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ABSTRACT 

 Bacterial pheromone signaling was discovered in Vibrio fischeri, where it controls 

activation of the lux operon responsible for bioluminescence and pheromone production. 

Although a threshold population density is required for pheromone signaling, environmental 

factors are also critical. For example, when V. fischeri enters its light-organ symbiosis with the 

Hawaiian Bobtail squid, the symbiotic V. fischeri cells are 1000-fold brighter than cells in 

laboratory cultures, even at the same population density. This observation prompted interest in 

understanding the regulators and environmental cues underlying lux regulation. Two such 

controls are the PhoBR and ArcAB two-component regulatory systems. The response regulators 

PhoB and ArcA control the lux operon in response to low phosphate and redox conditions, 

respectively; however it is unknown whether they are relevant to symbiotic bioluminescence 

induction, nor is the cue underlying Arc activation well understood. In this dissertation, I 

describe development of sensitive and specific fluorescent reporters to interrogate the regulatory 

status of PhoB and ArcA in V. fischeri cells both in and out of symbiosis. By adding a modified 

tag to a green fluorescent protein (GFP) and thereby targeting it for protease degradation, I 

decreased the half-life of the protein from over 24 hours to 81 minutes, making it a better proxy 



for recent transcriptional activity. Using a novel, iterative and semi-randomized approach I 

generated a synthetic transcriptional promoter-gfp fusion optimized to be induced when PhoB is 

active. This construct was induced in low-phosphate conditions and showed heterogeneous 

activation in light-organ infections, suggesting non-uniform phosphate availability and the 

potential for low-phosphate conditions to contribute to symbiotic luminescence. I used the same 

synthetic promoter-gfp construct in conjunction with a chimeric ArcA-PhoB protein, using the 

receiver domain from ArcA fused to the DNA binding domain of PhoB, to explore Arc 

activation. I show that ArcB activates the ArcA-PhoB chimera in culture, but there is also ArcB-

independent activation, which surprisingly appears to be dominant during colonization. Finally, I 

present data suggesting a role for acetyl-phosphate in activating the ArcA-PhoB chimera. 

Together, these studies pioneer the optimization of transcriptional regulators for assessing V. 

fischeri regulation in situ. 
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CHAPTER 1 

 

INTRODUCTION AND LITERATURE REVIEW 

 

OVERVIEW 

 The marine gamma-proteobacterium Vibrio fischeri has proven to be a valuable model 

for studying two important bacterial behaviors. First, the discovery that V. fischeri uses 

pheromone signaling to control expression of bioluminescence led to this bacterium becoming a 

groundbreaking example of a widespread regulatory phenomenon termed “quorum sensing”, 

wherein pheromone-dependent gene activation requires a high density or “quorum” of cells (1-

3). Later, the monospecific symbiosis between V. fischeri and the Hawaiian bobtail squid, 

Eupyrmna scolopes, was developed as a tractable experimental system for studying the 

mechanisms underlying persistent and beneficial animal-bacterium associations (4-7). These two 

distinct areas of study converged with the findings that bioluminescence is required for full 

colonization of the host (8-10) and that V. fischeri strain ES114, typical of most isolates from E. 

scolopes, only induces pheromone production and bioluminescence once it is established in the 

host but not in high-density colonies outside the host (4).  

These observations prompted interest in multiple research questions. Which regulators 

control bioluminescence and pheromone production in V. fischeri ES114? Which of these 

regulators are responsible for induction of bioluminescence during symbiotic infection? What 

environmental parameters underlie this regulation and what are the corresponding relevant 
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conditions in the host light organ? Finally, given that pheromone signaling allows 

communication between cells, could this regulatory system allow heterogeneous environmental 

cues to elicit population-wide responses? Research to answer these questions has been ongoing, 

yet important gaps in our knowledge remain, particularly with respect to the regulatory status of 

V. fischeri cells in the host light organ.  

In the remainder of this chapter, I will describe the model symbiosis between V. fischeri, 

and E. scolopes, this bacterium’s bioluminescence and its regulation, two global regulators 

known to regulate colonization factors within V. fischeri and other Proteobacteria, and finally, 

the techniques currently used to study gene expression of bacteria in situ.  

 

THE VIBRIO FISCHERI – EUPRYMNA SCOLOPES SYMBIOSIS 

V. fischeri is found both free living and in the light-emitting organs of certain marine fish 

and squid, where it provides the host with bioluminescence in exchange for a privileged growth-

promoting environment. Although V. fischeri light-organ symbioses with monocentrid fish 

proved difficult to study experimentally, the light-organ symbiosis with E. scolopes was more 

amenable to examination, largely because these animals will readily breed and lay eggs in 

laboratory aquaria (6, 11). Symbionts are not transmitted through the eggs, but after hatching; 

juvenile squid placed in water with V. fischeri are infected with this bacterium (and only this 

bacterium) in a specialized and ventrally located light organ (7). In this way, the symbiotic 

association can be reconstituted in the lab with wild-type or genetically modified V. fischeri, and 

these infections can be further compared to uninfected animals kept in water lacking V. fischeri. 

Further, fluorescent markers can be observed in the transparent tissue of an intact light organ. 

Thus, in addition to being a natural infection, this symbiosis is uniquely experimentally tractable.  
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During establishment of this natural infection, the bacteria traverse and encounter various 

environments on and in the host. The E. scolopes light organ has two pairs of ciliated 

appendages, one on each side of the organ, and at the base of each pair six pores lead from the 

surface of the light organ to epithelium-lined crypt spaces within the organ (Figure 1.1, (12)). 

Upon hatching, the ciliated appendages move the surrounding water over the pores, and V. 

fischeri cells in the water form aggregates near the pores on host-derived mucus (13). V. fischeri 

cells eventually enter the pores and migrate through the ducts into the crypts where they begin to 

replicate rapidly with an initial doubling time of 20 min (14). Each day, in response to the light at 

dawn, E. scolopes vents up to 90% of the light-organ contents back into the environment (15-17). 

It has been proposed that this mechanism serves to maintain a fresh culture of V. fischeri to 

support luminescence the next evening (17) and it may additionally, or alternatively, seed the 

environment with potential symbionts for the next generation of squid. After colonization, 

symbionts trigger a developmental program in E. scolopes whereby the ciliated appendages 

regress and disappear, and the light organ retains a monospecific culture of V. fischeri throughout 

most or all of the animal’s remaining life (18).  

 

Figure 1.1: Organization of the microenvironments within the juvenile squid light organ. The 
light organ of a juvenile squid (right) is magnified and one lobe of the light organ is drawn in a 
schematic (left). There are three pores located at the base of the ciliated appendages, each lead to 
a duct, antechamber, and deep crypts, which ultimately house the bacteria (12). This figure is 
courtesy of Eric Stabb. 
 

50µm

ciliated
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Luminescence and lux regulation 

Like other host-associated bacteria, V. fischeri regulates many genes in response to the 

host environment. For example, as noted above, bioluminescence is induced upon infection and 

enables V. fischeri to colonize the host squid fully (8-10). Bacterial bioluminescence is an 

energetically expensive process and accordingly it is highly regulated. Briefly, V. fischeri’s 

luminescence is produced when luciferase (LuxAB) converts FMNH2, O2, and an aliphatic 

aldehyde to FMN, water, and an aliphatic acid (19). Luciferase drains FMNH2 and O2 pools, 

potentially from aerobic respiration, which may lead to decreased ATP production in the cell. 

LuxC, LuxD, and LuxE are responsible for (re)generating the aldehyde substrate in an ATP-

dependent manner (20), while LuxG shuttles electrons to FMN to generate the FMNH2 substrate 

(21). Moreover, the luciferase enzyme in fully induced cells may account for up to 5 percent of 

the total soluble protein (22). Since protein synthesis itself requires substantial energy, this is a 

large expense to the cell. 

Production of luminescence in V. fischeri is in part controlled by pheromone-mediated 

regulation via LuxR and LuxI (Figure 1.2), with additional pheromone systems governed by 

AinSR and LuxS/LuxPQ also playing roles (1, 23-27). This regulation controls the luxCDABEG 

operon that underpins bioluminescence. LuxI, an autoinducer synthase, produces N-3-oxo-

hexanoyl homoserine lactone (3-oxo-C6-HSL) (24), which diffuses freely between cells (28). As 

cell density increases, 3-oxo-C6-HSL accumulates. Once 3-oxo-C6-HSL reaches a threshold 

concentration, it combines with LuxR to activate transcription of the luxICDABEG operon (1, 

25).  

While high cell density may be necessary for inducing luminescence in V. fischeri during 

colonization of the E. scolopes light organ, it is not sufficient. Wild-type V. fischeri ES114  
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Figure 1.2: Regulation of the lux operon in V. fischeri. Luciferase (LuxAB) generates 
bioluminescence from FMNH2, O2, and an aliphatic aldehyde (19). LuxCDE (re)generates the 
aldehyde substrate (20), while and LuxG shuttles electrons to FMN (21). LuxI generates N-3-
oxo-hexanoyl homoserine lactone (3OC6) (24), which diffuses across cell membranes (28). 
When intracellular concentrations of 3OC6 reach a critical threshold, 3OC6 combines with 
LuxR, and LuxR-3OC6 binds upstream of luxI and activates transcription through the lux operon 
(1, 25). Additional regulators, including phosphorylated ArcA and PhoB, can increase or 
decrease transcription through the lux operon under certain environmental conditions (28-30).  
The dotted line from P-PhoB indicates that the mechanisms of lux operon activation is unknown 
and probably indirect.  
 

colonies on a plate are ~1000 fold dimmer than are cells within the host, despite reaching similar 

high cell densities (4). Several environmentally responsive regulators of luminescence have been 

studied. Among these are the global regulator CRP, which is involved in carbon metabolism (31-

36), Fur, which is involved in iron acquisition and uptake (37), and ArcA, which coordinates 

metabolic shifts during transitions between aerobic and anaerobic environments (28, 29), and 

several others (30, 38-40). For the most part, the regulation of luminescence has been studied in 

cultured cells, and it is not always clear if these regulators are relevant for luminescence 

induction during symbiosis with the squid.  

Pho
B	

P~	

ArcA	
P~	
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Two-component regulatory systems in V. fischeri 

 Many bacteria including V. fischeri respond quickly to changing environments through 

the sensing and signaling cascades of two-component regulatory systems (41, 42). Two-

component regulators have been found in a variety of bacteria, and they directly or indirectly 

control the expression of genes associated with a wide range of processes and behaviors (41, 43). 

Among host-associated bacteria, two-component regulatory systems often control the induction 

of colonization or virulence factors (29, 38, 44, 45). The most common two-component 

regulators consist of a membrane-bound histidine kinase sensor and a cytoplasmic response 

regulator. Environmental signals trigger the sensor kinase to autophosphorylate, using ATP as a 

phospho-donor, at a conserved histidine residue. The phosphate group can then be transferred to 

a conserved aspartate residue on a cognate response regulator. Upon phosphorylation, the 

response regulator controls the transcription of genes through binding specific DNA sites, or, 

less commonly, directly controls protein function (46). While some response regulator DNA 

binding sites are conserved and easily identified bioinformatically (47-49), other response 

regulators’ binding sites are less conserved and difficult to identify based on sequence.  

As an additional control element, in the absence of their respective environmental signal, 

many sensor kinases have phosphatase activity capable of removing the phosphoryl group from 

their cognate response regulator (50). Further, phosphorylation and dephosphorylation of some 

response regulators is modulated by non-cognate sensors or by other mechanisms (51). Thus, the 

lack of a cognate signal does not necessarily result in the same output as is seen when the sensor 

kinase component is absent, and mutants lacking a sensor kinase or its cognate response 

regulator do not always have the same phenotype. 
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 V. fischeri has forty predicted two-component regulatory systems (38). Among these, 

eight response regulators have an effect on luminescence under certain conditions; CheV, FlrC, 

GacA, PhoB, and YehT all positively regulate luminescence, whereas ArcA, LuxO, and PhoP 

repress luminescence (29, 30, 38, 39). Nine response regulators affect swimming motility, 

including CheY and FlrC, which are essential for motility, ArcA, CpxR, LuxO, NarP, and VpsR, 

which each positively regulate motility, and CheV, which represses motility (38). GacA’s 

regulation of motility is complex and depends on the viscosity of the medium (39). As both 

luminescence and motility are required for establishing and maintaining colonization (8, 52-55), 

it is unsurprising that of the twelve response regulators with modified luminescence or motility, 

all but three (CpxR, PhoP, and YehT) contribute to colonization competitiveness (29, 38). 

Additionally, a mutant with a transposon insertion in the gene encoding PhoQ, the cognate 

sensor kinase to PhoP, is outcompeted in colonization (56). Moreover, mutations in five response 

regulator genes, ntrC, expM, VFA0179, VFA0181, and sypG, cause no known luminescence or 

motility defect in culture, yet the respective mutants still fail to colonize the squid competitively 

(38). Thus, it is clear that two-component regulators have a significant impact on the ability of V. 

fischeri to colonize its host, through their regulation of bioluminescence, motility, or other 

factors. However, it is not yet clear if and when each response regulator is active throughout the 

establishment and maintenance of symbiosis. Below I will describe in more detail two of the 

two-component regulatory systems in V. fischeri that are the focus of this dissertation: ArcAB 

and PhoBR.  

ArcAB (anoxic redox control), which has primarily been studied in Escherichia coli, is a 

two-component regulatory system that responds to the redox state of the cell (57). While the 

conditions influencing the sensor kinase ArcB in V. fischeri may deviate from the paradigm in E. 
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coli, in that bacterium under reducing conditions ArcB phosphorylates ArcA, thereby activating 

it.  Phosphorylated ArcA (P-ArcA) then regulates the expression of many metabolic genes as 

cells transition from aerobic to microaerobic or anaerobic metabolism (57). Arguably, this 

regulation could alternatively be described as the transition from respiratory to fermentative 

metabolism, as oxygen itself does not seem to be directly recognized by ArcB (58). 

In culture, V. fischeri arcA and arcB mutants are ~500-fold brighter than wild type, 

achieving nearly symbiotic luminescence levels (29).  This effect appears to be mediated by 

activated ArcA (P-ArcA) binding upstream of the lux operon and repressing its transcription 

(29). However, an arcA mutant is not brighter than wild type in the light organ (29), suggesting 

that ArcA does not significantly repress luminescence in symbiotic cells, at least at the times 

tested. On the other hand, wild-type cells have about a 4-fold competitive advantage over arcA 

mutants over two days of squid colonization (29). Taken together, these results indicate that Arc-

mediated regulation could account for the disparity in luminescence levels between cells in 

culture and within the host, if the ArcA-mediated repression of the lux operon observed in 

culture is relieved during colonization. Yet it is clear that Arc must be active at some point 

during the first 48-hours of the symbiosis.  

In considering these results it is important to note that the Lux circuit constitutes a 

positive feedback loop, because the 3-oxo-C6-HSL produced by LuxI, stimulates the lux operon 

to produce more LuxI (Figure 1.2). This positive feedback gives the regulatory circuit an element 

of hysteresis, making it more difficult to turn off once it has turned on (28, 59). Septer and Stabb 

demonstrated that direct repression of the lux operon by ArcA is relatively weak, and most of the 

500-fold induction of luminescence in an arcA mutant is due to positive feedback (28). 

Moreover, they showed that once luminescence is induced and positive feedback is triggered, 
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ArcA is no longer effective at repressing it (28). These results were consistent with a hypothesis 

proposed by Bose et al. that redox conditions in the squid light organ affect the Arc system. They 

proposed that during initial stages of light-organ infection, ArcA, is inactive (or less active) 

allowing luminescence induction (Figure 1.2), but later during infection, as the crypts become 

crowded with symbionts, the Arc system is stimulated and contributes to colonization 

competitiveness but is unable to repress luminescence (29). Testing the activity of ArcA and 

ArcB in situ, in the symbiosis, will be critical for testing this hypothesis further. 

 Another two-component regulatory system of interest in V. fischeri is PhoBR.  Like 

ArcAB, the PhoBR system contributes to both luminescence regulation and symbiotic 

competence. In many bacteria, the PhoBR two-component regulatory system responds to 

environmental phosphate concentrations and underpins a response to phosphate limitation (60). 

PhoR phosphorylates PhoB when environmental phosphate is low and removes the phosphoryl 

group when environmental phosphate is high (61). When phosphorylated, PhoB binds to specific 

“Pho Box” sequences in promoter regions and activates or represses the transcription of many 

genes, including those required for phosphate acquisition as well as genes underlying other 

processes such as virulence (62-65). V. fischeri cells grown in low-phosphate media display 

around 10-fold brighter luminescence relative to cells grown in phosphate-replete media and this 

effect is dependent on phoB (30). 

Two lines of evidence suggest that the PhoB regulon contributes to the symbiotic 

competence of V. fischeri. First, a phoB mutant is outcompeted by wild type for colonization of 

the squid light organ (38). Second, mutants with transposon insertions in pstA and pstC, genes 

encoding the high-affinity phosphate importer, have a more pronounced competitive defect 

relative to wild-type during colonization than when grown in a phosphate-replete medium (56). 
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These data suggest that at some point in colonization, phosphate is low enough that the PhoB 

regulon is stimulated in symbiotic V. fischeri. However, transcriptomic analysis of symbionts 

vented from the juvenile squid light organ suggested the PhoB regulon is not induced (66). These 

conflicting results could be reconciled if PhoB is activated in a spatially or temporally dependent 

manner during light-organ colonization. Again, methods for assessing gene expression in situ, in 

the symbiosis, will be critical for exploring such possibilities.  

 

IN SITU GENE EXPRESSION TECHNOLOGY 

 Much research has been dedicated to assessing which bacterial genes are differentially 

regulated during growth inside and outside a host, using both global and single-gene approaches. 

