colonization on luminescence in vivo.
Each group of animals was exposed to a bacterial inoculum totaling ~5,000 CFU/ml, except for Apo-symbiotic
animals which were exposed only to media. Strains were differentially labeled with either CFP or YFP. (A)
Luminescence per animal was measured at 24 hpi. Each point represents an animal, bars represent medians. Dashed
line represents threshold of luminescence as determined by 95% confidence interval of APO luminescence values.
(B) Confocal micrograph of a juvenile light organ fully colonized with YFP and CFP labeled cells. Boxes beneath
the image represent “crypt profile” of this animal, with each square representing a crypt space. Teal represents cocolonized crypts. (C) Crypt profiles of animals outlined in part (A) organized from most to least luminescent.
Animals not outlined in the Δlux:LuxI- group were only colonized by LuxI-.

occurring between populations. Animals were exposed to a co-inoculum of Δlux and LuxIdifferentially labeled with yellow fluorescent protein (YFP) and cyan fluorescent protein
(CFP). Animal luminescence was measured at 24 hours post inoculation (hpi), and animals were
subsequently imaged to determine the location of infections (Figure 17). We found that 80% of
animals exposed to the co-inoculum of Δlux and LuxI- were colonized by both strains, and 100%
of

these

co-colonized

animals

became

luminescent

compared

to

Apo-symbiotic

animals. Production of luminescence by co-colonized animals suggests that quorum sensing is
occurring between the strains in vivo, consistent with previous findings. Furthermore, 36% of the
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luminescent animals exhibited luminescence comparable to WT (25th percentile). Interestingly,
most luminescent animals did not contain co-colonized crypt spaces; rather, Δlux and LuxIinfections were colonized in separate crypts. This spatial segregation suggests that populations of
V. fischeri are capable of quorum sensing at a distance to produce luminescence.

5.3.4 Impact of Bioluminescence complementation on symbiosis maintenance.
Because these strains produce luminescence when co-colonized, we tested the extent to
which this bioluminescence complementation impacts the ability of Δlux and LuxI- to
persist. Animals were exposed to a co-inoculum of Δlux and LuxI- and luminescence was
measured at 24 and 72 hpi (Figure 18). At 24 hpi, 46% of animals exhibited luminescence levels
comparable to WT, comparable to Fig 2B. However, by 72 hpi, only 4% of animals exhibited
luminescence comparable to WT. This suggested that bioluminescence complementation by
interpopulation quorum sensing is unstable over time.

Figure 18. Stability of bioluminescence complementation.
Each group of animals was exposed to a bacterial inoculum totaling ~5,000 CFU/ml. Luminescence per animal was
measured at (A) 24 hpi and (B) 72 hpi. Each point represents an animal, bars represent medians. Dashed line
represents threshold of luminescence as determined by 95% confidence interval of APO luminescence values. Dotted
line represents 25th percentile of luminescence values for animals exposed to WT.
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Animals were also homogenized and plated at 72 hpi to determine CFU per squid (Figure
19). WT V. fischeri colonized squid with approximately 106 CFU. In comparison, squid colonized
by Δlux contained approximately 105 CFU. In the presence of LuxI-, Δlux colonized animals
contained CFU levels significantly lower than WT and comparable to animals singly colonized by

Figure 19. Impact of bioluminescence complementation on squid colonization.
(A) CFP and (B) YFP CFU/squid of animals at 72 hpi. Each point represents CFU per animal, bars represent medians.
Dashed line represents limit of detection for CFU. Kruskal Wallis test used to determine statistical significance.

Δlux. This suggested that the production of luminescence by LuxI- in the animals was not
sufficient to rescue the persistence defect in Δlux. Comparable results were observed for LuxICFU levels in the presence of Δlux, suggesting that 3OC6 produced by Δlux is not sufficient to
promote the persistence of LuxI-. Presumably, the nonluminous Δlux strain was eliminated from
the animal first, resulting in the source of AI for LuxI- disappearing. Because LuxI- was now
nonluminous, it too was eliminated from the animal.

