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Analysis of the regulons controlled by transcriptional regulators LuxR and LitR 

in Vibrio fischeri 

Nan Qin 

Ann M. Stevens, Chair 

Department of Biological Sciences 

(ABSTRACT) 

Quorum sensing is a bacterial signaling system that controls gene expression 

in a population density-dependent manner. In Gram-negative proteobacteria, the cell 

density control of luminescence was first observed in the symbiotic marine bacterium 

Vibrio fischeri and this system is one of the best studied quorum sensing systems. 

Two-dimensional sodium dodecyl sulfate-polyacrylamide (2D-SDS) gel 

electrophoresis analysis previously identified several non-Lux proteins in V. fischeri 

MJ-100 whose expression was dependent on LuxR and 3-oxo-hexanoyl-L-homoserine 

lactone (3-oxo-C6-HSL). A lacZ reporter was used to show that the promoters for 

qsrP, acfA, and ribB were directly activated via LuxR-3-oxo-C6-HSL in recombinant 

Escherichia coli. The sites of transcription initiation were established via primer 

extension analysis. Based on the position of the lux box-binding site near position –40, 

all three promoters appear to have a class II-type promoter structure. Real-time reverse 

transcription-PCR was used to study the temporal expression of qsrP, acfA, and ribB 

during the exponential and stationary phases of growth, and electrophoretic mobility 

shift assays were used to compare the binding affinities of LuxR to the promoters 

under investigation.  

In order to fully characterize the LuxR regulon in V. fischeri ES114, 

microarray analysis was performed in the Greenberg lab (University of Washington) 

and 18 LuxR-3-oxo-C6-HSL regulated promoters were found including 2 genes (qsrP 



 iii

and acfA) identified previously in MJ-100 in addition to the well-studied lux operon. 

In collaboration with them, full-length purified LuxR protein was used to show direct 

interaction between the LuxR protein and 7 genes/operons newly identified out of 13 

genes/operons examined.  The binding affinity between LuxR proteins and those 

genes was also measured. 

Based on the sequence of the lux boxes of the known genes regulated by LuxR 

and LitR, a position specific weight matrix (PSWM) was created and used to search 

through the intergenic regions of the V. fischeri ES114 genome. Some potential LuxR 

and LitR-regulated genes with high score were tested experimently to confirm direct 

activation. For the LuxR regulon, these possible LuxR-regulated promoters were 

cloned into a lacZ reporter and tested for their LuxR dependence. Beyond the genes 

found in microarray, the promoter of the intergenic region VFA0658-0659 was found 

to be activated by LuxR and 3-oxo-C6-HSL. For the LitR regulon, two LitR-regulated 

genes found in the microarray were also identified using PSWM and confirmed by 

real-time PCR to be dependent on LitR for expression. EMSA experiments showed 

that LitR can specifically bind to the litR boxes of LitR-regulated genes, litR and 

VF0170 which confirmed that the regulation is direct. 
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Introduction to Quorum Sensing  

Quorum sensing is a bacterial signaling system that controls gene expression 

in a population density-dependent manner. It is an example of community behavior 

that exists among diverse bacterial species. In quorum sensing, a bacterial species 

takes a population census, and only at high cell densities are certain functions induced 

(for reviews, see Fuqua et al, 2001; Gonzalez et al, 2006; Miller and Bassler, 2001; 

Waters et al, 2005; Withers, 2001). In Gram-negative proteobacteria, the cell density 

control of luminescence was first observed in the symbiotic marine bacterium Vibrio 

fischeri and this system is one of the best studied quorum sensing systems. Although 

many of the known systems have unique features, the V. fischeri luminescence system 

is considered a model for studies of the basic mechanism of quorum sensing. This 

organism occurs free-living in the sea water and also colonizes the light organ of a 

variety of marine fishes and squids where it occurs at very high densities (1010 

cells/ml) and produces light (Nealson and Hastings, 1979).  In the symbiotic 

association the eukaryotic host supplies V. fischeri with a nutrient-rich environment in 

which to live. The role of V. fischeri is to provide the host with light (Ruby and 

McFall-Ngai, 1992; Ruby et al, 1996; Visick, 2000). Each eukaryotic host uses the 

light provided by the bacteria for a specific purpose. In the squid Euprymna scolopes-

V. fischeri association, the squid has evolved an antipredation strategy in which it 

counter-illuminates itself using the light from V. fischeri. Counter-illumination 

enables the squid to avoid casting a shadow beneath it on bright clear nights when the 

light from the moon and stars penetrates the seawater (Ruby and McFall-Ngai, 1992; 

Visick, 2000). In contrast, the fish Monocentris japonicus uses the light provided by V. 

fischeri to attract a mate (Nealson and Hasting, 1979). 
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The bacteria can produce an intercellular signaling molecule, commonly 

termed an autoinducer (acyl-homoserine lactone) through the activity of an 

autoinducer synthase (Eberhard et al, 1986). Accumulation of the autoinducer to a 

certain level leads to activation of a particular set of genes. In V. fischeri, 3-oxo-C6-

HSL is an autoinducer synthesized by the bacterium that is used to self-sense 

population levels in a given environment. As the levels of this autoinducer signal rise, 

complexes form between it and an autoinducer-dependent transcriptional activator. 

The complex can activate transcription of the target genes such as the luminescence 

operon in V. fischeri. 

Although quorum sensing was originally discovered in Gram-negative 

proteobacteria in the marine bioluminescent bacteria Vibrio harveyi and V.  fischeri, 

now it also has been identified in pathogenic bacteria such as the human  pathogen 

Pseudomonas aeruginosa (Gambello et al, 1991) and the plant pathogens Erwinia 

carotovora and Agrobacterium tumefaciens. In fact, there are now over 50 species 

recognized to produce acyl-homoserine lactone (acyl-HSL) signal molecules and 

these signals regulate a diverse range of bacterial processes (for reviews, see Fuqua et 

al, 2001; Miller and Bassler, 2001; Withers et al, 2001; Waters et al, 2005). 