Common methods of studying gene expression within bacteria include the use of reporter genes 

such as lacZ, inaZ, or gfp, encoding β-galactosidase, ice nucleation protein, and green fluorescent 

protein, respectively, placed downstream of a promoter of interest (67-71). To assess 

transcription globally, popular approaches include quantifying mRNA transcripts within a 

population of cells (72-74) and in vivo expression technology (75, 76), both of which result in a 

collective snapshot of all of the genes being expressed at a particular time or time frame. To 

visualize spatial distribution of bacterial gene expression in live host samples, different 

techniques are required. Below, I will describe common methods to assess transcriptional 

regulation within bacterial cells in culture and in the host, ending with methods that have been 

used to investigate transcriptional regulation in V. fischeri.  
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Transcriptional reporters 

The use of transcriptional reporter systems has increased our knowledge of gene 

regulation since the first published transcriptional reporter in 1975 (71). The lac operon’s lacZ, 

encoding a β-galactosidase, fused to a promoter has been widely used since. Improvements on 

the initial reporter system have been made, including the transition to plasmid-based 

transcriptional fusions in 1980, allowing for faster in vitro construction (77). Alternative reporter 

genes have also been introduced. To name a few, in 1985, alkaline phosphatase (phoA) was used 

to analyze export signals and sequences (67), in 1990 luciferase (luxAB) fusions were 

constructed as a sensitive and even visible reporter (68), and in 1994 green fluorescent protein 

(gfp) was introduced and shown to produce green fluorescence in bacterial cells proportional to 

promoter induction (69). A benefit of fluorescence-based reporters is the ability to visualize 

promoter activity within an individual bacterial cell in its native state, including within 

symbiosis. GFP-based reporter systems are now used heavily to study transcriptional and 

translational regulation in both prokaryotic and eukaryotic systems.  

Initially discovered in 1961, GFP has been optimized to study transcriptional activation 

within cells (69, 78). Since its discovery and isolation, mutations have been made to gfp to 

increase GFP fluorescence (79-83), shift excitation/emission spectra (81, 84), and decrease GFP 

misfolding (85) or folding time (86). GFP and its derivatives do not require cell lysis or the 

addition of reagents to be detected, only excitation by relatively short wavelength (usually <500 

nm) light (79, 87). Additionally, GFP is a stable protein, thereby yielding relatively strong 

fluorescence when induced (88, 89). These properties have made GFP useful as a reporter, for 

determining if a promoter is activated in live bacterial cultures (90), or for detecting symbiont 

gene expression within host tissues, including both plants (91) and animals (92). However, the 
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stable nature of GFP could obscure down-regulation of gene expression in live bacteria. In other 

words, GFP may linger, long after transcription of the reporter has ceased. This complexity in 

interpretation is a potentially confounding factor for any reporter, but it has been a notable 

concern for the use of GFP. Destabilizing GFP variants or increasing their rate of recycling 

within the cell has addressed this issue. By adding variants of the eleven-amino acid SsrA tag to 

the C-terminus of the protein sequence, GFP is targeted to the ClpXP protease, reducing the half-

life in some systems to between 40 and 110 min from more than 24 hours (70, 88).  

 Despite having sensitive methods to determine which genes are activated during host 

colonization, deciphering specific regulation patterns within the microenvironments of the host 

remains challenging. Using a gfp-transcriptional reporter, Brandl et al. saw large variations in 

gene expression when looking at bacteria recovered from a plant 48 hours after inoculation (93). 

Further, when looking at the spatial patterns of individual cells using confocal microscopy, they 

noticed heterogeneous expression and different fluorescence intensities within different physical 

or chemical microenvironments of the host tissue (93). In a similar study using a destabilized 

GFP variant, researchers successfully used Erwinia herboicola as a bioreporter to localize 

fructose availability on leaf surfaces (94). By using a destabilized GFP reporter, this study had 

the potential advantage of capturing more dynamic expression patterns. Thus, use of GFP and its 

derivatives has the potential to improve our understanding of the gene expression in 

microenvironments of intact symbiont tissues.  

 

Investigating V. fischeri gene regulation during colonization of juvenile squid 

Induction of the lux operon is just one example of genes expressed differently in the 

light-organ symbiosis relative to growth in laboratory culture. To identify other genes expressed 
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(or differentially expressed) in V. fischeri during symbiosis, several approaches have been 

utilized. Global transcriptomic approaches were applied to V. fischeri recovered from adult squid 

tissues (74) or from juvenile-squid ventate (66). Insertion sequence technology also has been 

used to identify V. fischeri genes important for competitive colonization (95), which indirectly 

suggests that these genes are expressed during colonization. These studies provide valuable 

information on the relative transcription of genes in the symbiosis and/or the genes required for 

successful maintenance in the squid during symbiosis. However, such approaches assess the bulk 

population of symbionts and do not take into account the possibility of different transcriptional 

responses to, or fitness effects in, distinct light-organ microenvironments. With respect to the 

transcripomic analysis of vented symbionts, each crypt of the squid light organ is not vented each 

day to the same degree. While crypt 1, and a large portion of crypt 2, is almost completely 

vented each night, crypt 3 is largely maintained and not vented (Figure 1.1, (96)). Further, as an 

example of microenvironment specificity, there is a delay in the expression of lux genes in crypt 

3 (97). Therefore, by looking at the transcript levels of symbionts in squid ventate or transcripts 

from V. fischeri collected from the squid light organ as a whole, there is a possibility of missing 

regulatory responses found only in a distinct subset(s) of cells.  

 To determine if a gene or operon of interest is being expressed by particular V. fischeri 

cells in the squid light organ, gfp-transcriptional gene fusions have been used (97, 98). In this 

way, the above-mentioned microenvironment-specific expression of lux genes was discovered 

(97). A similar technique has also been used to determine the state of a global regulator, CRP, in 

symbiotic cells. Specifically, a CRP-dependent promoter was inserted upstream of a 

promoterless gfp, and in this case the amount of fluorescence indicated whether this global 

regulator was active. As predicted, this reporter was turned off when glucose was available but 
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was activated during growth without exogenous glucose and during light-organ colonization 

(32). These studies, however, used a stable GFP, which, as noted above, could potentially mask 

different dynamic transcription patterns of cells. 

 

RATIONALE AND OBJECTIVES FOR THIS STUDY 

 Previous work with V. fischeri has identified numerous regulators of luminescence, 

motility, and other light-organ colonization factors (30, 38). However, in many cases it is still 

unclear if these regulators are important for transcriptional activation in symbiosis, and if so, 

when and where they are activated within the light organ. The goal of this dissertation was to 

develop transcriptional reporters for PhoB and ArcA that provide an optimal readout of regulator 

activity and are suitable for use in and out of symbiosis. Our goal was to generate gfp-based 

transcriptional reporters with promoters that are activated by a specific transcriptional regulator 

while maintaining low background expression. I wanted to augment this approach with 

constitutive mCherry expression, allowing me to localize and detect bacteria in symbiosis based 

on this protein’s red fluorescence, regardless of whether gfp is expressed or not. 

 The approach of using native promoters driving transcriptional reporters to probe the 

activity of a global regulator such as ArcA or PhoB has the potential to give a weak and/or non-

specific signal. My goal in Chapter 2 was to design a PhoB-dependent promoter that yields high 

GFP expression in low phosphate (PhoB-activating) conditions, and low background expression 

in phosphate-replete environments. I describe a method using the well-characterized “pho box” 

of PhoB binding sites with key transcriptional promoter elements surrounded by semi-

randomized nucleotides, followed by iterative screening of promoter variants, to arrive at a 

promoter with optimal properties. I show that with initial data informing the design for a second 
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round of screening, improvements can be made to both increase reporter gene expression and 

decrease background. I demonstrate that this PhoB-dependent promoter can be used to probe 

phosphate- and PhoB-dependent activation in a variety of Proteobacteria, and propose that the 

iterative design technique is applicable to other reporters of transcriptional regulators. I also 

show that the addition of a modified SsrA tag decreases GFP half-life from over 24 hours to 81 

min., allowing a reporter readout that is more closely connected to recent transcriptional activity.  

 In Chapter 3, I develop a chimeric protein to interrogate Arc activation in V. fischeri. 

Exploiting the PhoB-dependent reporter described above, I generated a chimeric protein that is 

activated in an ArcB-dependent manner, yet activates transcription from the PhoB-dependent 

promoter. ArcB activates this chimeric protein in V. fischeri, but surprisingly I found ArcB-

independent activation of the chimeric reporter. Moreover, my data suggest that ArcB-

independent activation is the primary mechanism of activation when V. fischeri is in the squid. 

Based on these data, I propose a more complex model of ArcA activation in V. fischeri than we 

anticipated based on studies in E. coli.  

 Finally, in Chapter 4, I discuss the contributions I have made to our understanding of the 

roles global regulators PhoB and ArcA play in V. fischeri gene regulation both in culture and in 

the light-organ symbiosis with E. scolopes. Additionally, I consider some of the larger 

implications of this research in exploiting the techniques and tools developed for interrogating 

the state of other two-component regulators and transferring these tools into other bacterial 

systems.  
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CHAPTER 2 

 

ITERATIVE SYNTHESIS OF AN OPTIMIZED PHOB-DEPENDENT TRANSCRIPTIONAL 

REPORTER IN VIBRIO FISCHERI1 
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ABSTRACT  

The creation of transcriptional reporters was a revolutionary innovation for studying gene 

regulation. The fusion of transcriptional promoters to reporter genes has been used alternatively 

to analyze transcription of a gene of interest or to examine the activity of a specific 

transcriptional regulator. The latter application has the shortcoming that native promoters did not 

evolve as optimal readouts for the activity of a particular regulator. We sought to synthesize an 

optimized transcriptional reporter for assessing PhoB activity in Vibrio fischeri, aiming for 

maximal “on” expression when PhoB is active, minimal background in the “off” state, and no 

control elements for other regulators. We designed specific sequences for promoter elements 

with appropriately spaced PhoB-binding sites, and at nineteen intervening positions for which we 

did not predict sequence-specific effects the nucleotides were randomized.  Eighty-three such 

constructs were screened, enabling us to identify bases at particular randomized positions that 

significantly correlated with high “on” or low “off” expression. A second round of promoter 

design rationally constrained thirteen additional positions, leading to a reporter with high PhoB-

dependent expression, essentially no background, and no other known regulatory elements. As 

expressed reporters, we used both stable and destabilized GFP, the latter with a half-life of 

eighty-one minutes in V. fischeri. In culture, PhoB induced the reporter when phosphate was 

depleted below 10 µM. During symbiotic colonization of its host squid Euprymna scolopes, the 

reporter indicated heterogeneous phosphate availability in different light-organ 

microenvironments. Finally, testing this construct in other Proteobacteria demonstrated its 

broader utility.   
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IMPORTANCE  

Transcriptional reporters are powerful tools for assessing when particular transcriptional 

regulators are active; however, when native promoters are used for this purpose, outputs can be 

non-ideal. Optimal reporters should be specific to the particular regulator being interrogated and 

should maximize the difference between “on” and “off” states; properties distinct from the 

selective pressures driving the evolution of natural promoters. Synthetic promoters offer a 

promising alternative, but our understanding does not yet enable fully predictive promoter 

design, and the number of alternatives can be intractable. In a synthetic promoter region with 

over 3.4 x 1010 possible sequences, we identified bases correlated with favorable performance by 

screening only 83 candidates, allowing us to rationally constrain our design. We thereby 

generated an optimized reporter that is induced by PhoB and used it to elucidate the low-

phosphate response of V. fischeri. This promoter-design strategy will facilitate the engineering of 

other regulator-specific reporters. 

 

INTRODUCTION 

 Malcolm Casadaban’s use of the lac operon as a transcriptional reporter in 1975 

revolutionized the study of gene regulation, paving a new way to assess the activity of a 

transcriptional promoter by fusing it to a gene encoding a readily screened and measured 

phenotype such as b-galactosidase activity (71). Ultimately, transcriptional reporters became a 

mainstay of bacterial genetics, and fusing a gene’s promoter to a transcriptional reporter has led 

to the discovery of conditions and regulators that activate or repress countless genes.  In a twist 

on this original application, when a particular transcriptional regulator controls a promoter, the 

corresponding promoter-reporter fusion is also sometimes used to assess the activity of that 
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regulator (99-101); however, this approach has limitations as native promoters are generally not 

ideal for this purpose.  

An ideal readout of regulator activity would have minimal expression in the “off” state, 

high “on” expression, and a strict specificity for the regulator in question; attributes that do not 

necessarily reflect the evolution of native promoters. For example, some leaky expression in the 

“off” state is necessary for lac operon function, and native promoters are often regulated by 

multiple transcription factors simultaneously (102-104). Co-regulation has been addressed, at 

least in part, by avoiding or removing unwanted regulatory elements (99, 105-109); however, 

given the complexity of gene regulation, and the challenge of cataloging all the regulatory 

mechanisms at a natural promoter, this approach may not always be effective. 

 Synthetic promoters offer another approach for generating regulator-specific reporters. 

Such promoters can be engineered to incorporate sequence motifs consistent with regulation by 

one mechanism while avoiding binding sites for other regulators. Online tools can aid in this 

process (32, 110, 111), but promoter-reporter performance is not entirely predictable. Sequences 

with no known function, other than spacing between established regulatory elements, can affect 

output (32), hampering the rational engineering of such transcriptional reporters. 

We sought to develop a transcriptional reporter to monitor the activation state of PhoB in 

Vibrio fischeri. In this bacterium, PhoB is an activator of bioluminescence, which is a 

colonization factor in V. fischeri’s light-organ symbiosis with the Hawaiian bobtail squid, 

Euprymna scolopes (8, 10, 30). Mutations in phoB, or the phosphate uptake system that it 

controls, reduce colonization competitiveness (30, 56). PhoB is the response regulator portion of 

a two-component regulatory system that activates expression of several genes under low-

phosphate conditions (112, 113). In Escherichia coli, PhoB is activated upon phosphorylation by 
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its cognate sensor-kinase PhoR in response to low (<4 µM) phosphate (114). Phosphorylated 

PhoB then binds to a “Pho box” sequence consisting of two well-conserved 7-bp direct repeats 

(5’-CTGTCAT-3’) separated by 4-bp of AT-rich sequence (62, 114, 115). PhoB binding can 

compensate for a poor -35 promoter element and activate transcription. Previously, PhoB 

dependent reporters have been generated using native promoters for pstS and phoA (113, 116-

119), but as noted above these may have shortcomings such as high background or shared 

control with other regulators (120, 121).  

 In this study, we describe the generation of a synthetic PhoB-dependent transcriptional 

promoter, which we linked to gfp as a reporter gene, enabling us to use green fluorescence as 

both a measure of expression and a visual marker in symbiotic V. fischeri cells.  We also 

expanded the utility of GFP for assessing dynamic changes in gene expression in V. fischeri by 

evaluating destabilized GFP variants.  Our constructs are useful for assessing the low-phosphate 

response in V. fischeri and other bacteria, and our general method of synthetic reporter design 

has potential to be effective for studying other regulators in a variety of bacteria.  

 

RESULTS 

Generating and screening semi-randomized variants of a synthetic promoter region 

To generate a PhoB-dependent and PhoB-specific synthetic transcriptional reporter, we 

began with a basic framework based on canonical attributes of PhoB-activated promoters, such 

as those upstream of phoB and pstS in E. coli (122), and we interspersed randomized sequences 

separating the features relevant to PhoB activation of transcription. This initial semi-randomized 

sequence is shown in Figure 2.1A, and its design is described as follows. Multiple Pho boxes are 

common upstream of PhoB-activated genes (63, 64, 118, 123, 124), and we therefore placed two 
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closely spaced Pho boxes, with one overlapping a weak -35 promoter element, consistent with 

arrangements in native promoters. As noted above, the canonical Pho box includes 7-bp direct 

repeats; however, an additional 3’ A nucleotide may play a role (62). Of the four repeats in the 

two Pho boxes we used, none deviates from the 8-bp sequence 5’-CTGTCATA-3’ by more than 

a single mismatch. Within each Pho box, the A/T richness of sequences between the direct 

repeats appears to play a role in establishing a hierarchy of PhoB binding (125), and this spacer 

between repeats was set at 5’-AAT-3’ in the Pho box distal to the reporter and semi-randomized 

as A or T (W) in the Pho box overlapping the -35 promoter element (positions 4-6, Figure 2.1A). 

The three nucleotides between Pho boxes were completely randomized (positions 1-3, Figure 

2.1A) as were positions upstream and downstream of the -10 promoter element (positions 7-11 

and 12-19, respectively; Figure 2.1A). Altogether, this promoter has 34,359,738,368 (416 x 23) 

different possible sequence variants.  

We cloned and sequenced eighty-three variants of the construct illustrated in Figure 2.1A 

upstream of a promoterless gfp in a vector expressing mCherry constitutively. The GFP 

expression for each construct was measured in V. fischeri ES114 (WT) and its ∆phoB derivative 

JLS9 grown in batch cultures in defined minimal medium with low or high PO4 (FMM, see 

Methods). Figure 2.1B shows the GFP expression for a promoterless negative control and four 

promoter variants that represent the observed wide range of variation in GFP output.  