5.4 Discussion
I had shown in Chapter 4 that the production of bioluminescence is an energetically taxing
process, resulting in increased fitness for the Δlux strain. However, we have observed that natural
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isolates of V. fischeri taken from wild-caught animals are all luminescent in vivo, suggesting that
light production plays an important role in the symbiosis. We had therefore hypothesized that,
despite the fact luminescing cells incur a fitness defect, both the lux genes and functional LuxI- are
necessary to maintain symbiosis with the squid.
I first tested the ability of the lux mutants to produce bioluminescence in vivo. As expected,
animals exposed to WT became luminescent, while Apo-symbiotic animals were non-luminescent.
Animals exposed to Δlux remained non-luminous, suggesting that the presence of the lux genes
are required for the production of luminescence in the squid. Animals exposed to LuxI- not
becoming luminescent is in contrast to in vitro results. Perhaps in the squid, C8-based quorum
sensing is not sufficient to produce luminescence, and the bacteria here rely on 3OC6.
The production of luminescence is of particular importance to the squid-Vibrio symbiosis,
especially in maintaining populations. Strains not producing light, i.e., not contributing to the
symbiosis, are eliminated from the squid. It had been shown that by 2 weeks post-inoculation, a
Δlux mutant was completely attenuated from the squid. Here, I demonstrated that this effect of
attenuation could be observed in both Δlux and LuxI- by 72 hpi. One hypothesis that was made
from this outcome was that light production is necessary for maintenance of the populations. In
other words, the populations would not be attenuated if the symbiosis (luminescence production)
was established. Therefore, if LuxI- were to be supplemented with an external 3OC6 source, we
would predict that the symbiosis would be maintained.
I then showed that at 24 hpi, LuxI- became luminescent in the presence of exogenous 3OC6.
Because it is capable of responding to non-self AI within the animal, I tested the ability of LuxIto respond to 3OC6 produced by another strain in vivo. Co-colonization with Δlux resulted in
luminescent infections comparable to WT levels, suggesting strong quorum sensing interactions
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between these strains. Because luminescence was fully induced in many of these animals, it was
surprising that natural isolates are always luminescent when singly colonized. Why have no strains
evolved to simply utilize the large autoinducer pools that are present within the light organ?
Perhaps, LuxI function is important for colonization in a manner independent of AI production.
Of particular note were the locations of these populations within the squid. The majority
of animals that were co-colonized did not contain co-colonized crypt spaces, suggesting that this
quorum sensing is occurring across spatial segregation within the animal. The extent to which this
distance impact signaling strength remains unexplored. The potential for these “long range”
interactions between quorum sensing bacteria has potential to be applied in more complex
infection models. Pathogenesis of mammalian diseases like cystic fibrosis may be impacted by
the locations of bacterial populations and how these strains are quorum sensing with one another.
I then tested the extent to which this “bioluminescence complementation”, first observed
in (Septer and Stabb 2012), is able to eliminate V. fischeri attenuation. Despite the fact that this
arrangement resulted in animals with WT levels of luminescence at 24 hpi, both the Δlux and LuxIstrains were attenuated by 72 hpi. Furthermore, only one animal at this time point was at a
luminescence level comparable to wild type. This suggested that despite the fact that quorum
sensing between the strains is sufficient for luminescence production, it does not promote
maintenance of the symbiosis. One model for how these strains are eliminated from the squid are
shown in Figure 20. This would explain why two non-luminescent strains are unable to avoid
attenuation in the light organ by utilizing quorum sensing. However, the impact of a constant AI
source on V. fischeri colonization remains unknown.
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Figure 20. Model of interpopulation signaling.
This cartoon represents populations within the light organ over time. Initially, LuxI- is utilizing AI from Δlux to
produce luminescence. Δlux is then eliminated due to lack of light production. The source of AI for LuxI- then