Not only restricted to Gram-negative bacteria, the Gram-positive bacteria also 

use quorum sensing to regulate a variety of processes. However, in contrast to Gram-

negative bacteria, which use HSL autoinducers for quorum sensing, Gram-positive 

bacteria use secreted peptides as autoinducers for quorum sensing. Peptide signals are 

not diffusible across the membrane, so signal release is mediated by dedicated 

oligopeptide exporters (Bassler, 1999). In contrast to the widespread use of LuxR-

type proteins used as autoinducers sensors by Gram-negative bacteria, Gram-positive 

bacteria use “two-component”-type membrane-bound sensor histidine kinases as 
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receptors (Kleerebezem et al, 1997; Lazazzera et al, 1997). Signaling is mediated by a 

phosphorylation cascade that influences the activity of a regulatory protein termed a 

response regulator.  For example, the invasive pathogen Staphylococcus aureus uses 

octapeptides and AgrC/AgrA “two-component” system to regulate the virulence 

system (Novick, 1999). 
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Molecular Basis of Quorum Sensing in Gram-negative Proteobacteria: 

I: The Vibrio fischeri Quorum Sensing System 

In the Gram-negative bioluminescent marine bacterium V. fischeri, 3-oxo-C6-

HSL is the diffusible autoinducer produced by the autoinducer synthase LuxI 

(Eberhard et al, 1986).  As the levels of 3-oxo-C6-HSL rise, complexes form between 

it and an autoinducer-dependent activator of transcription, LuxR.  The complex can 

then activate transcription of the lux operon by binding to the lux box in the promoter 

region, leading to an increase in bioluminescence (Fig. 1-1) (reviewed in Stevens and 

Greenberg, 1999). The 252 amino acid, two domain LuxR polypeptide is one of the 

most studied members of a family of over 50 transcriptional regulator proteins 

involved in acyl homoserine lactone mediated quorum sensing (reviewed in Fuqua et 

al, 2001; Whitehead et al, 2001).  

The luminescence genes in V. fischeri are arranged in two units, one unit 

contains luxR, and the other unit, which is activated by the LuxR protein together with 

autoinducer, contains the luxICDABEG operon (Engebrecht et al, 1983). The luxI 

gene is the only V. fischeri gene required for synthesis of the V. fischeri autoinducer 

3-oxo-C6-HSL in Escherichia coli. The remaining genes encode the proteins required 

for the emission of light. The luxA and luxB genes encode the α and β subunits of the 

luciferase enzyme, which catalyses the reaction of reduced flavomononucleotide 

(FMNH2), long-chain aliphatic aldehyde and oxygen, producing oxidized 

flavomononucleotide (FMN), aliphatic acid, water and light. The luxC, luxD and luxE 

genes encode the aliphatic acid reductase complex that recycles the acid to aldehyde, 

and luxG is believed to participate in FMN metabolism (Lupp et al, 2003; Swartzman 

et al, 1990).  
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Within the luxR-luxI regulatory region is a binding site for the cyclic AMP 

receptor protein (CRP) centered at around –60 bp from the start of luxR transcription 

(Shadel et al, 1990) that positively influences luxR expression. There is also a 20-base 

pair inverted repeat sequence, called a lux box, located upstream of the lux operon 

transcriptional start site centered at -42.5 from the start of luxI transcription (Devine et 

al, 1989) (Fig. 1-2). Transcriptional activation by LuxR is dependent on the position 

of the lux box relative to the promoter and both halves of the dyad repeat are required 

(Devine et al, 1989; Egland and Greenberg, 1999; Fuqua et al., 1994; Gray et al, 

1994).  

Another acyl-HSL synthase, AinS, which is specific for the synthesis of N-

octanoyl-L-homoserine lactone in V. fischeri (Gilson et al, 1995; Hanzelka et al, 

1999), also influence lux expression. The ainS gene encodes a 45,580-Da protein 

which exhibits no similarity to LuxI or to any of the LuxI homologues responsible for 

the synthesis of N-acyl-L-homoserine lactones in a variety of other bacteria. It has 

been found that the signal produced by this system modulates the LuxI-LuxR quorum 

sensor by competing with 3-oxo-C6-HSL for binding to LuxR; an ainS mutant of V.  

fischeri that can't synthesize octanoyl-HSL is induced to luminescence at lower 

population densities than wild-type cells (Kuo et al, 1996). Edward Ruby and his 

colleagues showed that the AinS-signal is the predominant inducer of luminescence 

expression in culture, whereas the impact of the LuxI-signal is apparent only at the 

high cell densities occurring in symbiosis. The two quorum-sensing systems in V. 

fischeri, ain and lux, sequentially induce the expression of luminescence genes and 

possibly other colonization factors (Lupp et al, 2003). 

The 252-amino-acid LuxR polypeptide has two domains (Urbanowski et al, 

2004). The N-terminal domain (about two-thirds of the peptide) is believed to be 
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membrane associated and to function as a receptor for the 3-oxo-C6-HSL ligand 

(Hanzelka and Greenberg, 1995; Kolibachuk and Greenberg, 1993). In response to 

binding the 3-oxo-C6-HSL, the N-terminal domain modulates the activity of the C-

terminal domain (CTD) (about one-third of the peptide).  Binding of 3-oxo-C6-HSL 

permits multimerization of LuxR and subsequent activation of transcription of the lux 

operon, which is carried out by the CTD (Choi and Greenberg, 1991 and 1992; 

Stevens and Greenberg, 1999).  The CTD of LuxR has a helix-turn-helix motif and 

binds to a 20 bp region of DNA, the lux box (Egland and Greenberg, 2000).  When 

LuxR functions as an activator of transcription at the luxI promoter, it is proposed to 

function as a homodimer in an ambidextrous manner similar to the cyclic AMP 

receptor protein (CRP) at a class II-type promoter (reviewed in Busby and Ebright, 

1999; Rhodius and Busby, 1998) contacting both the alpha and sigma subunits of 

RNA polymerase (Finney et al, 2002).  For a long time in vitro biochemical studies of 

LuxR were limited due to an inability to purify the full-length protein.  However, this 

feat was finally accomplished in the presence of 3-oxo-C6-HSL and it was shown to 

bind to the lux box in vitro.  Binding of 3-oxo-C6-HSL to LuxR appeared to be 

reversible in this system. (Urbanowski et al, 2004).  The ability of LuxR to bind to the 

promoters of additional genes in V. fischeri MJ-100 is examined in Chapter 2 of this 

study. 