Although most clones displayed some of the desired low-PO4- and phoB-dependent 

activation, the degree of activation varied, as did the level of undesirable background GFP 

expression in the ∆phoB mutant and/or in high-PO4 conditions (e.g., Figure 2.1B). In some 

constructs, PhoB-dependent activation in low PO4 was too weak to be useful (e.g., variant 1, 

Figure 2.1B). In others, background GFP expression was higher than optimal (e.g., variant 2,  
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-35

CTGTCATAAATCTGTCATANNNCTGACATAWWWCTGTCACATGTTNNNNNTATTTTNNNNNNNNCA

1-3                   4-6                          7-11    12-19

-10

WT-
Low PO4

WT-
High PO4

∆phoB-
Low PO4

∆phoB-
High PO4

Nucleotide 
chosen for 
Round 2

1 1.7 C*; -2.3 T*** 1.9 C*; -2.5 T*** 1.5 C*; -2.0 T** T
2 -2.2 A* 3.1 T ***; -2.1 A***;

-2.0 G **
3.5 T***; -2.5 A***;

-2.2 G**
3.6 T ***; -2.3 A***; 

-2.5 G***
G/

3 1.35 A/G* A/G
4 2.7 T** 1.7 T* 1.5 T* 1.8T* T
5 0.87A* A/T
6 A/T
7 -1.8 A* T/C/G
8 2.2 G** A/T/C
9 -2.2 A* T/C/G

10 2.1 C*; -2.1 G *** 2.1 C*; -2.0 G** 2.1C*; -2.1 G*** G
11 -1.4 A* N
12 -3.0 C** 1.1 G* A/T/G
13 N
14 -1.1 G* 1.6 T**; -1.0 G* 1.4 T* G
15 1.4 C* N
16 -2.3 A* 1.8 C* -1.6 A/G** -1.4 A/G* G
17 1.0 C**; -1.0 A** 1.0 C*; -1.6 A** -1.3 A/T* A
18 N
19 1.6 G* 2.0 G**; -1.2 A** 1.8 G** A/T/C
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Figure 2.1. Generation and screening of synthetic PhoB-dependent promoter variants. (A) 
Synthetic constructs included four PhoB-binding sites (grey boxes) as well as -35 and -10 
promoter elements. Randomized or semi-randomized positions are numbered, corresponding to 
numbering in panel C. Sixteen randomized positions (labeled 1-3 and 7-19) are indicated by N. 
Positions 4-6 were restricted to A or T (W). Eighty-three different variations of the synthetic 
fragment in panel A were cloned upstream of gfp in pJLS27 and screened for activity, with the 
results for four representatives shown in panel B. Specific GFP activity was measured for 
constructs in ES114 and JLS9 (∆phoB) grown in minimal media with high (378 µM) or low 
(37.8 µM) added PO4. Strains carrying the promoterless parent vector were assayed to show 
background fluorescence (labeled “None”). Values were taken at an OD595 of 1.0, and error bars 
indicate standard deviation (n=3). One representative experiment of three is shown. (C) Each 
variable nucleotide position (1-19) was subjected to a Mann-Whitney U non-parametric 
statistical test comparing the average GFP/RFP output associated with each individual nucleotide 
(A,T,C, or G) against the average value for constructs with the other nucleotides in that position. 
We similarly compared pairs of nucleotides at a position (A/T vs. G/C; C/T vs. A/G; G/T vs. 
A/C; and C/G vs. A/T). The average GFP/RFP for all promoters without the nucleotide(s) being 
interrogated was subtracted from the average GFP/RFP for every promoter containing the 
nucleotide(s) with p-values lower than 0.05. For each of the four growth conditions, nucleotides 
correlated with significantly higher or lower GFP activity are indicated by green or red, 
respectively; *, **, and *** indicate p<0.05, <0.01, and <0.001. The last column in panel C 
indicates how randomization was further constrained for the next set of variants (Round 2). At 
position 2, C is colored blue to indicate that it was underrepresented in the screened variants (in 
only one of the eight-three variants) and therefore was included in Round 2. 
 
Figure 2.1B). Some variants displayed significant activation with reasonably low-background 

(e.g., variants 3 and 4, Figure 2.1B); however, assessing eighty-three clones out of over 34 

billion possibilities had not come close to saturating the screen, and we hoped that further 

analysis of sequences corresponding to desirable properties could allow us to constrain our 

design and isolate more optimal constructs. 

 

Optimization of the synthetic promoter  

To assess the prospects for improving the PhoB-dependent promoter, we analyzed 

whether the identity of any of the nineteen variable nucleotides (Figure 2.1A) correlated with 

GFP expression. Specifically, at each of the nineteen positions, we used Mann-Whitney tests to 

compare reporter output corresponding to each nucleotide relative to the output from constructs 
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with the other three possible nucleotides (A versus CGT, C versus AGT, G versus ACT, or T 

versus ACG). We subtracted the average GFP/RFP expression of the other three possible 

nucelotides from the nucleotide being interrogated, giving us the magnitude of the change. We 

likewise made comparisons based on possible pairs of nucleotides at a position, for example an 

A or C at a position versus a G or T at the same position. Variable nucleotide positions 4, 5, and 

6 were limited to A or T (W) by design (Figure 2.1A), so only those two comparisons were made 

in those cases.  

 Figure 2.1C provides a summary of the significant (p<0.05, p<0.01, or p<0.001) 

correlations between nucleotide identity at each of the nineteen variable positions in the 

promoter and reporter output under each of the four strain/medium combinations tested. Given 

that four hundred and sixty comparisons were interrogated for significance, some of those 

indicated in Figure 2.1C may appear significant by chance, particularly at the p<0.05 level. On 

the other hand, in some positions all three background conditions (wild type high PO4, ∆phoB 

mutant high or low PO4) yielded similar results suggesting reproducibility and value of the data. 

Importantly, our goal was to determine how we might rationally constrain our sequence design to 

optimize output, not to definitively state a role for the sequence at any position, and the results 

shown in Figure 2.1B suggested a rational approach to further optimization was possible. 

 Our data suggested several further sequence constraints that might contribute to desirable 

reporter properties: high PhoB-dependent activation in low-PO4 conditions or low background 

under the other conditions. For example, a C or a T at position 1 were correlated with above- or 

below-average background levels, respectively (Figure 2.1C), and therefore we defined this 

position as a T in our second-generation construct. As another example, a C at position 10 was 

correlated with below average expression in wild type under low-PO4 conditions, so this position 
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was constrained to A, T, or G, in the second generation construct. Using this approach, most 

positions were defined more narrowly in the second round of screening. Three of the nineteen 

positions (positions 6, 13, and 18) yielded no indication that sequence affected performance, and 

three others (positions 5, 11, and 15) were relatively unconvincing, as significance was only seen 

in one of three background conditions at the p<0.05 level. These six positions were left 

unchanged in our design. For the most part, nucleotide representation at each randomized 

position had been evenly distributed, however, only one of the eighty-three promoters had a C at 

position 2, so C was included again at this position in the second round of promoter design.  

 A second round of synthetic inserts was engineered to contain the same conserved 

sequences as in round 1 (Figure 2.1A) along with the newly constrained positions (right column, 

Figure 2.1C). The resulting constructs were assayed in the same manner as the first-generation 

reporters. Many of the ninety-nine resulting promoters that were screened exhibited an increase 

in GFP expression in the “on” state (wild type low-PO4) and/or decreased background in other 

conditions relative to earlier constructs. Figure 2.2 illustrates the best second-generation reporter 

(pJLS1088) compared to the ideal promoter from round 1 (pEW6AQ). The newer reporter 

exhibited significantly higher “on” activation and lower background (Figure 2.2). The difference 

in GFP expression between wild type and the phoB mutant in low PO4 conditions was 11-fold for 

cells carrying pJLS1088, compared to 3-fold induction for the best first-round construct, and the 

PhoB-independent background was eliminated.  
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Figure 2.2. Iterative optimization of PhoB-dependent reporter performance. A representative of 
the best promoters from the first set of semi-randomized variants (pEW6AQ; also, number 4 in 
Figure 2.1B) was compared to an optimal variant (pJLS1088) generated after constraining 
additional positions as indicated in Figure 2.1C. Reporters were evaluated in ES114 and ∆phoB 
strains and were grown in minimal media under “high” or “low” PO4 conditions. The 
promoterless parent vector pJLS27 (labeled “None”) is included to show background. 
Fluorescence values were taken at an OD595 of 1.0, and error bars indicate standard deviation 
(n=3). Data shown represents one experiment of three performed. 
 

Reporter responsiveness to environmental phosphate 

To evaluate at what level of PO4 the PhoB-specific reporter was activated, we measured 

GFP expression from pJLS1088 and phosphate levels during growth of wild-type strain ES114 in 

batch cultures using the empty vector (pJLS27) as a negative control (Figure 2.3). Due to the 

rapid depletion of PO4 during exponential growth phase, measuring the exact PO4 concentration 

when the GFP is first detectable proved difficult. However, GFP expression was consistently 

first seen when PO4 levels were depleted to between 1 and 10 µM (Figure 2.3), similar to the 

activation of PhoB in E. coli below an environmental concentration of 4 µM PO4 (114).  
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Figure 2.3. Reporter is induced upon PO4 depletion in batch culture. (A) GFP/OD595 values and 
supernatant phosphate levels were measured over time in cultures of wild-type cells containing 
either the promoterless parent vector (pJLS27; squares) or the optimized PhoB-reporter 
(pJLS1088, circles) grown in batch cultures in FMM amended at the outset with 37.8 µM 
phosphate for a final concentration of 100 µM total phosphate. Filled shapes represent the 
GFP/OD595 fluorescence, whereas open shapes represent extracellular PO4 concentration. (B) 
Growth of the cultures in panel A shown as cell density (OD595) over time. One representative 
experiment of three is shown. 
 
The PhoB-dependent reporter responds to low PO4 in other proteobacteria 

Because the Pho regulon is well conserved among proteobacteria (126), we tested 

whether the optimized reporter functions in bacteria other than V. fischeri. The reporter plasmid 

pJLS1088, and its parent pJLS27, have two origins of replication; the R6K gamma origin (127) 

and the origin from pES213, which replicates well in members of the Vibronaceae without the 

0.1

1

10

100

1000

0

50

100

150

200

4 5 6 7 8
Time (hours)

PO
4 

(µ
M

)

G
FP

/O
D

59
5

0

0.2

0.4

0.6

0.8

1

4 5 6 7 8

O
D

59
5

Time (Hours)

A.

B.



 

28 

need to maintain antibiotic selection(97, 128). For the plasmid to replicate in a variety of 

backgrounds, we added the pir gene to the parent vector and reporter, which should enable the 

R6K origin to replicate in a broad range of non-Vibrio hosts (129). 

We tested GFP induction of our reporter in Vibrio cholerae, Escherichia coli, Salmonella 

enterica, and Rugeria pomeroyi, each of which encode PhoB. Figure 2.4 shows the red and green 

fluorescence of colonies grown on solid media with relatively high- or low-PO4 levels. Red 

fluorescence is the result of constitutive mCherry expression from the plasmids, whereas green 

fluorescence corresponds to reporter GFP expression, with pJLS27 and pJLS71 serving as 

promoterless-gfp negative controls. Each strain displayed green fluorescence only when grown 

with the reporter on low-phosphate plates (Figure 2.4). Moreover, GFP expression in V. cholerae 

was eliminated in a phoB mutant (Figure 2.4).  

 
Development of a reduced half-life GFP in V. fischeri 

The stability of the GFP protein can lead to its accumulation and render this reporter non-

ideal for assessing dynamic changes in gene expression, especially in symbiosis. In some 

bacteria, adding an SsrA tag to the C-terminus of GFP increases its recycling via an AAA+ 

protease (70, 88, 130), such as ClpAP or ClpXP (131). Variations in the last three amino acids of 

the eleven-residue SsrA peptide sequence (AANDENYALAA) can alter the efficiency with 

which the protein is recycled (88). We generated modified versions of gfp, encoding C-terminal 

ssrA tags terminating in the tripeptides LAA, ASV, or AAV, and expressed these from an 

isopropyl β-D-1-thiogalactopyranoside (IPTG) inducible promoter in the wild-type strain and 

three transposon mutants with insertions in clpA, clpX, or clpS, the last of which encodes an  
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Figure 2.4. Response of reporter to low PO4 in other proteobacteria. Red and green fluorescence 
from colonies of V. fischeri, V. cholerae, E. coli, S. enterica, or R. pomeroyi carrying a 
promoterless parent vector (pJLS27 for vibrios or pJLS71 for non-vibrios) and a vector 
containing the PhoB-activated promoter (pJLS1088 for vibrios or pJLS137 for non-vibrios). 
Strains include V. fischeri ES114 and JLS9 (∆phoB), V. cholerae AC2764 (∆tcpA) and AC3236 
(∆phoB), E. coli MG1655, S. enterica MS1868, and R. pomeroyi DSS-3. Strains were grown on 
agar plates with defined media containing “low” or “high” amounts of added PO4 (see Methods). 
Colonies of similar sizes were imaged using a Nikon Eclipse E600 microscope with a 51005v2 
filter, which enabled simultaneous visualization of both the constitutive red fluorescence and the 
green fluorescence of the reporter.  
 

adapter that delivers proteins to ClpAP (132, 133). The stable parental GFP and the *ASV SsrA 

variant produced high fluorescence in all backgrounds (Figure 2.5). The *LAA and *AAV SsrA-

tagged GFP variants yielded reduced or nearly undetectable fluorescence in wild type as well as 

the clpA and clpS mutants. In the clpX mutant background, fluorescence from the *AAV and 

*LAA variants was higher than in wild type (Figure 2.5). These results suggested that SsrA 
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tagging directed GFP turnover by ClpXP in V. fischeri; however, fluorescence from the *LAA 

and *AAV derivatives was too low in wild type to be useful.  

  

Figure 2.5. Effects of clpX and specific SsrA tags on GFP fluorescence in V. fischeri. Specific 
fluorescence is shown for wild-type strain ES114 or mutants with transposon insertions 
disrupting clpA, clpX, or clpS. pJLS153 (white bars; stable) has gfp without an ssrA tag. pJLS150 
(light gray bars; *ASV), pJLS151 (dark gray bars; *LAA), and pJLS152 (black bars, *AAV) all 
have gfp with a modified ssrA tag, exchanging the last three amino acids as indicated. Strains 
were grown in SWTO medium with 2 mM IPTG to induce gfp expression. GFP/OD595 values 
were taken at an OD595 of 1.0, and error bars indicate standard deviation (n=3). One 
representative experiment of three performed is shown. 
 

The *ASV variant of GFP yielded similar fluorescence values as the parental GFP when 

IPTG was added to induce their expression (Figure 2.5); however, when IPTG was washed away 

the fluorescence from the parental and *ASV-tagged GFP diverged (Figure 2.6). The parental 

GFP was remarkably stable, whereas fluorescence from the *ASV-tagged GFP decayed (Figure 

2.6). The slope constant, µ, and half-life (T1/2 = - ln 2/µ) for fluorescence were determined for 

each biological replicate (a total of twelve across four experiments) and averaged. The 

fluorescence values for the parental GFP were unchanged for the duration of the experiment, so a 

half-life could not be calculated, but fluorescence from the ASV SsrA-tagged GFP had an 

estimated half-life of 81 min. Taken together, our results suggest that GFP*ASV should be a 
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useful reporter in V. fischeri, displaying sufficient fluorescence when expressed but decaying 

quickly to capture dynamic changes in gene expression that would be missed using the parental 

GFP.  

 
Figure 2.6. Addition of an SsrA tag to GFP increases turnover rate in V. fischeri. ES114 cells 
carrying pJLS150 (GFP*ASV; squares) or pJLS153 (parental GFP with no SsrA tag; circles) 
were grown in SWTO + 2 mM IPTG or SWTO with no inducer to an OD595 of 1.5 before being 
washed and resuspended in SWTO without IPTG. GFP/OD595 values were taken every 15 min. 
for 4 hours. Non-induced values (no IPTG added) were subtracted as background from induced 
values. Error bars indicating standard deviation (n=3) are smaller than the symbols. One 
representative experiment of four performed is shown.  
 

Variability in expression of the PhoB-dependent reporter within symbiont populations 

To assess the state of PhoB in the juvenile squid light organ, we infected juveniles with 

either ES114 or JLS9 (∆phoB) harboring the empty vector from round 1, pJLS27, or the best 

reporter from round 1, pEW6AQ. In aposymbiotic, or uncolonized, squid the light organ has 

minimal green or red fluorescence (Figure 2.7A, “Aposymbiotic”), and juveniles infected with 

JLS9 or ES114 carrying the empty vector display red, but not green, fluorescence (data not 

shown and Figure 2.7A, “WT promoterless”). Juvenile squid infected with ES114 pEW6AQ, 

displayed variability in reporter expression, both within and between juveniles. For example, 

some light organs displayed homogenous red fluorescence (Figure 2.7B, top panel), while other 

juveniles had heterogeneous display of fluorescence with distinct areas with visible red and 
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green fluorescence (Figure 2.7B, bottom panels). Using an epifluorescence microscope, 

however, we were unable to distinguish the microenvironments being colonized. The stable GFP 

was used in these experiments, which would further compromise our ability to distinguish 

temporal regulatory changes. 

We combined our PhoB-dependent promoter with the destabilized GFP*ASV variant and 

used this construct to assess PhoB activation in V. fischeri cells colonizing the host. Within the 

bi-lobed E. scolopes light organ symbionts colonize distinct microenvironments. Six pores on the 

organ surface lead through ducts and antechambers to six epithelium-lined crypts, three in each 

lobe, designated 1, 2, and 3 based on their progression in development (12). Using confocal 

microscopy, we were able to see the bacteria within the individual crypt spaces. Again, in 

animals infected with JLS9 carrying the reporter, pJLS298, all crypt spaces displayed only red 

fluorescence (data not shown). Several of the animals imaged using confocal had detectible 

mCherry expression in the crypts, yet had no visible GFP fluorescence (data not shown). Similar 

to the results with the epifluorescence microscope, we saw heterogeneous GFP-expression within 

the crypts of the light organ in animals infected with ES114 carrying the reporter, pJLS298. In 

each case, however, crypt 2 displayed strong GFP fluorescence, while crypt 1 had a smaller 

population of the cells expressing GFP and crypt 3 had no cells expressing GFP (Figure 2.7C and 

data not shown). 
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Figure 2.7. Expression of PhoB-dependent reporter in symbiotic V. fischeri cells. Juvenile squid 
were left aposymbiotic (A, left image) or infected with V. fischeri containing either the 
promoterless (pJLS27; A, right image) or the reporter, pEW6AQ (B). Light organs (~250 µm, 
dotted white lines) were visualized by epifluorescence microscopy with a red/green filter, 24 
hours post-inoculation. The confocal image of a juvenile squid light organ (C) is one half of 
squid light organ from a juvenile infected with ES114 cells harboring the PhoB-dependent 
promoter (pJLS298) driving the expression of a destabilized GFP. The squid tissue is stained in 
blue, and the pores, antechambers, and crypts are labeled when visible.  
 