disappears, leading to its elimination.
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Chapter 6
Conclusions and Future Directions
This work has demonstrated that quorum sensing between populations of V. fischeri is
insufficient to promote symbiosis maintenance. It also showed that production of luminescence at
the cellular level in required to avoid attenuation within the host. Work with a symbiotic natural
isolate demonstrated phenotypes associated with persistent populations, and culture-based work
showed that luminescence and fitness correlation in vivo does not depend on cellular growth rate.
The next step will be determining the impact of a constant 3OC6 source on the attenuation
of LuxI-. If it is determined that LuxI- is able to persist in the presence of exogenous AI, it would
suggest that light production is the cause of its attenuation. If not, it would suggest that LuxI
promotes symbiosis maintenance in a luminescence independent manner. It is possible that
enzymatic properties of LuxI, and not the actual production of luminescence itself, are necessary
for persistence. This would offer explanation as to why a LuxI- “cheater” natural isolate has not
been observed.
These natural isolates, however, have not shown equal capacity to recolonize a juvenile
squid. Cloning the luxI region of these strains into LuxI- and testing for attenuation would provide
insight into how variation in luxI results in differing ability to colonize the squid. This region can
also be sequenced to determine what genetic variations impact luxI function.
The mechanism of Δlux attenuation also lends itself to study. The extent to which the
mechanism relies on the production of light itself remains unclear. Some researchers have
suggested that the presence of cryptochrome photoreceptors in the squid mantel detect
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luminescence production by cells. This would then allow the squid to specifically impose
sanctions on strains that are not contributing to the symbiosis (McFall-Ngai 2014). However, there
is no mechanism know as to how the host would achieve cellular level specificity.
One current hypothesis completely ignores the fact that the bacteria are producing light.
The idea is that reactive oxygen species (ROS) build up in dark strains results in death of the
bacteria (Stabb 2005). A fluorescent reporter for transcription can be used to determine the level
of expression of katA (catalase) in WT and Δlux V. fischeri within the animal. Higher expression
in Δlux would suggest more exposure to hydrogen peroxide. This would support the idea that lack
of light production leads to higher levels of reactive oxygen species.
Another unexplored aspect of this symbiosis is the quorum sensing occurring between
separate crypt spaces. Although it had been shown that distinct populations of V. fischeri can
communicate to produce luminescence in the light organ (Septer and Stabb 2012), we showed that
this communication is robust and capable of fully inducing luminescence to WT levels. Other
work in our lab has demonstrated that Δlux populations induce elevated lux expression in
populations in neighboring crypts. However, the extent to which the arrangement of these crypts
impacts lux expression is unknown. Confocal microscopy could be used to quantify the distance
between populations in vivo. Crypt volume could also potentially be determined, and this,
combined with distance, could lead to the formation of a model for quorum sensing between
spatially segregated populations.
In total, this work has contributed to our understanding of how functions of bacteria impact
colonization of a host. Work with various natural strains, as well as quorum sensing mediated
phenotypes, can be applied to the study of more complex polygenic infections associated with
higher order hosts.
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Appendix A
Strains and plasmids used in this study

Table 1. Strains and Plasmids used in this study

Strain

Genotype

Source

V. fischeri
ES114

V. fischeri isolate

Ruby et al., 2005

EVS102

ES114 ΔluxCDABEG

Bose et al., 2008

VCW2G7

ES114 luxI frameshift

Lupp et al., 2003

ANM004

V. fischeri isolate

This lab

S17-1 λpir

TpR SmR recA, thi, pro, hsdR-M+RP4: 2-Tc:Mu: Km Tn7 λpir

This lab

Plasmid
pVSV105

Genotype
R6Kori ori[pES213] RP4 oriT cat

Source
Dunn et al., 2006

pTM424

pVSV105 PluxI-cfp PtetA-mCherry

This study

pSCV38

pVSV105 PtetA-yfp PtetA-mCherry

Verma, 2016

pYS112

pVSV105 PproD-cfp PtetA-mCherry

Sun et al., 2016

E. coli
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