There are several other LuxR-type proteins found in Gram-negative 

proteobacteria. TraR protein, which was purified from A. tumefaciens, has been best 

studied in vitro and a crystal structure of it has been published (Luo and Farrand, 1999; 

Zhang et al, 2002; Zhu et al, 2001). The TraR-acyl-HSL complex bound quite 

specifically to a single genetically defined lux-type box and it was sufficient to 

activate transcription of a target promoter in vitro when combined with A. tumefaciens 
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RNAP. Not all LuxR homologues function as activators. The EsaR protein of Pantoea 

stewartii binds to the promoter region in the absence of its cognate acyl-HSL to 

control the synthesis of exopolysaccharide (EPS). Rather than functioning as a 

transcriptional activator, it appears to be an acyl-HSL dependent repressor. Interaction 

with acyl-HSL might weaken or abolish DNA binding, permitting both the 

recruitment of RNAP to the promoter and transcription initiation (Beck von Bodman, 

1998). 
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II: A Hybrid System: The Vibrio harveyi Quorum Sensing Signaling 

System 

V. harveyi is a free-living marine bacterium and similar to V. fischeri, it uses 

quorum sensing to regulate bioluminescence. The V. harveyi quorum sensing circuit 

possesses features of both Gram-negative and Gram-positive quorum sensing systems. 

V. harveyi produces and responds to an acylated homoserine lactone, which is similar 

to Gram-negative bacteria. But in V. harveyi, quorum sensing signal transduction 

functions in a two-component circuit (Bassler et al, 1999), which is similar to Gram-

positive bacteria. 

The V. harveyi quorum-sensing system consists of three autoinducers and 

three cognate receptors functioning in parallel to regulate the luciferase structural 

operon luxCDABE. V. harveyi produces the HSL signal 3OHC4-homoserine lactone 

(HAI-1) (Fig. 1-3). Its synthase, LuxM, which shares no homology to LuxI from V. 

fischeri but has amino acid similarity to AinS of V. fischeri, catalyzes the biochemical 

reaction to generate a specific AHL (Bassler et al, 1993; Hanzelka et al, 1999). HAI-1 

binds to a membrane-bound sensor histidine kinase (LuxN) similar to sensors in 

Gram-positive quorum sensing signaling circuits (Bassler et al, 1993; Freeman et al, 

2000). The second V. harveyi signal is a furanosyl borate diester known as AI-2 

(Bassler et al, 1994; Chen et al, 2002), production of which requires the LuxS enzyme 

(Surette et al, 1999; Xavier and Bassler, 2003).  AI-2 is bound to LuxP in the 

periplasm. LuxP belongs to the class of periplasmic binding proteins, which bind 

diverse ligands by clamping them between two domains. Then the LuxP-AI-2 

complex interacts with another membrane-bound sensor histidine kinase LuxQ. LuxP 

modulates the activity of the sensor kinase LuxQ and thereby transduces the AI-2 

signaling to the cytoplasm. LuxQ is a hybrid two-component sensor kinase consisting 



 - 10 -

of a periplasmic sensor domain and cytoplasmic histidine kinase and response 

regulatory domains.  Recent work on the structure of apo-LuxP complexed with the 

periplasmic domain of LuxQ suggests that LuxP and LuxQ exist in a complex 

irrespective of the presence of AI-2 in a given environment. However, the binding of 

AI-2 to LuxP results in conformational changes in the protein structure of LuxP and 

LuxQ, ultimately resulting in switching the kinase function of LuxQ to a phosphatase 

activity. The main roles of LuxP/Q are to detect the presence of AI-2 in the 

environment and to transfer the quorum-sensing information to the cytoplasm, thus 

regulating gene expression in response to AI-2 concentration (Waters et al, 2005). A 

third V. harveyi signal, CAI-1 is produced by the CqsS enzyme (the structure of CAI-

1 has not been determined) and this signal interacts with sensor histidine kinase CqsA 

(Henke et al, 2004). The cognate sensor of HAI-1 and AI-2 are LuxN and LuxQ, 

which are two-component proteins of the hybrid-sensor class. LuxN and LuxQ each 

contain a sensor kinase domain and a response regulator domain (Bassler et al, 1993; 

Bassler et al, 1994).  

When the cell density is low (low autoinducer concentration), the three sensors 

LuxN, LuxQ, and CqsA, are kinases. They autophosphorylate, and subsequently 

transfer the phosphate to the cytoplasmic phosphotransferase protein LuxU (Freeman 

et al, 1999). LuxU then transfer the phosphate to the DNA-binding response regulator 

protein LuxO (Bassler et al, 1994; Freeman and Bassler, 1999; Freeman et al, 2000). 

Phosphorylated LuxO, with a specific transcription factor termed σ54, activates 

transcription of the genes encoding five regulatory small RNAs (sRNAs) termed 

Qrr1–5 (for Quorum Regulatory RNA) (Lenz et al, 2004; Lilley and Bassler, 2000). 

The Qrr sRNAs interact with an RNA chaperone, Hfq. The five sRNAs, together with 

Hfq, bind to and destabilize the mRNA encoding the transcriptional activator- LuxRVh 
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(Lenz et al, 2004). LuxRVh is the transcription activator of the luciferase operon 

luxCDABE (Swartzman et al, 1992), but it is not homologous to LuxR from V. 

fischeri. So, at low cell density, the bacteria do not express bioluminescence because 

the luxR mRNA is degraded. At high cell density, when the autoinducers accumulate 

to the level required for detection, the three sensors switch from being kinases to 

being phosphatases and drain phosphate from LuxO via LuxU. Unphosphorylated 

LuxO cannot induce expression of the sRNAs. This allows translation of luxR mRNA, 

production of LuxRVh, and expression of bioluminescence. V. harveyi use this 

regulatory pathway to control many genes in addition to those encoding luciferase 

(Henke et al, 2004; Mok et al, 2003). 

Interestingly, another bacterium, the human pathogen Vibrio cholerae, the 

causative agent of the endemic diarrheal disease cholera, uses quorum sensing to 

regulate genes in a very similar way as that of V. harveyi (Miller et al, 2002). V. 

cholerae does not have the AI-1/LuxN branch of the system. But it has the AI-

2/LuxPQ and CAI-1/CqsS branches as well as LuxU, LuxO, four Qrr sRNAs and a V. 

harveyi LuxR-like protein termed HapR.  Instead of regulating bioluminescence, the 

V. cholerae uses quorum-sensing to control virulence (Miller et al, 2003; Zhu et al, 

2002). 
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Other Transcriptional Regulators in V. fischeri 

After the completion of the V. fischeri genome sequence, it was revealed that 

the components from the LuxM/N and LuxS quorum-sensing systems in V. harveyi 

are present in V. fischeri. For example, LitR was found in V. fischeri, which is about 

60% identity to four related regulator proteins: V. cholerae HapR, V. harveyi LuxR, V. 

parahaemolyticus OpaR and V. vulnificus SmcR (Fidopiastis et al, 2002). LitR 

enhances quorum sensing by positively regulating the transcription of the luxR gene. 