DISCUSSION 

Synthetic regulator-specific transcriptional reporters offer a promising approach to assess 

the regulator status under different conditions. We used such an approach to study the PhoBR 

two-component regulatory system in V. fischeri, both in culture and in symbiosis with the 

Hawaiian Bobtail squid, E. scolopes. First, we generated an improved PhoB-dependent reporter 

that has high expression when activated by PhoB but low background expression. We began with 

a rationally designed sequence (Figure 2.1A), based on known elements of transcriptional 

promoters and PhoB-dependent activation; however, our results underscored the limitations of 
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ability to predict an optimal sequence. We randomized, or semi-randomized, nucleotide positions 

for which we did not foresee a sequence-specific role in promoter optimization, yet constructs 

with different nucleotides at these positions had highly variable performance. While some of the 

eighty-three constructs initially screened worked reasonably well, others did not, and had we 

chosen a single defined sequence for a reporter it would most likely have been only marginally 

effective. 

Our inability to predictively design an optimal reporter highlights gaps in our 

understanding of how specific sequences influence a PhoB-dependent promoter or promoters in 

general. As noted above, the individual nucleotide identities highlighted in Figure 2.1C should be 

viewed cautiously, particularly at the p<0.05 level, given the number of comparisons being 

made, but in aggregate the data make a compelling case that positions we did not predict would 

influence the reporter were important. Even in retrospect, some of the nucleotide identities that 

appear to impact promoter performance (Figure 2.1C) seem inexplicable, especially for the 

positions outside of the Pho boxes or the promoter elements. In one notable example, a 

guanosine at position 10, in the gap between Pho boxes and the -10 element, significantly 

correlated with decreased fluorescence in all three background conditions (p<0.01 to p<0.001). 

Although there is precedence for promoter spacer region sequence affecting transcription (134-

136), to our knowledge it remains difficult to predict such effects in a synthetic promoter.  

Similarly, the mechanisms underlying the differences in promoter reporter performance 

are unknown. The sequence-specific effects we observed may be due to subtle changes in DNA 

topology or context-specific effects on RNAP or PhoB binding and/or interaction. Additionally, 

there may be alternative weak promoters and transcriptional start sites aside from the promoter 

highlighted in Figure 2.1A, and changes that minimize their activity would decrease PhoB-
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independent background. Although we cannot rule out the possibility that we have created 

binding sites for additional regulators, this mechanism seems improbable. Moreover, a non-PhoB 

activator of the reporter would itself have to be activated by PhoB, because activation is 

specifically PhoB dependent.  

A second round of further-constrained promoter library screening enabled us to increase 

the reporter output in low phosphate conditions and decrease the background expression (Figure 

2.2). While a similar combination of rational and randomized nucleotide screening method to 

design promoters for reporter use has been used previously (32), this study shows that by 

screening only eighty-three unique promoters out of over thirty-four billion possible, rational 

changes could be made to optimize reporter performance. The very best possible variant was 

likely not screened, and some aspects of the optimized sequence may be too dependent on the 

sequence context to be identified by our approach, but nonetheless we showed that 

improvements could be made by screening a manageable number of clones. Importantly, the 

round 2 promoters essentially eliminated the PhoB-independent background of the reporters 

(Figure 2.2). This elimination of background is particularly important for applications where a 

qualitative “active” or “inactive” is beneficial. Although background fluorescence can be 

subtracted readily in comparisons of batch cultures, in examining symbiotic cells in situ a low 

background allows for the sensitive detection of an “on” state of a reporter.  

In addition to providing a proof of principle for optimizing a synthetic promoter, our 

reporter proved a useful tool for investigating the PhoB-mediated response to low phosphate in 

V. fischeri. The E. coli PhoBR system is activated upon sensing environmental phosphate levels 

of less than 4 µM (114), and we similarly observed the PhoB-dependent activation of the 

reporter to be between 1 and 10 µM phosphate (Figure 2.3). In the future, more samples could be 
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taken from batch cultures, or phosphate could be defined in chemostat conditions, to more 

precisely determine the threshold phosphate concentration required for activation. Furthermore, 

the threshold for reporter activation may not be constant for all bacteria. Among various 

proteobacteria, different concentrations of phosphate in the minimal media were required to 

visualize reporter activation (or lack thereof) (Figure 2.4). Therefore, it could be useful to 

determine the “break point”, or the phosphate concentration below which the reporter turns on as 

we did in Figure 2.3, as it may be different in different organisms. Using different species, or 

engineered strains of V. fischeri, that induce their PhoB response at different phosphate 

concentrations could be a valuable approach for determining bioavailable phosphate levels in 

various environments and samples. It is worth noting that the PhoB-activated pst operon, which 

encodes the proteins for a high-affinity phosphate importer (114, 137), is often used in 

metatranscriptomic data sets as an indication for bacteria coming from phosphate-limiting 

conditions (138). Reporter strains added to such samples may help refine our understanding of 

bioavailable phosphate. 

In this study, we also extended the utility of GFP as a reporter in V. fischeri. The use of 

GFP reporters can lead to an accumulation of fluorescent signal due to GFP’s stability (88). We 

tagged gfp with the three variants used previously in E. coli (70, 88, 130), and our results are 

consistent with the SsrA tag likewise targeting proteins to the ClpXP protease in V. fischeri 

(Figure 2.5). Even in the clpX mutant background the GFP variant with the LAA-SsrA tag 

showed attenuated fluorescence (Figure 2.5), which could suggest either; 1) protein is also 

recycled by another protease, or 2) it is not properly folded resulting in less fluorescence. 

Regardless, and more importantly, we determined the half-life of the ASV-SsrA variant to be 81-

min., and it showed a useful balance between fluorescence under inducing conditions (Figure 
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2.5) and decay of signal once inducer was removed (Figure 2.6). Our results parallel studies in E. 

coli, where the LAA-SsrA variant has the shortest half-life, followed by the AAV and ASV 

variants (88). This decreased half-life GFP variant should be particularly useful in in situ 

experiments assessing symbiotic V. fischeri, and it should be able to capture major changes in 

gene expression over the diurnal symbiotic cycle (15, 74). 

Different reports suggest that PhoB in symbiotic V. fischeri might either be active 

(indicative of low phosphate availability) or inactive during colonization with E. scolopes. 

Mutants with a transposon insertion in phoB or the genes for the high-affinity phosphate 

importer, pstA and pstS, have decreased competitive fitness when competed against wild type for 

symbiotic colonization (38, 56), suggesting phosphate might be limiting. However, a separate 

study looking at the transcriptome of recently vented V. fischeri, the pst genes were not 

upregulated, suggesting PhoB was not in an activated state and that the light organ was not a 

phosphate-limited environment (66). A way to reconcile these two data sets could be if PhoB 

was activated in specific microenvironments of the light organ, as is the case with the lux operon 

(97). Sycuro et al. found that the crypts of the light organ are not vented equally (96), therefore if 

PhoB is activated more significantly in crypts 2 or 3, which are not vented as completely, the 

Pho regulon may not appear induced in the transcripomic dataset. 

Here, we found that the PhoB-dependent reporter has heterogeneous expression between 

and within juvenile squid light organs at 24 hours (Figure 2.7B and C). Likewise, in infected 

animals displaying symbionts with green fluorescence, we saw noticeable partitioning of GFP 

expression within and between the crypts. For example, in Figure 2.7C, crypt 1 is shown in three 

regions with GFP detectable in only a portion of one of the region, yet crypt 2 shows most cells 

are expressing GFP with only a small section of cells with undetectable green fluorescence. Still, 



 

38 

some squid were well colonized by V. fischeri based on the homogenous mCherry fluorescence, 

yet showed little to no green fluorescence indicating the light organ is not in a phosphate 

stringent environment (Figure 2.7B top panel and data not shown). These data suggest that select 

region(s) of the light organ is phosphate limited at some point, which is consistent with the 

competitive defect seen when phoB, pstA, or pstS are disrupted. As only crypt 1 is mostly vented 

each morning (96), these data are also consistent with the transcriptomic study, as we were 

unable to detect PhoB-dependent activation in the majority or all of crypt 1 in each squid. 

Therefore, our data illustrate the power of considering the microenvironments of the squid light 

organ crypts in expression studies. Future studies should help to further define the spatial and 

temporal pattern of gene expression in symbiotic V. fischeri. 

 

MATERIALS AND METHODS 

Media and growth conditions 

Vibrio fischeri strain ES114 was used as wild-type and parent for strain construction (4). 

Escherichia coli strains DH5α and DH5αλpir (128) were used as hosts for plasmids. V. fischeri 

was grown at either 24°C or 28°C in either lysogeny broth salt (LBS) medium (139), seawater 

tryptone (SWT) medium (4), or a modified Fischeri minimal medium (FMM) (98), with 37.8 µM 

K2HPO4 or 378µM K2HPO4 added for “low” and “high” phosphate conditions, respectively. 

Plasmids were maintained in E. coli grown in lysogeny broth (LB) (140) at 37°C. Solid media 

were prepared by adding 15 g l-1 agar. For selection of plasmids in E. coli, kanamycin (kn), 

chloramphenicol (cm), erythromycin (erm), or trimethoprim (tmp) was added to LB at final 

concentrations of 40, 20, 150 and 10 µg ml-1, respectively. To maintain selection in V. fischeri on 

LBS, kn, cm, erm, or tmp were added at 100, 2, 5, and 10 µg ml-1, respectively. 
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E. coli strain MG1655, Salmonella typhimurium strain MS1868, and Vibrio cholerae 

strains AC3236 and AC2764 were maintained and transformed using LB medium, and their 

response to PO4 was assessed using a modified MOPS minimal medium at 37°C (141). V. 

cholerae strain AC2764 has a deletion of tcpA, reducing the strain virulence. To generate a base 

for the MOPS medium, we added no phosphate and used 1 g/L casamino acids. For “low” 

phosphate MOPS media, the base minimal medium was used with no added phosphate other than 

that in casamino acids and other components, whereas 800 µM K2HPO4 was added to the base 

medium for “high” phosphate conditions. R. pomeroyi strain DSS-3 was grown at 30°C on half-

strength Yeast Tryptone Sea Salts medium (142), and to manipulate PO4 availability it was 

grown in modified Marine Basal Medium (MBM,(143)) with either 0.2 mM K2HPO4 or 2 mM 

K2HPO4 added for “low” and “high” phosphate conditions, respectively. 80 µg ml-1 kn was 

included to maintain plasmid selection in DSS-3 (142, 143).  

Plasmid and Strain Construction  

Plasmids were mobilized from E. coli to V. fischeri by triparental mating using helper 

plasmid pEVS104 maintained in CC118λpir (144), as previously described (145). Plasmids were 

moved into MG1655 and MS1868 by transformation. Plasmids were moved into AC3236 and 

AC2764 by conjugation using helper plasmid pEVS104 and by selecting for recipients on LB 

supplemented with kn (to select for the plasmid) and 2 µg ml-1 potassium tellurite (to select 

against E. coli donor cells). Plasmids were similarly moved into DSS-3 via conjugation using 

helper plasmid pEVS101 and by selecting on 1/2YTSS medium with kn and 2 µg ml-1 potassium 

tellurite.  

JLS9, an in frame ΔphoB deletion mutant, was constructed through allelic exchange (10), 

and verified by PCR. To generate the ΔphoB allele, 2 kb upstream and downstream of phoB was 
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amplified (PhoBupF/PhoBupR and PhoBdnF/PhoBdnR, respectively) and cloned into pCR-Blunt 

TOPO, generating pSJB2 and pDC6, respectively. To generate the in-frame deletion, two small 

annealed oligos were inserted at the AscI site of both the upstream and downstream generating 

an NdeI site, yielding pJLS21 and pJLS22. pJLS22 was fused to pEVS118 at the KpnI site 

generating pJLS23, which was subsequently digested with ApaI and self-ligated to remove the 

ColE1 origin of replication (pJLS24). The resulting phoB upstream and downstream plasmids, 

pJLS21 and pJLS24 were fused together at the NdeI site. The resulting construct, pJLS25 was 

mobilized into ES114 to generate strain JLS9 via allelic exchange. 

 To generate the semi-randomized promoter regions for reporter-plasmid screening, 

oligonucleotides (Table 1) JLSPhoBPF2 and JLSPhoBPR (Round 1) or JLSPhoBPF3 and 

JLSPhoBPR2 (Round 2) were annealed together and filled in using DNA Polymerase I Klenow 

fragment to generate a blunt-ended double-stranded product. The filled in product was digested 

with SphI and SalI and ligated into similarly digested pJLS27. The resulting DH5α λpir 

transformants were screened by visualizing the plate under an epifluorescence microscope, using 

a red/green filter, selecting the green or yellow colonies. Fluorescence intensities were later 

screened in V. fischeri using a Synergy 2 plate reader (BioTek; Winooski, VT) 

excitation/emission wavelengths for GFP of 485nm/528 nm and mCherry at 530nm/590nm, 

normalizing GFP to mCherry (GFP/mCherry) or GFP to OD595 as indicated.  

  To increase the potential bacterial host range of the optimized reporter, we amplified the 

pir gene from pGRG36pir with primers JLSpirF3 and JLSpirR3 and cloned the SacII digested 

product into the “round 1” and “round 2” optimized reporters, generating pJLS70 and pJLS137. 

To generate an isogenic promoterless vector, we cut pJLS70 with SalI and ligated in oligos 
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JLSMCS1 and JLSMCS2 annealed together, which created a multiple cloning site and generated 

pJLS71.  

The GFP variant used in the promoter screening process is a stable variant. To obtain 

closer to real-time data, an ssrA tag (VANDENYALAA) was added at the end of the gfp coding 

sequence. The gfp-ssrA variant was constructed using SOE PCR with primers DSgfp1, DSgfp2, 

DSgfp3, and DSgfp4 to amplify gfp and add an ssrA tag to the end of the protein just before the 

stop codon. The PCR product was digested with SacI and SpeI and was ligated into pVSV102 

cut with the same enzymes to generate pRK12. A new vector (pJLS149) was constructed to 

enable the IPTG induction of GFP variants in V. fischeri, with mCherry expression from a 

consensus promoter (to be deposited in Genebank). To obtain different variants of the unstable 

gfp, primers JLSgfpf and either JLSssrA-ASV, JLSssrA-LAA, JLSssrA-AAV were used to 

amplify gfp from pRK12, digested with NheI and BamHI and ligated into pJLS149 cut with the 

same enzymes, generating pJLS150-pJLS152. A stable variant was constructed in the same 

manner using primers JLSgfpF and JLSgfpR plasmid DNA from pVSV33 as a template for the 

PCR generating plasmid pJLS153. 

We then improved plasmid stability in both E. coli and V. fischeri, by increasing the 

length of the R6K and pES213 origins of replication, and removed lacIq from the promoter 

region of gfp, generating pJLS198 (to be deposited in Genebank). The promoter responding to 

PhoB activation from pJLS1088 was lifted and inserted into the SphI and SalI sites in pJLS198, 

generating pJLS203. Finally, to increase the red expression levels in symbiosis, a geneblock was 

generated containing the same promoter region as found in pJLS27, except the AvrII site was 

scrambled, was inserted into pJLS203 at the PacI and SbfI sites, generating pJLS298.  
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Table 2.1: Strains, Plasmids, and Oligonucleotides used in this study  

Strain or Plasmid Genotypea Source 

Escherichia coli   

CC118 λpir Δ(ara-leu) araD Δlac74 galE galK phoA20 thi-1 rpsE rpsB 

argE(Am) recA λpir 
(144) 

DH5α φ80dlacZΔM15 Δ(lacZYA-argF)U169 deoR supE44 

hsdR17recA1 endA1 gyrA96 thi-1 relA1 
(146) 

DH5αλpir λpir derivative of DH5α (128) 

MG1655 F- lambda- ilvG- rfb-50 rph-1 (147) 

Rugeria pomeroyi   

DSS-3 Wild-type isolate from coastal seawater, Georgia (USA) (148) 

Salmonella enterica 

serovar Typhimurium 
  

MS1868 leuA414 (Am) hsdSB(r- m+ )Fels- (149) 

Vibrio cholerae   

AC2764 E7946 ∆tcpA A. Camilli 

AC3236 E7946 ∆phoB (65) 

Vibrio fischeri   

ES114 Wild type isolate from E. scolopes light organ (4) 

JLS9 ES114 ΔphoB This study 

JLS38 ES114 ΔphoU This study 

VFS008C4 ES114 clpA::mini-Tn5 ermR  C. Whistler 

VFS024A1 ES114 clpS::mini-Tn5 ermR  C. Whistler 
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VFS025G1 ES114 clpX::mini-Tn5 ermR  C. Whistler 

   

Select Plasmidsb   

pEVS101 conjugative helper plasmid; oriVColE1, oriTRP4, ermR (145) 

pEVS104 conjugative helper plasmid; oriVR6Kγ, oriTRP4, knR (145) 

pEW6AQ oriVR6Kγ, oriTRP4, pES213, mCherry, knR, PphoB-cmR- gfp 

(Round 1) 
This study 

pJLS25 ∆phoB allele; oriVColE1, oriVR6Kγ, oriTRP4, knR, cmR This study 

pJLS27 oriVR6Kγ, oriTRP4, pES213, mCherry, knR, promoterless- cmR-

gfp 
(32) 

pJLS70 oriVR6Kγ, oriTRP4, pES213, mCherry, knR, pir, PphoB-cmR- gfp 

(Round 1) 
This study 

pJLS71 oriVR6Kγ, oriTRP4, pES213, mCherry, knR, pir, promoterless-

cmR- gfp  
This study 

pJLS137 oriVR6Kγ, oriTRP4, pES213, mCherry, knR, pir, PphoB-cmR- gfp 

(Round 2) 
This study 

pJLS149 oriVR6Kγ, oriTRP4, pES213, mcherry, Pcon-tmpR, lacIq-Ptac This study 

pJLS150 oriVR6Kγ, oriTRP4, pES213, mcherry, Pcon-tmpR, lacIq-Ptac-gfp-

ssrA-ASV 
This study 

pJLS151 oriVR6Kγ, oriTRP4, pES213, mcherry, Pcon-tmpR, lacIq-Ptac-gfp-

ssrA-LAA 
This study 

pJLS152 oriVR6Kγ, oriTRP4, pES213, mcherry, Pcon-tmpR, lacIq-Ptac-gfp-

ssrA-AAV 
This study 
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pJLS153 oriVR6Kγ, oriTRP4, pES213, mcherry, Pcon-tmpR, lacIq-Ptac-gfp This study 

pJLS198 oriVR6Kγ, oriTRP4, pES213, mcherry, Pcon-tmpR, promoterless- 

gfp-ssrA-ASV 
This study 

pJLS203 oriVR6Kγ, oriTRP4, pES213, mcherry, Pcon-tmpR, PphoB- gfp-

ssrA-ASV  
This study 

pJLS298 oriVR6Kγ, oriTRP4, pES213, mcherry, Pcon-tmpR, PphoB- gfp-

ssrA-ASV 
This study 

pJLS1088 oriVR6Kγ, oriTRP4, pES213, mCherry, knR, PphoB-cmR- gfp 

(Round 2) 
This study 

pRK12 KnR, oriVR6Kγ, promoterless cmR-gfp-ssrA R. Kaul 

pVSV33 KnR, oriVR6Kγ, promoterless cmR-gfp (97) 

pVSV102 oriVR6Kγ, oriTRP4, pES213, knR, gfp (97) 

   

Oligonucleotides Sequencec,d  Source 

PhoBupF GGC GCC TAG AGT GTT GTC TGG ACG This study 

PhoBupR ATG GCG CGC CGG ATC CTT CTA GCC ATT CTC This study 

PhoBdnR GGC GTA TCC ATA GGT GCC AGA GAC TGA G This study 

PhoBdnF ATG GCG CGC CGG TAT AAA GGT AAT GGT TGA 

GCG TC 
This study 

NdeIprimer1 CGC GAA ACA TAT GAA A This study 

NdeIprimer2 CGC GTT TCA TAT GTT T This study 

JLSMCS1 GCA TGC TGT AAA ACG ACG GCC AGT ACG TGC 

TAT GCG AGC TCG GGC CCG C 
This study 
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JLSMCS2 GTC GAC GCT AGC CAT TGC GCA GCG CGC TCT 

AGA TAG CGG GCC CGA GCT CGC ATA GC 
This study 

JLSphoBPF2 TAG CAT GCC TGT CAT AAA TCT GTC ATA NNN 

CTG ACA TAW WWC TGT CAC ATG TT  
This study 

JLSphoBPR TAG TCG ACT GNN NNN NNN AAA ATA NNN NNA 

ACA TGT GAC AG 
This study 

JLSphoBPF3 TAG CAT GCC TGT CAT AAA TCT GTC ATA TSR CTG 

ACA TAT WWC TGT CAC ATG TT 
This study 

JLSphoBPR2 TAG TCG ACT GDN CNH AAA ATA NCV DVA ACT 

AGT GAC AG 
This study 

JLSpirF3 TAC CGC GGT TGA CTC TCA TGT TAT TGG CG This study 

JLSpirR3 TAC CGC GGA CGC GTT CAC CCC TTA GCT TTT TTG 

GGA GG 
This study 

DSgfpP1 ACA CTA GTC ACT ACT CTG TGC TAT GG This study 

DSgfpP2 AGCTGCCAATGCGTAGTTTTCGTCGTTTGCGACGTT 

GTA CAG TTC ATC CAT GCC ATG 
This study 

DSgfpP3 GTC GCA AAC GAC GAA AAC TAC GCA TTG GCA 

GCT TGA GGA TCC CCG GGA ATT C 
This study 

DSgfpP4 ACC CGC GGG GAT CTT AGG This study 

JLSgfpF ATG GCT AGC AAA GGA GAA GAA CTC T This study 

JLSssrA-ASV TAT GGA TCC TCA AAC TGA TGC TGC GTA GTT 

TTC GTC GTT TGC GAC 
This study 

JLSssrA-LAA TAT GGA TCC TCA AGC TGC CAA TGC GTA GTT This study 
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TTC GTC GTT TGC GAC 

JLSssrA-AAV TAT GGA TCC TCA AAC TGC TGC TGC GTA GTT TTC 

GTC GTT TGC GAC 
This study 

JLSgfpR GCA GGA TGG TCA GTT GTA CAG TTC ATC CA This study 

pJLS198mCherryPcon 475-bp synthetic DNA fragmente This study 

aDrug resistance abbreviations: cmR, chloramphenicol resistance (cat); knR, kanamycin resistance (aph); 
and tmpR trimethoprim resistance (dfr). 
bPlasmids listed may contain the RP4 origin of transfer (oriTRP4). Replication origin(s) are denoted as ColE1, 
pES213, and/ or R6Kγ. 
cOligonucleotide sequences are provided in the 5’-3’ orientation. 
dNon-standard nucleotides are as follows: N (ACGT), W (AT), D (AGT), H (ACT), V (ACG), S (CG), R (AG) 
eDesigned DNA “Gene block” ordered from Integrated DNA Technologies (Coralville, Iowa), sequence available 
on request 
 

Sequence analyses 

Sequences of over a hundred semi-randomized promoter regions were determined at the 

University of Michigan DNA Sequencing Core Facility. To determine whether nucleotide 

identity at a particular position was significantly correlated with above- or below-average 

fluorescence from the reporter, a Mann Whitney U test was utilized. The reporter data analyzed 

were the GFP/RFP value at an OD of 1.0 from ES114 and JLS9 cultures grown in FMM with 10 

µM or 200 µM KH2PO4. At each position, each nucleotide was compared to the other three 

nucleotides, and similarly, pairs of nucleotides were compared at each position against the other 

pairs (See Results).  

 

Fluorescence assays 

 To measure levels of GFP and mCherry, cultures were grown in 96-well black clear-

bottom plates (Greiner Bio-One, Monroe, North Carolina) in the indicated media. Plates were 

placed in a Synergy 2 plate reader (BioTek) without shaking, and OD595, GFP (480/20 excitation 
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and 528/20 emission), and mCherry (530/25 excitation and 590/35 emission) measurements were 

taken every 30 minutes for 12 hours. OD595 readings were divided by 0.46 so that the value 

corresponds to OD595 over a 1-cm path length. GFP/RFP measurements were compared at a 

corrected OD595 of around 1.0.  

 

Phosphorus concentration assays 

Inorganic phosphorous was measured using the ascorbic acid method (150). Briefly, 1 ml 

of cells was removed at different times during growth, and the cells were removed by 

centrifugation. The supernatant was assayed for inorganic phosphorous directly, or after dilution 

in distilled water, by amending a 500 µl sample with 10 µl 11 N sulfuric acid, 40 µl AM-APT 

(described below), and 20 µl fresh ascorbic acid. The AM-APT was made by dissolving 8 g 

ammonium molybdate and 0.2g antimony potassium tartrate in a final volume of 1 L. The 

ascorbic acid was prepared by adding 60 g to a final volume of 1 L of water and adding 2 mL 

acetone. After mixing the reagents well and incubating at room temperature for 5 min the 

absorbance of the samples at OD650 was determined and compared to a standard phosphorous 

curve.  

 

Microscopy 

 Bacteria were grown on FMM, MOPS medium, or MBM as indicated above with either 

no K2HPO4 added, or the amount of K2HPO4 indicated, for 24 to 48 hours at 28, 30, or 37°C as 

appropriate for the bacterial species being assessed. Colonies of similar size were imaged using a 

Nikon Eclipse E600 microscope with filter set 51005v2 to visualize simultaneously both the 

constitutive red fluorescence and the green fluorescence of the reporter. To asses V. fischeri 
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strains in the juvenile squid light organ, strains were grown in static SWT cultures to an OD600 of 

between 0.4 and 0.7 before diluting to between 3,000 and 7,000 CFU ml-1 in sterile instant ocean 

maintained at 36 ppt. Juvenile squid were exposed to the prepared inocula for 24 hours before 

either dissecting and imaging with the epifluorescent microscope, or fixing for 3 hours in 4% 

paraformaldehyde in mPBS for confocal imaging. Animals used for confocal imaging were then 

washed three times for 30 min. each in mPBS, dissected to expose their light organ, and stained 

overnight with a nuclear dye (Hoechst 33342). Dissected animals were mounted in vectashield to 

preserve fluorophores before imaging. Confocal microscopy was performed using a Zeiss LSM 

510 or 710 confocal microscope. Samples were excited at 488 nm or 561 nm, and visualized at 

an emission wavelength of 495-556nm or 566-669nm for GFP and mCherry, respectively.  

 

ACKNOWLEDGEMENTS  

We thank Alecia Septer and Reni Kaul for generating pRK12, Hannah Bullock and William 

Whitman for assisting with growth and manipulation of R. pomeroyi DSS-3, and Andrew Camilli 

and Anna Karls for sharing strains. The National Science Foundation supported this research 

under grants IOS-1121106, IOS-1557964, and MCB-1716232. The research in this article was 

partially supported by a grant jointly funded by the University of Georgia Franklin College of 

Arts & Sciences, Office of the Vice President for Research, and Department of Microbiology. 

  



 

49 

 

 

CHAPTER 3 

 

ASSESSING ARCA-DEPENDENT REGULATION IN THE LIGHT-ORGAN SYMBIONT 
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ABSTRACT 

 The ArcAB two-component regulatory system represses the lux operon responsible for 

bioluminescence in the light-organ symbiont Vibrio fischeri. This regulation could largely 

account for the difference between bioluminescent symbiotic cells and the dimmer state of V. 

fischeri outside the host; however, the conditions affecting ArcA regulation in V. fischeri in 

culture and in symbiotic cells require investigation. Here we developed a reporter system to 

probe ArcA activity in V. fischeri. To generate an ArcA-specific reporter, we fused the receiver 

domain of ArcA to the DNA binding domain of PhoB and showed that ArcB can control this 

chimeric response regulator to activate a previously developed specific and responsive PhoB-

dependent transcriptional reporter. This activation required the canonical target for 

phosphorylation by ArcB, Asp54, in the ArcA receiver domain. In Escherichia coli, oxidized 

ubiquinone is thought to repress the kinase activity of ArcB, and consistent with that model, 

ubiCA mutants showed increased reporter activity. Unexpectedly, we observed ArcB-

independent activation of the reporter in late-log phase cultures, in ubiCA/arcB mutants, and in 

symbiotic V. fischeri cells. This ArcB-independent activation required the response regulator but 

not its Asp54 residue. Based on experiments with pta/ack mutants and cultures amended with 

acetate, we hypothesize that acetyl-phosphate or acetyl-CoA might activate the ArcA receiver 

domain in vivo. Finally, our results suggested that arcA and arcB mutants should not have the 

same phenotype in symbiosis, which was corroborated in colonization competition experiments. 

We hypothesize that regulation mediated by ArcA in symbiotic V. fischeri cells involves a 

significant ArcB-independent component.  
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INTRODUCTION 

The light-organ symbiosis between the bioluminescent bacterium Vibrio fischeri and the 

Hawaiian bobtail squid, Euprymna scolopes, is a useful model for studying bacteria-host 

interactions. Like other host-associated bacteria, V. fischeri regulates many genes in response to 

the host environment (4, 74). Notably, the lux operon responsible for bioluminescence is induced 

upon infection and enables V. fischeri ES114 to colonize the squid host fully (8-10). Although 

luminescence induction is well known to be cell-density dependent (1-3), V. fischeri’s 

luminescence is dimmer in culture than in the host, even at equivalent cell density, suggesting 

regulation in response to the light-organ environment (4). Luminescence is controlled in part by 

the ArcA/ArcB two-component regulatory system, which directly represses the lux operon in 

culture and could account for the luminescence difference between cultured and symbiotic cells 

(29).  

Control of the lux operon by ArcA, and presumably by other regulators, is influenced by 

a lux-encoded positive-feedback circuit. In addition to its role in luminescence, the lux operon 

directs synthesis of a pheromone that together with LuxR stimulates lux operon transcription. 

This positive feedback amplifies Arc-mediated de-repression of luminescence, and once this 

operon is induced Arc no longer effectively represses it (28). Therefore, the observation that 

ArcA does not repress luminescence in the symbiosis could mean either that ArcA-mediated 

repression of lux is relieved, even temporarily, or that another regulator activates lux, triggering 

positive feedback and overriding Arc-mediated lux repression. In light of these observations, we 

became interested in assessing the regulatory status of Arc in symbiotic and other environments.  

The mechanisms of ArcA/ArcB function in V. fischeri have been largely inferred from 

studies of this system in Escherichia coli. In E. coli, ArcB is activated by growth in reducing 
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conditions and it phosphorylates an aspartate (D54) in the receiver domain of the response 

regulator, ArcA, which in turn modulates the expression of many metabolic genes as cells 

transition from aerobic to microaerobic or anaerobic metabolism (57, 151). A current prevailing 

model is that oxidized quinones decrease ArcB autophosphorylation by oxidizing cysteines in the 

ArcB signal sensing, or PAS, domain (57). As O2 becomes scarce, the quinone pool shifts to a 

more reduced state, ArcB autophosphorylation increases, and ArcA is activated to bind DNA, 

either enhancing or repressing transcription through the downstream promoter (57, 108, 152, 

153). Studies have also suggested ArcB is affected by menaquinones (152, 153) and 

fermentation acids (151, 154, 155). 

In many ways, the Arc system in V. fischeri resembles its counterpart in E. coli, although 

there are differences. ArcA and ArcB share 57% and 84% amino acid similarity between these 

bacteria, respectively, including conservation of amino acids implicated in redox sensing and 

signal transduction (29). Functional conservation is suggested by the observation that V. fischeri 

arcA can complement an E. coli arcA mutant (29). Similarly, in both bacteria the transcriptional 

regulator FNR activates arcA (156, 157), and arcA mediates regulation of succinate 

dehydrogenase (29, 58). A comprehensive bioinformatic analysis further indicated that the V. 

fischeri regulon is similar to the experimentally determined regulon in E. coli (158). On the other 

hand, the V. fischeri Arc system appears more active in well-aerated cultures than one would 

predict based on studies in E. coli (29, 57).  

We wanted to explore the activity of the Arc system in V. fischeri more closely in order 

to understand the impact Arc plays on both bioluminescence and persistence of V. fischeri in the 

squid host. Both the cydAB and the sdhCDAB promoters, which are activated and repressed by 

ArcA, respectively, are frequently used with reporter genes to assess Arc activity; however, these 
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promoters are co-regulated with other global transcriptional regulators, such as FNR and CRP 

(99, 105-109, 159, 160). Our initial attempts to generate an ArcA-specific reporter were 

ineffective; however, we recently developed a specific and responsive synthetic reporter for the 

response regulator PhoB (Chapter 2). In this study, we exploited this PhoB-dependent reporter 

and an ArcA-PhoB chimera to investigate Arc activation.  

 

RESULTS 

Construction and design of an ArcA-dependent reporter 

In order to assess the activation state of ArcA in symbiotic and cultured V. fischeri cells, 

we sought an ArcA-dependent and -specific reporter with low background in the “off” state, and 

high activation by ArcA. Initial attempts to synthesize a promoter to accomplish this objective 

were unsuccessful; however, we recently developed a highly responsive PhoB-dependent 

transcriptional reporter with essentially no PhoB-independent background activity. Both ArcA 

and PhoB are classified as OmpR-type response regulators (42), and we predicted swapping the 

DNA binding domain of ArcA with that of PhoB could generate a chimeric protein responding to 

the phosphorylation signal from ArcB and binding to DNA in a PhoB-specific manner, as has 

been done previously (161) Most response regulators have two domains, the N-terminal receiver 

domain with a conserved aspartate residue accepting the phosphorylation signal from the sensor 

kinase, and a C-terminal DNA binding domain (42, 162). By exchanging the native receiver 

domain with alternative sequences including a flexible peptide linker sequence, 

ESFHPPMDEFRGS, a chimeric PhoB can still bind to consensus PhoB binding sites in manner 

that is dependent on the non-native receiver domain and independent of phosphate concentration 

and PhoB’s cognate sensor kinase PhoR (161).  
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To generate an ArcA-PhoB chimeric protein, we PCR amplified DNA encoding the N-

terminal receiver domain of ArcA, amino acids 1-123 (163), and fused it to DNA encoding the 

C-terminal DNA binding domain of PhoB, amino acids 128-231 (164), with a 13-amino acid 

flexible linker (161, 165) (Figure 3.1a). We predicted the Asp 54 residue in the receiver domain 

of the chimeric protein will be phosphorylated in an ArcB-dependent manner, and upon 

phosphorylation the chimera will activate transcription of a gfp reporter with a PhoB-dependent 

promoter (Figure 3.1b).  