It was also shown that the litR gene was flanked by gene homologues of hpt 

(upstream) and lpd (downstream) and these two genes also flank V. parahaemolyticus 

opaR and V. vulnificus smcR and occurred in the same orientation (McCarter, 1998; 

McDougald et al, 2001). These homologues also are very conserved in several regions 

like the HTH DNA-binding domain characteristic of the TetR family of negative 

transcriptional regulators.  So it has been suggested that they are derivatives of an 

ancestral gene that was acquired before these Vibrio species diverged (Fidopiastis et 

al, 2002). Mobility shift assays showed that LitR is able to bind a region of DNA that 

encompassed the V. fischeri luxR promoter and the first half of the luxR coding region, 

and activate the luxR promoter (Fidopiastis et al, 2002).  AinS is a homologue of 

LuxM. The AinS system is integrated with the lux system at LitR, which is controlled 

by LuxO. At low cell density, litR is repressed by the sRNA regulated by LuxO and 

therefore LitR can’t activate LuxR and there is no bioluminescence produced. When 

the cell concentration reaches a threshold, C8-HSL produced by AinS accumulates 

and results in an inhibition of LuxO (Alexander Siegl, M.S. thesis, 2004). LitR then 

can be transcribed and it induces expression of the luxR gene. The lux operon is 

transcribed and the cells start emitting light at moderate level. The newly formed C6-

HSL, made by LuxI, binds to LuxR and amplifies the expression of the lux operon 
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and the bioluminescence reaches a very high level. Recently a putative third quorum 

sensing system, based on LuxS from V. harveyi, was identified in V. fischeri (Fig. 1-4) 

(Lupp and Ruby, 2004). LuxS synthesizes a V. harveyi-like AI-2 compound (a 

furanosyl borate diester) and operates through LuxO. However the effect of AI-2 was 

shown to be considerably smaller than the AinS-signal and seems to be more 

dependent on the growth conditions. 
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Quorum Sensing Regulons: 

Quorum sensing, in many bacteria, controls gene expression in a global 

manner. Taking advantage of the availability of microbial genome sequences, putative 

quorum sensing regulated genes have been searched for at a genomic level. A 

microarray analysis was performed to find quorum-sensing-controlled genes in P. 

aeruginosa. The results revealed three classes of genes: genes that respond to only 

one autoinducer, genes that respond to either of two autoinducers, and genes that 

require two autoinducers simultaneously for activation (Hentzer et al, 2003; Schuster 

et al, 2003; Wagner et al, 2003 and 2004). Furthermore, transcriptome analyses 

showed that these classes of genes are expressed at different times over the growth 

cycle. This indicates that the tandem network architecture indeed produces a 

temporally ordered sequence of gene expression that may be critical for the ordering 

of early and late events in a successful infection (Schuster et al, 2003; Whiteley et al, 

1999). 

From one of the transcriptome analyses of P. aeruginosa, 616 genes were 

identified as part of the regulon. In that study, addition of autoinducers repressed 222 

genes (Schuster et al, 2003). In another study 315 quorum-sensing-controlled targets 

were found, and there were 38 genes repressed (Wagner et al, 2003). Although the 

two experiments were performed under different growth and autoinducer conditions, 

the reasons for the discrepancies remain unclear. Importantly, prior to these profiling 

analyses, quorum-sensing-repressed targets had not been identified in P. aeruginosa. 

Similarly, transcriptional analysis of V. cholerae quorum-sensing mutants shows that 

the entire virulence regulon (>70 genes) is repressed by quorum sensing. These 

findings challenge the notion that the primary function of quorum sensing is to initiate 

activities that are only beneficial to bacterial participation in group activities. Rather, 
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an equally important function of quorum sensing may be to terminate processes that 

are only beneficial to bacteria living in relative isolation outside of a community 

structure. 

A microarray has also been performed with V. fischeri ES114 to reveal the 

LitR regulon (Alexander Siegl, M.S. thesis, 2004). The transcriptomes of V. fischeri 

wildtype strain ES114 and litR- mutant strain PMF8 were compared and it was 

revealed that LitR regulates genes involved in synthesis of capsular polysaccharides, 

bioluminescence, motility and chemotaxis. Overall about 7% of all V. fischeri genes 

are regulated by LitR directly or indirectly. This result is consistent with the 

microarray results that 6% of the P. aeruginosa genome (Schuster et al, 2003) and 5.6% 

of the E. coli (DeLisa et al, 2001) genome are regulated by quorum sensing.  

These recent whole-genome quorum-sensing studies reveal that quorum 

sensing allows bacteria to alternate between distinct genome-wide programs. They 

fundamentally changed the perception of bacteria as primitive single-celled organisms. 

Bacteria now are understood to undergo complex programs of development similar in 

many respects to eukaryotic organisms (Waters et al, 2005). 

During this thesis work, three known LuxR-regulated genes in V. fischeri MJ-

100 were analyzed using lacZ fusions, primer extension, real-time RT-PCR and 

electrophoretic mobility shift assays (EMSA) (Chapter 2). A transcriptome analysis 

was also performed in V. fischeri ES114 and 13 additional LuxR-3oxo-C6-HSL 

regulated genes/operons besides the lux operon were identified, 3 of which had been 

found by 2D-SDS PAGE. As part of this dissertation work, mobility shift assays have 

been used to show direct interaction between LuxR protein and 7 of the 13 

genes/operons.  The binding affinity between LuxR proteins and those genes was also 

measured (Antunes et al, 2007). Details of the microarray results are discussed in 
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Chapter 3. After that, taking into account microarray data, the highly conserved lux 

boxes and litR boxes from known genes in the LuxR regulon and LitR regulon have 

been used to create Position Specific Weight Matrixes. These were then used to 

search the V. fischeri ES114 genome looking for additional genes within these 

regulons (Chapter 2). EMSA experiments were used to show that LitR directly bind to 

the lit box of the LitR-regulated genes. Collectively, these efforts have provided a 

more complete understanding of the LuxR and LitR regulons controlled via quorum 

sensing in V. fischeri. 
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                               Figure 1-1. Quorum Sensing Model in V. fischeri. 
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Figure 1-3. Quorum Sensing Model in V. harveyi 