 

Figure 3.1. Generation of a chimeric response-regulator reporter system. (A) A chimeric 
response regulator was generated from the V. fischeri ArcA receiver domain (amino acids 1-
123), a 13-amino acid flexible linker (ESFHPPMDEFRGS), and the PhoB DNA-binding domain 
(amino acids 128-231 from PhoB). (B) Our prediction was that the conserved target for ArcA 
phosphorylation, Asp54, would be phosphorylated by ArcB in response to metabolic cues (e.g., 
the status of the ubiquinone pool), resulting in multimers of the chimera binding the PhoB-
specific promoter and activating the transcription of the gfp reporter gene.  
 

DNA encoding the ArcA-PhoB chimera was inserted onto a previously characterized 

PhoB-dependent reporter plasmid, pJLS203 (Chapter 2), downstream of a consensus promoter. 

This reporter plasmid has constitutive mCherry expression and gfp expression under the control 
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of the PhoB-dependent promoter. In the wild-type strain, the native PhoB should increase GFP 

expression in response to low phosphate conditions; however, if the ArcA-PhoB chimera is 

independent of PhoR and the phosphate-starvation response, the reporter should not be activated 

in response to low-phosphate in a ∆phoB background. Wild-type V. fischeri, ES114, and a phoB 

deletion strain, JLS9 (chapter 2), each harboring the chimeric reporter plasmids with and without 

the PhoB-dependent promoter, were grown in “high” (378 µM PO4) and “low” (37.8 µM PO4) 

phosphate minimal media. GFP was measured at an OD600 of 1.0, as done previously (chapter 2). 

The GFP/OD600 expression in wild type cells is significantly higher in a low phosphate medium 

than compared to a high phosphate medium (P < 0.005), but the medium-specific increase in 

GFP/OD600 is lost in ∆phoB cells (P > 0.3, Figure 3.2). To ensure there is not activation of the 

reporter in a PhoB-dependent manner, all remaining experiments were conducted in a ∆phoB 

background.  

 
Figure 3.2. Chimeric ArcA-PhoB reporter is not responsive to phosphate levels. GFP and OD600 
values were measured for cultures of ES114 (wild type, WT), and JLS9 (∆phoB), JLS9, each 
containing the chimeric ArcA-PhoB protein and the optimized PhoB reporter encoded on 
pJLS217. Cultures were grown in FMM with low (37.8 µM, white bars) or high (378 µM, grey 
bars) phosphate. The GFP/OD600 values of the strains containing the promoterless vector 
(pJLS215) were subtracted from the values shown. The ∆phoB mutant is not significantly 
different in low or high phosphate media (P > 0.3), whereas there is significant activation of the 
PhoB-dependent reporter in ES114 low-phosphate FMM (p < 0.005). GFP/OD600 values were 
taken at an OD600 of 1.0, and error bars indicate standard deviation (n=3). Data shown are from 
one representative experiment of three performed. 
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Specific ArcB-dependent activation of the ArcA-PhoB chimeric reporter  

In V. fischeri, ArcA- and ArcB-dependent repression of luminescence is detectable in 

aerobic cultures grown in rich media (28, 29). To determine if the chimeric protein is 

phosphorylated in an ArcB-dependent manner and able to activate transcription of a reporter 

gene, gfp, we compared the GFP-fluorescence from the reporter in JLS9 (∆phoB) and JLS59 

(∆phoB ∆arcB) grown in the same complex medium, SWTO, in which we see strong ArcA- and 

ArcB-dependent repression of luminescence, with one modification (166). GFP fluorescence is 

quenched by acidity, and V. fischeri acidifies the medium (167, 168). Therefore, we added 100 

mM MOPS pH 7.4 to SWTO to buffer the acid production. We see a significant (p<0.005) 

decrease in GFP expression from the reporter associated with the ∆arcB mutation when cells 

were grown in aerobic cultures to an OD600 of 2.5 compared to the ∆phoB mutant (Figure 3.3, 

chimera, p<0.005). This decrease in fluorescence in JLS59 (∆phoB ∆arcB) approaches 

background fluorescence in control vectors lacking either the PhoB-dependent promoter or the 

ArcA-PhoB chimera gene (Figure 3.3). ArcB phosphorylates ArcA at a conserved aspartate 

residue (D54) (29, 169) and replacing this aspartate residue with an alanine eliminated chimera 

activity under these conditions (Figure 3.3).  

 

V. fischeri quinone mutants’ activation of the ArcA-PhoB chimera  

In E. coli, ArcB is thought to respond to the redox state of the quinone pool (57, 108, 

152, 153), with autophosphorylation of ArcB prevented through conformational changes induced 

by quinone-mediated cysteine oxidation in ArcB’s PAS domain, or signal sensing domain (57). 

If the quinone pool is reduced, for example, by a lack of electron acceptors for respiration, ArcB 

autophosphorylation is favored, leading to activation of ArcA (57, 108). Further, Alvarez et al.  
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Figure 3.3. ArcA-PhoB reporter specificity in V. fischeri. JLS9 (∆phoB; white bars) and JLS59 
(∆phoB ∆arcB; grey bars) carrying plasmid pJLS217 were grown aerobically in buffered SWTO. 
The GFP/OD600 values at an OD600 of 2.5 are shown, with error bars representing the standard 
deviation (n=4). The ∆phoB ∆arcB mutant with the chimera and reporter (Chimera) is not 
significantly different from itself or the ∆phoB mutant with the chimera containing a D54A 
mutation, no promoter, or no chimera. However, with the chimera and PhoB-promoter, the 
reporter in the ∆phoB ∆arcB mutant is less active than the reporter in the ∆phoB mutant 
(Chimera, p < 0.005). Shown is a representative graph of three experimental replicates.  
 
demonstrate that menaquinones are required for activation of ArcB upon shifting to anoxic 

conditions, while ubiquinone is primarily responsible for silencing the kinase activities of ArcB 

during aerobic growth (152). To test if the V. fischeri ArcAB system is regulated in a similar 

manner, we deleted genes required for ubiquinone synthesis, ubiCA, and a gene required for 

menaquinone synthesis, menA.  

 
In the E. coli model, mutants unable to synthesize menaquinone are unable to fully 

activate ArcA (152). Since ArcA appears active in aerobic V. fischeri culture, we investigated the 

effects of a mutation in menA, required for menaquinone synthesis, on the ability of the ArcA-

PhoB chimera to activate the reporter under these conditions; however, deletion of menA had no 

discernable effect under these conditions (Fig. 3.4). Further, based on the model of ArcB being 

inhibited by oxidized ubiquinone (152), we predicted that a deletion of ubiCA would prevent 

ubiquinone synthesis and lead to an increase in fluorescence from the GFP reporter compared to 
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JLS9 (∆phoB) in aerobic culture. Figure 3.4 shows a significant increase in reporter expression 

associated with the ∆ubiCA mutations. Surprisingly however, this activation is ArcB-

independent (Figure 3.4).  

 

 
Figure 3.4. Effects of ∆ubiCA and ∆menA mutations on reporter activity. JLS9 (∆phoB), JLS59 
(∆phoB ∆arcB), JLS60 (∆phoB ∆menA), JLS61 (∆phoB ∆arcB ∆menA), JLS64 (∆phoB, 
∆ubiCA), and JLS65 (∆phoB ∆arcB ∆ubiCA) were grown aerobically in buffered SWTO, where 
the OD600 and GFP fluorescence values were measured at an OD600 of 2.5. The ∆menA mutants 
(JLS60 and JLS61) are not statistically different than the ∆phoB or ∆phoB ∆arcB mutants (JLS9 
and JLS59). However, the ∆ubiCA mutants (JLS64 and JLS65) have increased GFP/OD600 from 
JLS9 (∆phoB) and JLS59 (∆phoB ∆arcB) (p < 0.0002). Data shown are from one representative 
experiment of four, and error bars represent standard deviation of biological replicates (n=4). 
 

ArcB-independent activation of the ArcA-PhoB chimeric reporter in V. fischeri  

We were interested in investigating the ArcB-independent effect seen in the ∆ubiCA 

background (Figure 3.4). Given the connection between Arc activation and fermentative 

products, we considered the possibility that the ∆ubiCA mutants, lacking effective respiration, 

might have an increase in fermentative end products. When grown in unbuffered SWTO 

medium, the ∆ubiCA mutants (JLS64 and JLS65) dropped the pH of the medium significantly 

faster than the parent grown in the same medium (data not shown). Fermentative end products, 

such as lactate and acetate, have been shown to accelerate the rate of ArcB autophosphorylation 
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(170) leading to higher ArcA phosphorylation (171), and inhibit the rate of ArcB phosphatase 

activity (172); however, these mechanisms are still dependent on ArcB.  

We hypothesized that acetyl-phosphate (acetyl-P) or acetyl-CoA might play a role in 

direct activation of the chimera. There is some precedence for this concept, as acetyl-P has been 

used (in the low millimolar range) to phosphorylate ArcA (99) and other response regulators 

(173-178) in vitro (176-178). V. fischeri cells grown in SWTO medium can accumulate acetate 

to more than 5 mM, or up to 14 mM in some mutant strains lacking acs, which is in part 

responsible for the metabolism of acetate to acetyl-CoA (167). Furthermore, the intracellular 

concentration of acetyl-P in E. coli has been determined to range as high as 3 mM to more than 

15 mM depending on growth conditions (179). Acetate metabolism occurs through two main 

pathways in gammaproteobacteria. First, acetate can irreversibly be converted to acetyl-CoA via 

acetyl-CoA synthase (Acs) (180). Second, acetate can be reversibly converted to acetyl-P via 

AckA, which can then be further converted to acetyl-CoA in a reversible reaction by 

phosphotransacetylase, Pta (180).  

 To explore whether acetyl-P is contributing to chimeric-dependent activation in vivo, we 

deleted the genes in the pathway to make acetyl-P, pta and ackA, in both the ∆phoB and ∆phoB 

∆arcB backgrounds. At an OD600 of 2.5, we did not see a significant effect of the ∆pta/ackA 

deletion on reporter activity. However, at slightly higher OD600 values (e.g. 2.8), we see the 

∆arcB mutant (JLS59) display fluorescence over background, and this increase was significantly 

less in JLS69 (∆phoB ∆arcB ∆pta/ackA) (Figure 3.5). This above-background fluorescence was 

both chimera- and PhoB-promoter dependent (data not shown), yet independent of the conserved 

aspartate at position 54 in the receiver domain (Figure 3.5).  
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Since acetyl-P can be made from acetate, we also predicted that exogenous acetate in the 

medium might increase chimera-dependent ArcB-independent reporter activation. Consistent 

with this prediction, JLS59 (∆phoB ∆arcB) has a 2-fold increase in chimera-dependent reporter 

activation with 40 mM acetate added to buffered SWTO (Figure 3.6, ∆arcB).  

 

 
Figure 3.5. Chimera activation in an ArcB-independent manner is decreased in a ∆pta/ackA 
mutant. Specific fluorescence is shown for JLS9 (∆phoB) or mutants JLS59 (∆phoB ∆arcB), 
JLS67 (∆phoB ∆pta/ackA), and JLS69 (∆phoB ∆arcB ∆pta/ackA), harboring the reporter with 
both the chimera and PhoB-promoter (reporter, white bars) of the D54 chimera with promoter 
(light gray bars). Strains were grown in SWTO medium and GFP/OD600 values were taken at an 
OD600 of 2.8. The no promoter and no chimera control values are represented by the dotted line. 
An ANOVA (p<0.05) was performed and error bars indicate standard deviation (n=4). Data 
shown are from one representative experiment of three performed. 
 

Symbiotic activation of the ArcA-PhoB chimera 

We examined the reporter system in symbiotic cells to assess the activation state of ArcA 

in the symbiosis (Figure 3.7). To ensure the GFP reporter is not activated independently of the 

Arc-PhoB chimera in symbiosis, we examined a no-chimera control, which as predicted  
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Figure 3.6. Exogenous acetate increases ArcB-independent reporter activation. The ∆phoB and 
∆phoB ∆arcB mutants (JLS9 and JLS59) were grown in buffered SWTO with and without 40 
mM acetate added (dark gray bars and white bars, respectively). Specific fluorescence is shown 
for the OD600 value of 2.5. The dotted line represents the approximate specific fluorescence of 
the promoterless reporter, * represents p < 3.5E-05, error bars represent standard deviation (n=4), 
and this is a representative graph of three biological replicates.  
 
displayed only the constitutive mCherry fluorescence and not GFP (Figure 3.7). We then 

infected animals with different mutant strains that had the full reporter system (chimera and 

promoter). At 72-hours post-inoculation, these juvenile squid all had symbionts displaying both 

(constitutive) red mCherry fluorescence, and green GFP reporter fluorescence (Figure 3.7). 

Surprisingly, however, deleting arcB resulted in stronger GFP fluorescence, and this activation 

was unaffected by the D54A mutation in the receiver domain of the chimeric response regulator 

(Figure 3.7). Moreover, the D54A substitution in the receiver domain did not seem to affect 

symbiotic activation of the reporter when arcB was present. Finally, the ∆pta/ackA mutation, 

which should decrease acetyl-P levels in the cells had little effect on reporter activation in either 

arcB+ or ∆arcB backgrounds. 
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Figure 3.7. Symbiotic activation of the ArcA-PhoB chimera. Juvenile squid were infected with 
V. fischeri mutants JLS9, JLS59, JLS67, or JLS69 harboring the ArcA-PhoB chimeric reporter or 
reporter variants lacking the chimera or with the D54A mutation in the chimera. Light organs 
were visualized with an epifluorescent microscope under a red or red/green filter 72 hours post 
inoculation. Images are a representative light organ. At least 5 animals were dissected for each 
treatment.  
 
The arcA and arcB mutants do not phenocopy in symbiosis 

Bose et al. saw that an arcA mutant was outcompeted by approximately 4-fold during 

symbiotic competition against wild-type V. fischeri (29); however, given the ArcB-independent 

activation of the chimeric reporter, we predicted an arcB mutant might be more competitive, as it 

seems dispensable for ArcA activation in the symbiosis. We infected juvenile squid with a 1:1 

ratio of mutant, AMJ2 (∆arcA) or ANS71 (∆arcB), to AKD200, a chloramphenicol resistant 

ES114-derivative. Forty-eight hours after inoculation, the ∆arcA mutant was 3.5-fold 

outcompeted with an average Relative Competitive Index (RCI, or the final ratio divided by the 

initial inocula ratio), of 0.3 (Figure 3.8a), similar to the results seen by Bose et al. (29); however, 

the ∆arcB mutant was significantly more competitive, being outcompeted only 1.6-fold with an 

average RCI of 0.6 (Figure 3.8b). 
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Figure 3.8. arcA and arcB mutants are outcompeted during host colonization. The arcA mutant 
(panel a, AMJ2) or the arcB mutant (panel b, ANS71), were competed with AKD200, a 
symbiosis-proficient chloramphenicol-resistant derivative of wild-type strain ES114, in a ~1:1 
ratio. The bacteria were recovered from the squid after 48 hours of infection. Each symbol 
represents the RCI calculated from an individual squid (∆arcA n=84, ∆arcB n= 103). The dotted 
lines represent the average RCI; 0.3 for the ∆arcA mutant and 0.6 for the ∆arcB mutant. Each 
mutant was significantly outcompeted by AKD200 (p < 8E-05). Data shown are the combination 
of at least three independent experiments, each with similar results.  
 

DISCUSSION 

 The ArcAB two-component regulatory system has been extensively studied in the model 

organism E. coli (181). ArcA can activate many genes as a global regulator, including those for 

virulence, conjugation, hydrogenase and other genes regulating metabolism in various bacteria, 

including those in mutualistic or parasitic associations with hosts (57, 182-185). Given the link 

between redox and Arc-mediated repression of luminescence in V. fischeri, Bose et al. 

speculated that pioneer bacteria in the light organ experience oxidative conditions not conducive 

to ArcAB activation, allowing derepression of the lux operon (29). Supporting this model, Septer 

and Stabb demonstrated that ArcA cannot repress luminescence after the LuxIR positive 

feedback loop is initiated inducing bright luminescence (28). In this study, we aimed to generate 

an ArcA-activated reporter to probe the activation state of ArcA in V. fischeri within the host 

Hawaiian bobtail squid, Euprymna scolopes, light organ.  
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 We designed a chimeric protein that would respond to ArcB-dependent activation of 

ArcA via phosphorylation of the Asp54 residue, but that would also bind to a PhoB binding site 

(Figure 3.1). Using this chimeric protein with a previously optimized PhoB-specific reporter 

(chapter 2) in a phoB mutant background, we see activation of the chimera in aerobically grown 

cultures that is both chimera- and promoter-dependent (Figure 3.3), consistent with the aerobic 

activation conditions identified previously (29). Further, we show that activation under these 

conditions is dependent on the conserved Asp54 residue in the ArcA receiver domain (Figure 

3.3), suggesting ArcB can successfully phosphorylate the Asp 54 residue of the ArcA-PhoB 

chimera. This chimeric protein design with the optimized PhoB-dependent promoter should be 

applicable to other two-component response regulators, particularly the OmpR-type family of 

response regulators in which both ArcA and PhoB are classified. Swapping the receiver domain 

of the chimera with other OmpR-type receiver domains could lead to the development of 

additional sensitive and specific reporters for other two-component systems.  

 The E. coli model of ArcB activation hinges on ArcB sensing the redox state of the 

quinone pool (57, 108, 152, 153). Briefly, quinone mediated changes in the PAS domain of ArcB 

via oxidation of cysteine residues, are thought to lock the ArcB dimer in an “off” state under 

oxidative conditions (57). Upon transitioning to micro- or anaerobic conditions, ArcB can 

autophosphorylate and transfer the phosphate group to ArcA at the conserved Asp54 residue (57, 

169). More specifically, ubiquinone is predicted to be responsible for repressing ArcB kinase 

activity in aerobically grown cultures, whereas menaquinone is required for the anaerobic 

activation of ArcB (152).We found that a deletion of menA in V. fischeri had no discernible 

effect in aerobic cultures (Figure 3.4), which is consistent with the E. coli model. Likewise, 

deleting ubiCA resulted in the chimera being activated both earlier (data not shown) and to a 
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greater extent (Figure 3.4), again consistent with the E. coli model. Surprisingly, however, in the 

∆ubiCA background we observed high arcB-independent reporter activation (Figure 3.4). These 

data suggest that while the ArcAB system seems to be similar to E. coli, ArcA activation in an 

ArcB-independent manner may be playing a role in V. fischeri. Although, Loui et al. saw 

unexplained ArcB-independent activation of ArcA in E. coli (186), which could suggest ArcB-

independent activation is more widespread than currently identified, this effect has not been 

reported under most lab conditions.  

We hoped to gain a better understanding of the possible mechanism of ArcB-independent 

activation of ArcA by looking into V. fischeri metabolism. It is possible acetyl-P could act in 

vivo to phosphorylate ArcA in an ArcB-independent manner. Acetyl-P is commonly used to 

phosphorylate response regulators in vitro at concentrations in the low-to-mid millimolar range 

(176-178), and has been reporter to accumulate to 15 mM, or more, under some growth 

conditions (179). Acetyl-P is converted to acetate via AckA (180), and V. fischeri accumulates 

up to 5 mM acetate in wild type cultures before consuming the acetate and converting it to 

acetyl-CoA (167). We deleted pta and ackA, which are required for the reversible conversion of 

acetyl-CoA to acetate through acetyl-P (180), and saw ArcB-independent activation at late 

stationary phase cells (Figure 3.5), and though slight, there was a significant reduction of 

chimeric activation in the ∆phoB ∆arcB ∆pta/ackA mutant (Figure 3.5). These data suggest 

acetyl-P may influence the ArcB-independent activation of the reporter, but it does not appear to 

be solely responsible for ArcB-independent activation, unless there is an alternative source of 

acetyl-P in the cell.  

 Since acetyl-P is an intermediate in the metabolism of acetate and we see some effect of 

acetyl-P on the phosphorylation of the chimera, we predicted the addition of exogenous acetate 
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may increase the ArcB-independent activation of the reporter. With the addition of 40 mM 

acetate, we see a significant increase in chimera activation in the arcB mutant; while we see a 

consistent slight increase in the parent strain, it is not statistically significant (Figure 3.6). 

Together, these data suggest that an accumulation of acetate, such as later in the growth cycle in 

culture (167) or in the squid light organ (74), leads to activation of ArcA in an ArcB-independent 

manner. Acetate can be metabolized to acetyl-CoA, which is then fed into the TCA cycle via two 

independent ways. First, as mentioned before, acetate can be first converted to acetyl-P via 

AckA, which is then immediately converted to acetyl-coA via Pta (179). The second pathway 

includes a direct conversion from acetate to acetyl-coA via Acs (179). We see ArcB-independent 

activation of the chimeric reporter independent of the Asp54 residue, and therefore, we do not 

know what post-translational modification is occurring to elicit the necessary conformational 

change for the chimeric response regulator to become active. Based on the increase in chimera 

activation due to the presence of acetate (Figure 3.6), it is possible this increase is due to acetyl-

P, however, the decrease in chimera activation in JLS69 (∆phoB ∆arcB ∆pta/ackA) mutant 

compared to JLS59 (∆phoB ∆arcB) was minimal (Figure 3.5). It is perhaps more likely the post-

translational modification is due to an increase in acetyl-CoA and could involve acetylation, 

rather than phosphorylation of the chimeric protein. 

 Based on the results of Bose et al. (29), it is unsurprising that we saw the ArcA-PhoB 

chimeric reporter activated in symbiosis with the Hawaiian Bobtail Squid (Figure 3.7). 

Importantly, this activation was chimera dependent, but surprisingly we saw stronger activation 

in the absence of arcB suggesting the possibility that ArcB is playing a stronger role in 

deactivating ArcA in symbiosis than in culture. We show that even in a ∆pta/ackA mutant 

background there is still ArcA-PhoB chimera activation, which still is stronger in the ∆pta/ackA 
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∆arcB mutant background further suggesting that while acetyl-P may be playing a role in the 

activation of the chimeric protein in an ArcB-independent manner, it is not the only mechanism 

of activating the reporter in an ArcB-independent manner. Further, we determined that the ArcB-

independent activation in symbiosis was independent of the D54 residue in the ArcA receiver 

domain. Together these data suggest the ArcB-independent mechanism of ArcA activation in 

symbiosis is significant, and this activity is independent of the conserved aspartate residue in 

ArcA.  

 In light of the detected ArcB-independent chimera activation (Figure 3.5 and Figure 3.6), 

we predicted an arcB mutant would be able to compete against the wild type strain more 

efficiently than an arcA mutant. In a Tn-seq data set generated by Brooks et al., an arcB mutant 

was detected 7-fold less in the bacterial library coming out of symbiosis when compared to the 

library used to infect the squid (95). Whereas an arcA mutant was detected 26-fold less in the 

output, although neither effect was deemed a robust and statistically conclusive indication of 

symbiotic attenuation (95). Consistent with the results of Bose et al. (29), we saw a 3.5-fold 

decrease in competitive fitness (3.5-fold) in an arcA mutant (AMJ2) 48 hours after inoculation 

(Figure 3.8). Consistent with our prediction, we saw only a 1.6-fold drop in competitive fitness 

with an arcB mutant (Figure 3.8). These data further support a role for ArcB-independent 

activation of ArcA in the host light organ.  

In summary, the V. fischeri ArcAB two-component regulatory system has many 

similarities to the published work on this system in E. coli, with some marked differences. We 

identified ArcB-independent activation of a chimeric reporter protein and while we have not 

identified an ArcB-independent mechanism of ArcA activation, we have generated evidence to 

suggest it may relate to acetate metabolism in the cell. Future work should identify the ArcB-
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independent modifications to the chimeric protein, which will help determine the underlying 

mechanism. Additionally, other two-component regulators are important in host colonization 

(38), and we predict this chimeric reporter design of exploiting an optimized PhoB-Dependent 

reporter could be useful in identifying their roles during symbiosis.  

 

MATERIALS AND METHODS 

Growth conditions and media 

Vibrio fischeri ES114 was used as the parent and wild-type strain for all strain 

constructions (4). V. fischeri was grown at 28°C, and all experiments were carried out in one of 

three standard media, LBS (139), FMM (98), or SWTO (29), with SWTO modified with 100mM 

MOPS at pH 7.4, except where indicated. Escherichia coli strains DH5α (144) and DH5α λpir 

(146), were used for all cloning experiments described below, and E. coli was grown in either 

LB medium (187) or BHI medium (Difco) at 37°C. To maintain antibiotic selection, kanamycin 

(kan), chloramphenicol (cm), erythromycin (erm), trimethoprim (tmp), or ampicillin (Amp) was 

added to media at final concentrations of 40, 20, 150, 10 µg ml-1, 100 µg ml-1, respectively for E. 

coli, and 100, 2, 5, and 10 µg ml-1, respectively for V. fischeri. Ampicillin was not used for 

selection in V. fischeri.  

 

Plasmid and strain construction 

All bacterial strains, plasmids, and oligonucleotides used in this study are presented in 

Table 1. Plasmids were maintained in E. coli and mobilized into V. fischeri using triparental 

mating as previously described (145). Chromosomal mutations in V. fischeri were constructed 

through allelic exchange (10) and verified using PCR. To generate the ∆arcB allele, primers 
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ASarcBupF and ASarcBupR were used to amplify ~1.5 kb upstream of arcB and primers 

ASarcBdownF and ASarcBdownR were used to amplify ~1.5 kb downstream of arcB. These two 

fragments were fused and amplified using SOE (Splicing by Overlap Extension) PCR (188), and 

the resulting product was blunt-end cloned directly into pCR-BluntII-TOPO, generating plasmid 

pAS122. To add the origin of transfer required for mating into V. fischeri, plasmids pAS122 and 

pEVS118 were each digested with XhoI and then fused, generating pAS125. The ∆arcB allele on 

pAS125 was placed in ES114 (wild type) and JLS67 (∆phoB ∆pta/ackA), to generate 

ANS71(∆arcB) and JLS69 (∆phoB ∆arcB ∆pta/ackA).  

Strain JLS59 (∆phoB ∆arcB) and JLS67 (∆phoB ∆pta/ackA) were generated through 

allelic exchange using the ∆phoB allele on pJLS25 (chapter 2) mobilized into ANS71 (∆arcB) 

and ∆pta/ackA (∆pta/ackA), respectively. The ∆menA allele was generated in a similar method 

by amplifying ~1.5 kb upstream and downstream of menA using primer pairs 

ASmenAupF/ASmenAupR and ASmenAdownF/ASmenAdownR, respectively. The final SOE-

PCR product was directly cloned into pCR-BluntII-TOPO, generating pAS67. Plasmids pAS67 

and pEVS118 were then fused at their respective KpnI sites to generate pAS70. The ∆menA 

allele on pAS70 was mobilized into JLS9 (∆phoB) and JLS59 (∆phoB ∆arcB), to generate JLS60 

(∆phoB ∆menA) and JLS61 (∆phoB ∆arcB ∆menA), respectively.  

To generate the ∆ubiCA allele, the ~1.5 kb upstream and downstream of ubiCA were 

amplified using primer pairs JBUBI1/JBUBI2 and JBUBI3/JBUBI4 and each cloned into pCR-

BluntII-TOPO to generate plasmids pJLB136 and pJLB137, respectively. To add the required 

origin of transfer, plasmid pJLB136, containing the upstream of ubiC, and pEVS94 were fused at 

their XbaI sites, to generate pJLB147. Plasmid pJLB147 was then digested with SpeI and self-

ligated to remove the ColEI origin of replication and the kanamycin resistance gene, generating 
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pJLB148. To fuse the upstream and downstream sequences together, plasmids pJLB137 and 

pJLB148 were fused at the NheI site, generating the ∆ubiCA allele in pJLB153. Plasmid 

pJLB153 was used for allelic exchange by mobilizing into JLS9 (∆phoB) and JLS59 (∆phoB 

∆arcB), generating JLS64 (∆phoB ∆ubiCA) and JLS65 (∆phoB ∆arcB ∆ubiCA). In order to get 

successful ∆ubiCA mutants, the single recombinants had to be grown in a microaerobic 

environment.  

The ∆pta/ackA mutation was generated in a similar manner. Around 1600bp of upstream 

sequence (ptaupF/ptaupR) was cloned into pCR-BluntII-TOPO, ptaup, while around 1650bp of 

downstream sequence (ptadownF/ptadownR) was cloning into pDMA61, ptadown. Vectors 

ptaup and ptadown were fused together at the AvrII site, forming the deletion construct 

p∆pta/ackA, which was then moved into ES114 to make the ∆pta/ackA mutant. 

 To generate the reporter plasmids, the chimeric arcA-phoB sequence was constructed. 

First, the N-terminal regulatory domain comprised of the first 123 amino acids of ArcA (as 

predicted by (163)) was cloned into pCR-BluntII-TOPO using primers JLSArcAF2 and 

JLSArcA123R3, generating pJLS11. The DNA binding domain of PhoB (as predicted by (137)) 

was amplified using primers JLSPhoB128F3 and JLSPhoBR2, which also added a thirteen 

amino acid linker, ESFHPPMDEFRGS (165), to the 5’ end of the product, generating pJLS12. 

Plasmids pJLS11 and pEVS118 were fused at the KpnI site, and subsequently digested with 

XbaI and self-ligated generating plasmids pJLS13 and pJLS14. Plasmids pJLS12 and pJLS14 

were fused together at the XmnI site, to generate the arcA-phoB chimeric allele in pJLS17. The 

chimera was amplified with primers JLSarcAF5 and JLSPhoBR5, which added an AgeI site 

upstream of the ATG start codon and flanking SalI sites. This fragment was then cloned into the 

XhoI site of pJLS203, generating plasmid pJLS215. Oligonucleotides JLSPconAgeI3 and 
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JLSPconAgeI4 were annealed and inserted into the AgeI site of pJLS215, inserting a near 

consensus promoter with ribosome binding site, generating plasmid pJLS217. To test the effects 

of a mutation to the conserved D54 allele in ArcA, a D54A mutation was made in the chimeric 

protein. First, pJLS217 was digested with SphI and NruI, and a PCR product containing the 

chloramphenicol resistance gene and promoter, amplified by JLScamF and JLScamR, was 

ligated in, generating plasmid pJLS251. Plasmid pJLS251 was again digested with SphI and 

NruI and a fragment containing the D54A mutation was ligated in from a synthesized geneblock, 

JLSArcAD-A, generating pJLS255.  

 

Table 3.1: Strains, Plasmids, and Oligonucleotides used in this study 

Strain Genotypea Source 

Escherichia coli   

CC118 λpir Δ(ara-leu) araD Δlac74 galE galK phoA20 thi-1 rpsE rpsB 

argE(Am) recA λpir 
(144) 

DH5α φ80dlacZΔM15 Δ(lacZYA-argF)U169 deoR supE44 hsdR17 

recA1 endA1 gyrA96 thi-1 relA1 
(146) 

DH5α λpir λpir derivative of DH5α (128) 

Vibrio fischeri   

∆pta/ackA ES114 Δpta/ackA A. Dunn 

ANS71 ES114 ΔarcB A. Septer 

AKD200 ES114 cmR (189) 

ES114 Wild type isolate from E. scolopes light organ (4) 

JLS9 ES114 ΔphoB Chapter 2 
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JLS59 ES114 ΔphoB ΔarcB This study 

JLS60 ES114 ΔphoB ΔmenA This study 

JLS61 ES114 ΔphoB ΔarcB ΔmenA This study 

JLS64 ES114 ΔphoB ΔubiCA This study 

JLS65 ES114 ΔphoB ΔarcB ΔubiCA This study 

JLS67 ES114 ΔphoB ∆pta/ackA This study 

JLS69 ES114 ΔphoB ΔarcB ∆pta/ackA This study 

   

Select Plasmidsb   

p∆pta/ackA ∆pta/ackA allele; oriVcolE1, oriVR6Kγ, oriTRP4, kanR, cmR A. Dunn 

pAS70 ∆menA allele; oriVcolE1, oriVR6Kγ, oriTRP4, kanR, cmR A. Septer 

pAS125 ∆arcB allele; oriVcolE1, oriVR6Kγ, oriTRP4, kanR, cmR A. Septer 

pEVS94 oriVR6Kγ, oriTRP4, ermR (145) 

pEVS104 conjugative helper plasmid; oriVR6Kγ, oriTRP4, kanR (145) 

pEVS118 oriVR6Kγ, oriTRP4, cmR (145) 

pJLB153 ∆ubiCA allele; oriVcolE1, oriVR6Kγ, oriTRP4, kanR, ermR  J. Bose 

pJLS17  arcA1-123ESFHPPMDEFRGSphoB128-231 allele; oriVcolE1, 

oriVR6Kγ, oriTRP4, kanR, cmR  
This study 

pJLS25 ∆phoB allele; oriVcolE1, oriVR6Kγ, oriTRP4, kanR, cmR Chapter 2 

pJLS198 oriVR6Kγ, oriTRP4, pES213, mcherry, Pcon-tmpR, gfp-ssrA-ASV Chapter 2 

pJLS203 oriVR6Kγ, oriTRP4, pES213, mcherry, Pcon-tmpR, PphoB gfp-ssrA-

ASV 

Chapter 2 
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pJLS215 oriVR6Kγ, oriTRP4, pES213, mcherry, Pcon-tmpR, gfp-ssrA-ASV, 

Pcon arcA1-123ESFHPPMDEFRGSphoB128-231 allele  
This study 

pJLS217 oriVR6Kγ, oriTRP4, pES213, mcherry, Pcon-tmpR, PphoB gfp-ssrA-

ASV, Pcon arcA1-123ESFHPPMDEFRGSphoB128-231 allele 
This study 

pJLS255 oriVR6Kγ, oriTRP4, pES213, mcherry, Pcon-tmpR, PphoB gfp-ssrA-

ASV, Pcon arcA1-123ESFHPPMDEFRGSphoB128-231D54A allele 
This study 

   

Oligonucleotidesc Sequence  Source 

ASarcBdownF GAATATTATCAGGGTATGTTTATGGTCGACTAAGGAA

TAATATGAAGAAGGTAC 
A. Septer 

ASarcBdownR AGAGCTTTATCTTGTTATTGAC A. Septer 

ASarcBupF CTTATTGTGACGTGCAAAC A. Septer 

ASarcBupR GTCGACCATAAACATACCCTGATAATATTC A. Septer 

ASmenAdownF TATTCACTATTTTTGCGATGCTATGCCTAGGTAAAAAC

GAAAGCGGCTTATC 
A. Septer 

ASmenAdownR AAAGAACGTCAGATGTTGGTA A. Septer 

ASmenAupF CACAAGACTATTATCAACAATGCA A. Septer 

ASmenAupR TTACCTAGGCATAGCATCGCAAAAATAGTGAATA A. Septer 

JBUBI1 CGCATTATCAAACCCTAGAGCAGGAC J. Bose 

JBUBI2 GCTAGCCATATTCTCTATAACCTCTTTCACATATATTGC J. Bose 

JBUBI3 GCTAGCTAACGTGTTGTTTTAAAAGAAAAGCCAG J. Bose 

JBUBI4 CCCTGCGGGTCCTATTTTCCGTCGC J. Bose 

JLSArcAF2 TACCCGGGATGCAAACCCCACAGATCC This study 
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JLSArcAF5 CGTAGTCGACACCGGTATGCAAACCCCACAGATCC This study 