                                                    (See text for details) 
 

 

 

 

 

H

luxCDABE

LuxM

LuxN H

D D

LuxQ
P

H

D

LuxS

3-hydroxybutanoyl-HSL Borate diester

LuxU

LuxO

CqsS

V. harveyi

LuxRVh

sRNAs

P

CAI-1

LuxP

CqsA

OM

IM



 - 27 -

 

 

 

 

 

 

 

 

 

 

 Figure 1-4. Predicted Quorum Sensing Model in V. fischeri 

                                                     (See text for details) 
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CHAPTER 2 

Analysis of LuxR Regulon Gene Expression during Quorum Sensing in Vibrio 

fischeri MJ-100 
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Abstract 

The regulation of the lux operon (luxICDABEG) of Vibrio fischeri has been 

intensively studied as a model for quorum sensing in proteobacteria. Two-dimensional 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis previously 

identified several non-Lux proteins in V. fischeri MJ-100 whose expression was 

dependent on LuxR and 3-oxo-hexanoyl-L-homoserine lactone (3-oxo-C6-HSL). To 

determine if the LuxR-dependent regulation of the genes encoding these proteins was 

due to direct transcriptional control by LuxR and 3-oxo-C6-HSL or instead was due to 

indirect control via an unidentified regulatory element, promoters of interest were 

cloned into a lacZ reporter and tested for their LuxR and 3-oxo-C6-HSL dependence 

in recombinant Escherichia coli. The promoters for qsrP, acfA, and ribB were found 

to be directly activated via LuxR-3-oxo-C6-HSL. The sites of transcription initiation 

were established via primer extension analysis. Based on this information and the 

position of the lux box-binding site near position –40, all three promoters appear to 

have a class II-type promoter structure. In order to more fully characterize the LuxR 

regulon in V. fischeri MJ-100, real-time reverse transcription-PCR was used to study 

the temporal expression of qsrP, acfA, and ribB during the exponential and stationary 

phases of growth, and electrophoretic mobility shift assays were used to compare the 

binding affinities of LuxR to the promoters under investigation. Taken together, the 

results demonstrate that regulation of the production of QsrP, RibB, and AcfA is 

controlled directly by LuxR at the level of transcription, thereby establishing that there 

is a LuxR regulon in V. fischeri MJ-100 whose genes are coordinately expressed 

during mid-exponential growth. 
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Introduction 

The term quorum sensing describes the ability of a microorganism to 

recognize and respond to other microorganisms in a population by detecting the 

concentration of self-produced intercellular molecules commonly known as 

autoinducers. When an autoinducer reaches a critical threshold concentration, often at 

high cell densities, it triggers a signal transduction pathway leading to an alteration of 

gene expression patterns. There are a number of important bacterial processes 

regulated in this manner, including antibiotic production, release of exoenzymes, 

production of virulence factors, induction of genetic competency, conjugative plasmid 

transfer, biofilm formation, and bioluminescence (for reviews, see references Fuqua et 

al, 2001; Reading et al, 2006; Waters et al, 2005 and Withers et al, 2001).  

In the gram-negative bioluminescent marine bacterium Vibrio fischeri a 

complex signal transduction system controls expression of bioluminescence (for a 

review, see reference Visick, 2005). However, it is the products of luxI and luxR that 

directly activate lux operon transcription. LuxI, the autoinducer synthase, produces the 

diffusible autoinducer 3-oxo-hexanoyl-L-homoserine lactone (3-oxo-C6-HSL) 

(Eberhard et al, 1981). As the levels of 3-oxo-C6-HSL rise, complexes form between 

it and an autoinducer-dependent activator of transcription, LuxR. The complex can 

then activate transcription of the lux operon by binding to the lux box in the promoter 

region, leading to an increase in bioluminescence (Stevens et al, 1999). The 252-

amino-acid, two-domain LuxR polypeptide is one of the most-studied members of a 

family of over 50 transcriptional regulator proteins involved in acyl homoserine 

lactone-mediated quorum sensing (for reviews, see references Fuqua et al, 2001; 

Pappas et al, 2004; and Whitehead et al, 2001).  
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In LuxR, the N-terminal domain is believed to be membrane associated and to 

function as a receptor for the 3-oxo-C6-HSL ligand (Hanzelka et al, 1995; Kolibachuk 

et al, 2003). In response to binding the 3-oxo-C6-HSL, the N-terminal domain 

modulates the activity of the C-terminal domain (CTD). Binding of 3-oxo-C6-HSL 

permits multimerization of LuxR and subsequent activation of transcription of the lux 

operon, which is carried out by the CTD (Choi et al, 1991; Choi et al, 1992). The CTD 

of LuxR has a helix-turn-helix motif and binds to a region of DNA termed the lux box, 

which is 20 bp long and has a dyad symmetry centered at a position –42.5 bp upstream 

of the transcription start site for the lux operon (Devine et al, 1989; Egland et al, 2000). 

When LuxR functions as an activator of transcription at the luxI promoter, it is 

proposed to function as a homodimer in an ambidextrous manner similar to the 

manner observed for the cyclic AMP receptor protein at a class II-type promoter 

(Busby et al, 1999; Rhodius et al, 1998) contacting both the alpha and sigma subunits 

of RNA polymerase (Finney et al, 2002; Johnson et al, 2003). Full-length LuxR 

protein was purified in the presence of 3-oxo-C6-HSL, which permitted its binding to 

the lux box to be demonstrated in vitro. Binding of 3-oxo-C6-HSL to LuxR appeared 

to be reversible in this system (Urbanowski et al, 2004). In this study we examined the 

ability of LuxR to bind to the promoters of additional genes in V. fischeri MJ-100, 

leading to activation of transcription.  

While the global quorum-sensing response in some organisms is substantial 

(e.g., Pseudomonas aeruginosa has over 400 quorum-sensing-controlled genes) 

(Schuster et al, 2004; Wagner et al, 2003), little is known about the extent of the 

quorum-sensing response in V. fischeri (Callahan et al, 2000; Lupp et al, 2005). 