JLSArcA123R3 TAGAATGTATTCGTTCATTGAACGAGTTAATAAGTTAC

GTGC 
This study 

JLSPconAgeI3 CCGGGTTGACATAAAGTCCAAGATAGTCTATAATGCG

GATAGCGCGCCTCTGAGGAAG 
This study 

JLSPconAgeI4 CCGGCTTCCTCAGAGGCGCGCTATTCGCATTATAGACT

ATCTTGGACTTTATGTCAAC 
This study 

JLSPhoBR2 TACCCGGGTTATGACGCTTGTACAGAGAAGCG This study 

JLSPhoBR4 CGTAGTCGACTTATGACGCTTGTACAGAGAAGCG This study 

JLSPhoB128F3 TAGAATACATTCCACCCACCAATGGATGAATTTAGAG

GTTCAGAAGAGCTGATTGATG 
This study 

JLSCamF ATGCCACGTGGCATGCCTGGGCCAACTTTTGGCG This study 

JLSCamR ATGCGGATCCTCGCGAGCACCAGGCGTTTAAGGG This study 

Geneblock 

JLSArcAD-A 

CACGAAGTTCGCGAGCAAGAAGAAGGCCATTTTTACC

TGGCAGGTTAATAGCCATAATCACAAGATTAAGCTGC

TGTTCAGAAAGCACTTTATGCATTTCTTCGCCATCGCT

AGCTTCAAAAACATTGTAGCCTTCAGCTTCAAAAATG

CTTTTTAACGTATTACGAGTTACGTGTTCATCTTCAAC

GATTAGGATCTGTGGGGTTTGCATACCGGCTTCCTCAG

AGGCGCGCTATCCGCATTATAGACTATCTTGGACTTTA

TGTCAACCCGGTGTCGAGCCCGGGCATGCCTAGGTA 

This study 

ptadownF AATCCTAGGTAATTTCATGCTCTAGAAATAGAGCGTAG A. Dunn 

ptadownR GTC AAT GGC TCC ATT TAT GTC ATG TG A. Dunn 
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ptaupF ATTCACGTCAACACCAGCACTT A. Dunn 

ptaupR AATCCTAGGAACCAGCTTAGACATGTATAAATACCTA

TTT 
A. Dunn 

aDrug resistance abbreviations: ampR, ampicillin resistance (bla); cmR, chloramphenicol resistance (cat); kanR, 
kanamycin resistance (aph); and tmpR trimethoprim resistance (dfr). 
bPlasmids listed may contain the RP4 origin of transfer (oriTRP4). Replication origin(s) are denoted as oriVColE1, 
pES213, and/ or oriVR6Kγ. 
cOligonucleotide sequences are provided in the 5’-3’ orientation. 
 

Growth and fluorescence assays 

 All growth and fluorescence assays were carried out in 96-well black plates, with clear 

bottoms (Greiner Bio-One) using the protocols described previously (Chapter 2), with the 

following modifications. The plates were shaken in the plate reader continuously, and the plates 

were read for a full 24 hours. Juvenile squid were inoculated as previously described (189). Prior 

to dissection 72 hours after inoculation to expose the light organ, juveniles were anesthetized 

with by adding MgCl. Light organs were visualized using a Nikon Eclipse E600 microscope with 

filter set 51005v2 to visualize both the green fluorescence of the reporter and the constitutive red 

fluorescence simultaneously.  

 

Squid competition assays 

 Squid competition assays were performed with fresh juvenile squid (less than 24 hours 

old) as described previously (189). Briefly, hatchlings were moved to dishes containing 100 mL 

of Instant Ocean (Spectrum Brands, Blacksburg, VA) mixed to 36 ppt and containing an equal 

ratio of mutant to AKD200, which is a chloramphenicol marked derivative of wild type. After 

~14 hours and ~32 hours post-inoculation, the juvenile squid were moved to filter-sterilized 

Instant Ocean. The experiments were stopped after 48 hours by placing the squid into the -80 C 
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freezer. The squid were later dilution plated onto LBS and colonies were patched onto LBS 

amended with chloramphenicol to calculate the mutant to AKD200 ratio. The relative 

competitive index (RCI) was calculated by dividing the mutant-to-AKD200 ratio in the final by 

the inoculum ratio. Log transformed values were used to calculate the average and the statistical 

significance.  
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CHAPTER 4 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 The purpose of this dissertation was to investigate the activation state of two global 

regulators, ArcA and PhoB, in the marine bacterium Vibrio fischeri. I developed reporters 

enabling me to measure ArcA- or PhoB-dependent activation in cells grown in different culture 

conditions, and to qualitatively visualize activation in symbiotic cells colonizing the Hawaiian 

Bobtail Squid, Euprymna scolopes. The squid-Vibrio symbiosis is a valuable natural symbiosis 

to study pheromone signaling and host-bacterial interactions, because it can be reconstituted in 

the lab (6, 11), the eggs are laid symbiont-free (7), and the bacteria are genetically tractable and 

easily cultured outside of symbiosis. Bioluminescence in V. fischeri is required for full 

colonization of the host (8-10), and it is pheromone regulated (1-3). However, bioluminescence 

from V. fischeri strain ES114, originally isolated from E. scolopes, is only induced to high levels 

inside the host and not in free-living cells (4). Two environmental regulators of bioluminescence 

in culture are PhoB and ArcA (28-30), and both PhoB and ArcA are required for V. fischeri to 

compete effectively to colonize E. scolopes (29, 38). My goals were to determine the state of 

these regulators during symbiotic colonization, as well as to explore the activation signals for 

ArcA.  

 In Chapter 2, I developed a transcriptional reporter to examine the when PhoB was 

active. A series of observations had led to the hypothesis that the PhoB-dependent low-phosphate 
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response is activated in symbiotic cells. As noted above, luminescence is induced in the 

symbiosis, and it is also induced about ~10 fold in culture when phosphate is low and phoB is 

present (30). Additionally, a phoB mutant and transposon-insertion mutants in pstA and pstS, 

genes encoding the high affinity phosphate transporter, have competitive colonization defects 

(30, 38). Therefore, Lyell et al. hypothesized that the light organ is a phosphate limiting 

environment for symbionts, which could contribute to the luminescence induction (30). More 

recently however, a transcriptomic study of V. fischeri cells vented from the host suggested the 

PhoB-regulon is not upregulated, and therefore the squid light organ is not phosphate limiting for 

V. fischeri (66). My observation that PhoB is in a conditionally active state within the squid light 

organ could be consistent with each of these apparently conflicting reports.  

 Inside the squid’s bi-lobed light organ, symbionts encounter distinct microenvironments. 

The light organ has three deep crypts on each side, named 1, 2, and 3 (Figure 1.1, (12)). Dunn et 

al. showed that when hatchling squid are co-colonized with two different strains, the bacterial 

populations within the crypts largely segregate, with fewer than 10% of the crypts showing a 

mixture of the two strains (97). Thus, there appear to be physical barriers separating populations 

in these different compartments. Additionally, a delay in the induction of the lux operon in cells 

within crypt 3 was detected (97), suggesting sufficient variation between crypt spaces to produce 

transcriptional differences between the bacterial sub-populations colonizing them. Moreover, 

Sycuro et al. found that the crypts are not vented equally. The bacteria in crypt 1 are mostly 

vented, but the bacteria found in crypts 2 and 3 are largely retained (96). Together with my 

symbiotic PhoB-dependent reporter data, I propose that the phosphate levels vary between 

different colonized microenvironments of the squid light organ. Specifically, if the crypt 1 is 

more phosphate-replete than is crypt 2 or crypt 3, such a pattern would be consistent with both 
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the transcriptomic data collected by Thompson et al. (66), largely from cells vented from crypt 1, 

and with my results suggesting that crypt 2 is more phosphate-limited than crypt 1 (Figure 2.7). 

The number of juvenile squid examined with symbionts carrying my PhoB-dependent reporter 

should be expanded in the future to test the extent of crypt-specific PhoB-dependent activation; 

however, my results already underscore the power of using gfp to examine expression in situ. 

 In Chapter 3, I sought to further investigate the state of the Arc system in culture and in 

symbiosis. Previous work suggested that the ArcAB system in V. fischeri has both similarities to 

and differences from the well-studied system in Escherichia coli. Bose et al. showed that ArcA 

from V. fischeri can complement an arcA mutant in E. coli, suggesting some functional similarity 

(29). However, they also showed that ArcA represses luminescence in aerobic culture ~500-fold, 

suggesting ArcA is in an active state aerobically, which differs from the model of ArcA 

activation in E. coli, where ArcA appears to be activated in the transition from aerobic to 

microaerobic or anaerobic conditions (29, 57). These data raise the possibility of a different 

activation signal in V. fischeri, rather than the relative oxidized versus reduced state of the 

quinone pool as proposed in E. coli (57, 108, 152, 153). Bose et al., also showed that while V. 

fischeri ArcA does not repress luminescence in symbiosis, ArcA is required to be competitive in 

the squid in co-inoculations (29). More recently, Septer and Stabb showed that direct Arc-

mediated repression of the lux operon is actually relatively weak, and they showed that de-

repression of luminescence upon the loss of ArcA activity is amplified by the LuxIR positive 

feedback loop (28). These data suggest that while the ArcAB system is not repressing 

luminescence in symbiosis, it is active in the light organ at some point. Through the generation 

of an ArcA-dependent reporter, my goal was to further investigate the environmental cues 

activating Arc in V. fischeri and to assess the state of Arc in symbiosis.  
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 In E. coli, after detecting an environmental signal consistent with a relatively reduced 

environment, ArcB autophosphorylates and that phosphate group can then be transferred to the 

Asp-54 residue on ArcA, which stimulates the Arc regulon (57, 151). I found that by replacing 

the aspartate residue at position 54 in the receiver domain of V. fischeri’s ArcA with an alanine, I 

can disrupt ArcA activation (Figure 3.3). Therefore, it appears as though ArcA is 

phosphorylated, and therefore activated, by ArcB in similar manner to E. coli. Surprisingly, the 

arcB mutant retains significant ArcA-dependent activation of a transcriptional reporter in 

symbiosis (Figure 3.7). This result was the opposite of our expectations, and further motivated us 

to identify the activating signal for ArcA. As mentioned above, the reduced state of the quinone 

pool has been shown to influence ArcB autophosphorylation in E. coli (57, 108, 152, 153). I 

found that the presence or absence of quinones does influence ArcA activation in V. fischeri, 

however, there appears to be significant ArcB-independent activation in a ubiquinone synthase 

mutant (Figure 3.4). Further, I show that this ArcB-independent activation is independent of the 

conserved Asp-54 residue in ArcA (Figure 3.5). Together, these data begin to shed light on an 

important aspect of V. fischeri’s Arc activation that is not accounted for in the current paradigm 

model of Arc activation in E. coli.  

 In addition to the proposed role of quinones in modulating ArcB activity, it also appears 

that fermentative acids, such as lactate and acetate, can accelerate the rate of ArcB-

autophosphorylation in E. coli (151, 154, 155). The mechanism and significance of fermentation 

acids affecting Arc has been debated, but it may be important in V. fischeri. Doudoroff detected 

formic acid as the major acid produced during glucose fermentation in V. fischeri, with smaller 

contributions from acetate, lactate, and succinate (168). Acetate is produced in a reversible 

reaction from acetyl-CoA, with acetyl phosphate (acetyl-P) as an intermediate (180). Acetyl-P is 
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used to phosphorylate response regulators in vitro in the low millimolar range (176-178), and 

some suggest acetyl-P can accumulate in the cytoplasm of bacterial cells to levels between three 

and fifteen mM (179). Therefore, we focused on the potential for acetyl-P to act as the ArcB-

independent signal activating ArcA. I show that a mutant in V. fischeri unable to produce acetyl-

P via Pta or AckA has less ArcB-independent activation of the ArcA-dependent reporter; 

however, the reporter still shows some ArcB-independent activation (Figure 3.5) indicating 

acetyl-P production may not be the entire signal, or that there is another pathway for the cell to 

make acetyl-P. Furthermore, I show that the addition of 40 mM acetate to the culture medium 

increases the ArcB-independent activation of the ArcA-dependent reporter (Figure 3.6).  

Because deletion of pta and ackA, which presumably leads to lower acetyl-P 

accumulation, did not prevent the activation of the ArcA-dependent reporter, another possible 

mechanism of Arc modulation is the acetylation of the ArcA receiver domain by acetyl-CoA. 

There is precedence for this mechanism, as dual post-translational control of a response regulator 

by both phosphorylation and acetylation has been previously demonstrated in CheY (190). Acs 

converts acetate directly to acetyl-CoA in an irreversible reaction. To test if acetylation of the 

response regulator is a possibility in V. fischeri, we are mutating genes in the two pathways for 

acetate metabolism to acetyl-CoA (pta/ackA and acs). If the increase in ArcB-independent 

activation of the reporter upon addition of acetate is minimized in these mutants, it is possible 

acetyl-CoA is acetylating the protein. Further, a poly-His tag is being added to the N-terminus of 

the chimeric protein used in the ArcA-dependent reporter. Mass spectroscopy of this protein 

purified from cells grown under ArcB-independent Arc-activating conditions would enable 

identification of any such post-translational modifications.  
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 Overall, my research discovered ArcB-independent activation of ArcA in V. fischeri, 

which is present in late stationary phase in culture and in the squid light organ. These results add 

to our understanding of how Arc regulates transcription in V. fischeri, but the precise signal 

activating ArcA remains elusive. We have some indication that acetate metabolism may play a 

role, and future work will focus on testing these predictions further.  

 My research also developed techniques to optimize transcriptional reporters for in situ 

analyses. First, I generated the PhoB-dependent promoter by starting with a semi-randomized 

DNA sequence, screening fewer than 100 promoters, finding specific nucleotide positions that 

significantly correlated with optimal performance (low background and high signal), and honing 

in on an optimized promoter (Figures 2.1 and 2.2). I showed that this reporter is activated at 

physiologically relevant environmental phosphate levels (Figure 2.3), and demonstrated its 

activity in other proteobacteria (Figure 2.4). Additionally, I tested GFP derivatives and found one 

where the half-life in V. fischeri is decreased from over 24 hours to approximately 81 min 

(Figures 2.5 and 2.6). This “Goldilocks” GFP derivative is stable enough to be measureable, yet 

fluorescence output is more temporally relatable to transcriptional activity. This reporter design 

method, in conjunction with the destabilized GFP, should be applicable to other transcriptional 

regulators, and has been used in part previously to design a CRP-dependent promoter (32).  

The high sensitivity of the PhoB-dependent promoter, with a high output and minimal 

background, has broad implications for monitoring gene expression in bacteria. For example, in 

Chapter 3, I designed a chimeric protein comprised of domains from the response regulators 

ArcA and PhoB. I showed that the chimeric protein is activated by ArcA’s cognate histidine 

kinase, ArcB, yet activates transcription in a PhoB-dependent manner (Figures 3.1 and 3.2). In a 

similar way, transcriptional reporters for other response regulators can be generated, using the 
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PhoB DNA binding domain and the optimized PhoB-dependent reporter. Many response 

regulators change the transcription at native promoters minimally, and/or the native promoters 

are regulated by multiple transcription factors (29, 99, 105-109, 159, 160). By using a chimeric 

protein with a response regulator receiver domain fused to the PhoB DNA binding domain in 

conjunction with the PhoB-dependent promoter, the chances of coregulation are minimized and 

the distinction between reporter “on” and “off” states is clear.  

It is clear that two-component regulatory systems are important for V. fischeri to thrive in 

the squid, as mutations in the response regulators of at least fifteen of the forty predicted systems 

led to decreased colonization competitiveness (29, 38). It will be interesting to study the 

activation state of these systems during symbiosis, and the chimeric response regulator approach 

described above would facilitate this research. Bacterial two-component response regulators are 

divided into four main groups: CheY-like, NarL-like, OmpR-like, and NtrC-like (42, 46). CheY-

like response regulators are unique in that they lack DNA binding motifs (46), and would 

therefore make inappropriate targets for the chimeric reporter approach. Further, NarL-like and 

NtrC-like response regulators have different DNA binding domains from the winged helix-turn-

helix (wHTH) domain of the OmpR-like response regulators (42, 46, 173), for which both ArcA 

and PhoB have been classified. Thus, I would predict the chimeric approach would work best for 

response regulators characterized as OmpR-like.  

V. fischeri has thirteen predicted OmpR-like response regulators, and of these, only five 

have characterized homologs in other bacteria (38). Of the OmpR-like regulators, only ArcA and 

PhoB have known impacts on luminescence (29, 30), and only ArcA and CpxR appear to affect 

motility (38). Mutants lacking ArcA, PhoB, VFA_0179, and VFA_0181, are less competitive in 

colonizing the host (29, 38). Recently, a Tn-seq data set revealed that insertions in genes for two 
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of the regulators, cpxR and VF_0436, were depleted in every sample passaged through the squid 

when compared to the input (95). As noted above, I would predict the described response 

regulator chimera approach, exploiting the DNA-binding domain of OmpR-type regulator PhoB, 

would be most successful with other OmpR-type response regulators. I would start by 

interrogating the activation state of CpxR, VFA_0179, VFA0181, and VF_0436, as evidence 

suggests those response regulators have the greatest symbiosis-specific role in V. fischeri, yet 

they have not yet been characterized. In this way, the tools and methodologies developed in this 

dissertation should continue making contributions to our understanding of this model symbiosis.  
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