Previously, two-dimensional sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (2D SDS-PAGE) analysis of protein profiles produced from quorum-
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sensing mutants of V. fischeri MJ-100 defective in production of acyl-homoserine 

lactones and LuxR was performed (Callahan et al, 2000). Strain MJ-100 (Dunlap, 

1989; Dunlap et al, 1992) is a spontaneous nalidixic acid-resistant variant of the MJ-1 

strain (Ruby et al, 1976) in which the regulation of the lux operon by LuxR has been 

extensively studied. Five quorum-sensing-regulated proteins other than Lux proteins 

were identified in this study. Four of the proteins were identified via amino acid 

sequencing, and two of them (AcfA and QsrV) appear to be encoded by an operon. 

Therefore, three putative LuxR-regulated promoters were identified. Based on 

sequence similarity, the genes adjacent to these promoters are qsrP, ribB, and acfA. 

Neither the qsrP nucleotide sequence nor the deduced amino acid sequence exhibited 

significant similarity with known genes or gene products. Therefore, QsrP is 

considered to be a novel periplasmic protein that plays a role in the ability of V. 

fischeri to colonize the sepiolid squid Euprymna scolopes (Callahan et al, 2000). In 

Escherichia coli, RibB is a 3,4-dihydroxy-2-butanone-4-phosphate synthase, which 

catalyzes a key step in riboflavin (vitamin B2) synthesis (Richter et al, 1992). AcfA 

has a Vibrio cholerae homologue which is believed to affect the ability of V. cholerae 

to colonize the mouse intestinal epithelium (Peterson et al, 1988). While qsrP and 

acfA have been found in V. fischeri MJ-100 and ES114, the only strain of V. fischeri 

whose genome has been sequenced (Ruby et al, 2005), ribB was not found in the 

ES114 strain, which demonstrates that there is strain-to-strain variation in quorum-

sensing-controlled outputs in V. fischeri. The results of the 2D SDS-PAGE study, 

however, did not discriminate between direct and indirect regulation of these genes, 

leaving open the possibility of indirect quorum-sensing control that is mediated by an 

unidentified regulatory element. To test this possibility and to definitively establish 

the presence of a quorum-sensing regulon in V. fischeri, expression from the qsrP, 
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ribB, and acfA promoters and from the qsrQ and qsrRST promoters that are 

divergently expressed from qsrP and acfA, respectively, was analyzed in recombinant 

E. coli. Two other promoters, upstream of ainS and arcA, were also included in these 

experiments based on the presence of putative lux boxes identified through sequence 

analysis (Gilson et al, 1995; unpublished results).  

After this initial screening, the promoters directly activated by LuxR-acyl 

homoserine lactone, the qsrP, ribB, and acfA promoters (Fig. 2-1), were more 

intensively studied. Primer extension analysis was performed to identify the 

transcription start sites so that the distances from them to the lux box could be 

established with certainty and the promoter structure could thereby be deduced. To 

determine if there is any hierarchy in the order of gene expression of the LuxR 

regulon, real-time reverse transcription-PCR (RT-PCR) was used to examine the 

temporal expression of these three genes. Electrophoretic mobility shift assays 

(EMSA) were used to establish direct binding and to quantitate the relative binding 

affinities of LuxR to the promoters under investigation. These studies provided 

insights into the role that transcriptional regulation and posttranscriptional regulation 

play in the control of the V. fischeri MJ-100 LuxR regulon.  
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Materials and Methods 

Bacterial strains and growth media.  

The bacterial strains and plasmids used in this study are described in Table 2-1. 

Luria-Bertani broth (LB) was used to grow E. coli strains. It was supplemented, where 

indicated below, with ampicillin (Ap) (100 µg/ml), chloramphenicol (Cm) (20 µg/ml), 

200 nM N-(ß-ketocaproyl)-L-homoserine lactone (3-oxo-C6-HSL) (Sigma, St. Louis, 

MO), or 1 mM isopropyl-ß-D-1-thiogalatopyranoside (IPTG) (Sigma). Seawater 

complete (SWC) medium with instant ocean substituted for natural seawater 

(Aquarium Systems, Mentor OH) (Nealson, 1978) or LBS medium (Dunlap, 1989) 

was used to grow V. fischeri MJ-100. 

 

Plasmid construction.  

The acfA and luxI genes were previously cloned into pSUP102 (Callahan et al, 

2000). V. fischeri chromosomal DNA was purified as a template (Wang et al, 2000), 

and qsrP and ribB were amplified using the primers indicated in Table 2-2 and cloned 

into pSUP102. The promoter regions of a number of genes containing putative lux 

boxes (luxI, qsrP, ribB, acfA, ainS, qsrQ, qsrRST, and arcA) were PCR amplified 

using the primers indicated in Table 2-2, cloned into pGEM-T (Promega, Madison, 

WI), and sequenced to confirm their integrity (Virginia Bioinformatics Institute Core 

Laboratory, Virginia Tech, Blacksburg). The promoter sequences were subsequently 

subcloned into the promoter-probe ß-galactosidase reporter pSP417 (Podkovyrov et al, 

1995) using EcoRI/BamHI sites to construct pNQ101 to pNQ110 (Table 2-1). Two 

versions of the PqsrQ and PqsrRST promoters were cloned, one with the 5' end just 

upstream of the putative lux box and the other with additional upstream sequences 

containing the divergently transcribed promoters PqsrP and PacfA, respectively. For the 
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RT-PCR analysis, internal fragments of qsrP and nadB were PCR amplified and 

cloned into pGEM-T, creating pNQqsrP and pNQnadB. 

 

ß-Galactosidase assays.  

The pNQ101 to pNQ110 constructs were transformed individually into E. coli 

JM109 competent cells containing pAMS121 (Stevens et al, 1999) containing a luxR 

gene that could be induced by IPTG. Overnight cultures were initially inoculated from 

freezer stocks into 5 ml LB medium with appropriate antibiotics and incubated at 

30°C. A subculture of each strain was prepared by transferring the correct amount of 

the overnight culture into 5 ml LB medium plus Ap (100 µg/ml) and Cm (20 µg/ml) 

with either 200 nM 3-oxo-C6-DL-HSL or 1 mM IPTG, both 3-oxo-C6-DL-HSL and 

IPTG, or nothing to obtain an optical density at 600 nm (OD600) of 0.025. When the 

OD600
 reached 0.5, 5 µl of cells was diluted 1:200 in Z buffer (60 mM Na2HPO4, 40 

mM NaH2PO4, 10 mM KCl, 1 mM MgSO4) with 400 µM dithiothreitol and lysed with 

50 µl of chloroform. Chemiluminescent ß-galactosidase assays (Tropix, Bedford, MA) 

were performed with 5 µl of cell lysate using an LD 400S luminescence detector 

(Beckman Coulter, Fullerton, CA) and a 20-s integration time. All assays were 

performed in three trials with triplicate samples in each trial, and the results were 

expressed in relative light units.  

 

RNA purification.  

For primer extension, overnight cultures were initially inoculated from freezer 

stocks into 5 ml LB medium plus Ap (100 µg/ml) and Cm (20 µg/ml) (for E. coli) or 

SWC medium with no antibiotics (for V. fischeri) and incubated at 30°C. A subculture 

of each strain was prepared by transferring an appropriate amount of the overnight 
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with MwoI, resulting in 160- and 240-bp fragments. Other DNA probes were 

generated via PCR and contained approximately 130 bp of the luxI, qsrP, acfA, or 

ribB promoter region or the lux box of luxD (Table 2-2). Protein-DNA binding 

reaction mixtures contained 1 fmol of each DNA probe in 20 µl (final volume) of 

DNA binding buffer (20 mM Tris-HCl [pH 7.4 at 22°C], 50 mM KCl, 1 mM EDTA, 1 

mM dithiothreitol, 100 µg of bovine serum albumin/ml, 5% glycerol). Purified LuxR 

and 6 µM 3-oxo-C6-L-HSL were added as indicated below, and the reaction mixtures 

were incubated at 26°C for 20 min. One microliter of loading dye (0.1% xylene cyanol 

in 50% glycerol) was added, the reaction mixtures were loaded onto a native 5% Tris-

glycine-EDTA gel on ice, and electrophoresis was performed at 10 V/cm for 2 h at 

4°C.  
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Results and Discussion 

LuxR dependence of V. fischeri promoters in recombinant E. coli.  

ß-Galactosidase assays were performed with recombinant E. coli/pAMS121 

cells containing pNQ101 to pNQ110 individually (Table 2-1) in order to establish the 

presence of LuxR-dependent gene expression from the constructs. The reporter 

constructs contained the promoters for luxI, qsrP, ribB, acfA, ainS, qsrQ (two 

versions), qsrRST (two versions), and arcA from V. fischeri MJ-100 fused to lacZ. 

Cells were grown to the mid-exponential phase (OD600, 0.5), when the LuxR-

dependent quorum-sensing response is normally upregulated. Growth media with four 

different combinations of IPTG and 3-oxo-C6-HSL levels were used to influence the 

expression and activity of the LuxR encoded on pAMS121. Four promoters 

controlling luxI, qsrP, ribB, and acfA expression were shown to be activated in a 

LuxR-dependent manner, but only in the presence of both LuxR and 3-oxo-C6-HSL 

(Fig. 2-2). The levels of ß-galactosidase expressed from these constructs were not 

equal; the luxI and qsrP constructs had the highest ß-galactosidase levels, the ribB 

construct had the lowest ß-galactosidase levels, and acfA expression was intermediate 

compared to the expression for the other genes in recombinant E. coli. This range 

suggests that there are differences in promoter strength and message stability between 

these four genes. The remaining promoters that were examined for LuxR-dependent 

expression did not drive ß-galactosidase expression at levels above the background 

level, as shown for PainS (Fig. 2-2 and data not shown). Therefore, we concluded that 

in recombinant E. coli, ainS, qsrQ, qsrRST, and arcA are not upregulated by LuxR 

under the conditions tested here. To test if these promoters were repressed by LuxR, 

additional ß-galactosidase assays were performed to compare expression (relative 

light units/OD600) at an OD600 of 0.25 and the expression at an OD600
 of 0.75; no 
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repression was observed (data not shown). Therefore, no direct induction or repression 

of ainS, qsrQ, qsrRST, and arcA by LuxR was found in these studies or in the 

previous 2D SDS-PAGE analysis (Callahan et al, 2000). These findings may not 

exclude the possibility that there is quorum-dependent regulation under circumstances 

where the environment within the native host, V. fischeri, plays an additional 

regulatory role. The genes that were definitively determined to be in the LuxR regulon, 

qsrP, ribB, and acfA, were used for further analysis. 

 

Analysis of the sites of transcription initiation.  

To define the promoter structure of qsrP, ribB, and acfA, the transcriptional 

start sites were identified. TraR, which is a LuxR homolog in Agrobacterium 

tumefaciens, can activate transcription from either class I or class II promoters (White 

et al, 2005). In a class I promoter, the activator binding site is located at 

approximately position –60 and the activator interacts with the C-terminal domain of 

the alpha subunit of RNA polymerase (Gourse et al, 2000). In a class II promoter, the 

activator binding site is centered near position –40, overlapping the –35 recognition 

site for RNA polymerase and placing the activator in a position to potentially have 

multiple protein-protein interactions with the alpha and sigma subunits of RNA 

polymerase (Busby et al, 1999). In V. fischeri, the luxI promoter has a class II 

organization (Finney et al, 2002; Johnson et al, 2003). Based on the initial sequence 

analysis of the qsrP and acfA promoters, the lux box was predicted to overlap the –35 

site (Fig. 2-1). Therefore, these two promoters were hypothesized to have a class II 

structure, similar to the luxI promoter. However, the ribB promoter contained two 

putative –10 sites, two putative –35 sites, and a lux box overlapping one of the –35 
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regions (Fig. 2-1A), indicating that it could potentially have either a class I-type 

structure or a class II-type structure.  

Primer extension analysis was performed with RNA extracted from E. 

coli/pSC300, a strain expressing luxR under control of Ptac, and the vectors encoding 

qsrP, ribB, or acfA. RNA was also extracted from the V. fischeri luxI mutant strain 

MJ-211 (Table 2-1). Strains were grown either in the presence or in the absence of 3-

oxo-C6-HSL to ascertain the dependence of the transcript on the quorum-sensing 

response. Since a higher copy number of the target transcript was present in E. coli, it 

was anticipated that more primer extension product would be generated than was 

generated in V. fischeri, and that is what was observed. The primer extension results 

for qsrP (Fig. 2-3) show both a major site and a minor site of transcription initiation 

under three of the four conditions tested; no transcripts were recovered from V. 

fischeri in the absence of 3-oxo-C6-HSL. The strongest transcripts were produced 

from either E. coli or V. fischeri strains in the presence of 3-oxo-C6-HSL. Based on 

these results, the position of the dominant transcriptional start site of qsrP was 

identified (Fig. 2-1A and 2-3), and the promoter was confirmed to have a class II-type 

structure.  

For ribB and acfA, a series of bands were observed upon analysis of the primer 

extension products from E. coli. However, in V. fischeri, there was only one band for 

each gene, which corresponded to the dominant band from the E. coli samples. The 

strongest primer extension products were detected in samples from E. coli that had 

been exposed to 3-oxo-C6-HSL. Very weak ribB and acfA primer extension products 

were detected in V. fischeri cells that had been exposed to 3-oxo-C6-HSL. Therefore, 

for ribB and acfA, the amount of mRNA produced in V. fischeri appeared to be close 

to the threshold of detection for primer extension analysis. Nevertheless, the 
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transcriptional start sites for ribB and acfA were identified (Fig. 2-1A and 2-3), and 

we concluded that both promoters have a class II-type architecture.  

 

Timing of LuxR-dependent gene expression in V. fischeri.  

In order to ascertain the expression pattern of the LuxR regulon in its native 

host, V. fischeri, a real-time RT-PCR analysis was carried out with RNA samples 

extracted from cells grown from the early exponential phase to the stationary phase. In 

P. aeruginosa, the timing of quorum-sensing gene expression is on a continuum, 

which means that some genes are induced early in growth and others are induced at 

the transition from the exponential phase to the stationary phase or during the 

stationary phase (Schuster et al, 2004). In this study, we used two RNA sets, both 

purified under the same conditions from V. fischeri cells grown to four different OD600 

(0.25, 0.5, 1.0, and 2.0). The luminescence outputs of these cells were checked when 

the cells were harvested for RNA purification. At these four OD600, the ratios of 

relative light units to OD were 27, 583, 643, and 829 (average data from the two trials). 

Thus, the quorum-sensing phenotype of bioluminescence was activated by mid-

exponential-phase growth, as has been observed previously.  

Using fragments of nadB and luxI as controls, the expression of the three 

putative LuxR-dependent genes was determined in two independent experiments 

using real-time RT-PCR. The nadB gene, which encodes L-aspartate oxidase in E. coli, 

was found to be expressed constitutively based on the work of other researchers (E. P. 

Greenberg, personal communication), and our initial analysis supported this finding. 

The starting quantity (SQ) of transcript was used to plot the RT-PCR data because it 

showed an elevated response due to quorum sensing, which is intuitively easier to 

understand. However, the threshold cycle, which is inversely proportional to the log 
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SQ, also confirmed our findings. The SQ of luxI/nadB transcripts increased 

significantly at an OD600
 of 0.5, and expression was maintained at OD600 of 1.0 and 

2.0 (Fig. 2-4). This pattern of expression is what would be expected for a LuxR-

dependent gene activated by the quorum-sensing response of the cells.  

The SQ of qsrP/nadB, ribB/nadB, and acfA/nadB were much lower than that 

of luxI/nadB (note the exponential scale in Fig. 2-4). However, the former three 

transcripts were expressed in a pattern similar to that of luxI. The amount of the 

transcripts was significantly greater than the background amount at an OD600 of 0.5, 

and the level of expression was roughly maintained at OD600 of 1.0 and 2.0. Hence, 

similar to the results obtained with the ß-galactosidase reporters in recombinant E. coli, 

the RT-PCR analysis demonstrated that qsrP, ribB, and acfA are temporally expressed 

in a pattern like that of luxI. However, the expression of these three genes was found 

to be significantly lower than that of luxI in the RT-PCR analysis. This was not 

predicted based on the ß-galactosidase assays performed with the heterologous host E. 

coli. The apparent discrepancy may be resolved by considering that in the ß-

galactosidase assays, it is not only the rate of transcription but also the stability of the 

transcript, the rate of translation of lacZ mRNA, and the stability of LacZ that 

contribute to the final output measured. In the case of real-time RT-PCR, the pool of a 

particular mRNA of interest is measured and is dependent on the rate of transcription 

and the stability of the mRNA. To help further determine the relative expression 

levels of the LuxR regulon genes, EMSA were performed to ascertain whether 

differences in the DNA binding affinity of LuxR to the lux box of these genes were a 

key parameter in controlling expression levels. 
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Affinity of LuxR for the lux boxes of the genes in the LuxR regulon.  

EMSA were used to determine the relative LuxR binding affinities for DNA 

fragments containing the lux boxes from the luxI, qsrP, acfA, and ribB promoters (Fig. 

2-1B). In addition, the luxD box, a proposed lux box internal to luxD within the lux 

operon that has been hypothesized to be involved in negative regulation of the lux 

operon (Shadel et al, 1992), was also used as a binding site for LuxR. The promoter of 

luxR itself served as a negative control. In the presence of 6 µM autoinducer, LuxR 

could bind to the promoter regions of four of the five lux box sequences examined 

(Fig. 2-5). A direct interaction between LuxR and the luxI, qsrP, acfA, and ribB 

promoters was definitively established. However, a direct association of LuxR with 

the luxD box could not be established under the conditions that were utilized, even 

when the ratio of protein to probe was increased 10- to 20-fold (data not shown). 

Therefore, in contrast to a previous proposal (Shadel et al, 1992), this suggests that the 

luxD box may not play a major role in regulation of the lux genes. The dissociation 

constant (KD) of LuxR for the DNA was roughly calculated by determining the protein 

concentration that shifted 50% of the probe. KD values of 0.55 nM for PluxI, 1.96 nM 

for PqsrP, 0.60 nM for PribB, and 1.22 nM for PacfA demonstrated that LuxR has higher 

affinities for PluxI and PribB and lower affinities for PqsrP and PacfA. However, all of the 

KD values were within fourfold of one another, suggesting that the weaker expression 

of qsrP, acfA, and ribB in V. fischeri measured via real-time RT-PCR was not due to 

dramatic differences in the affinity of LuxR for the promoters under study. Thus, the 

difference in expression is most likely due to the altered efficiencies in the interactions 

between LuxR and RNA polymerase, the rate of open complex formation, or the 

stability of the mRNA.  
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Conclusions 

Direct LuxR-dependent transcription of qsrP, acfA, and ribB from V. fischeri 

MJ-100 has been demonstrated. Activation of transcription of these genes occurs 

during mid-exponential growth, similar to temporal expression of the lux operon. 

However, real-time RT-PCR analysis indicated that the amounts of the qsrP, acfA, and 

ribB transcripts present in the cell's mRNA pool are significantly lower than the 

amount of luxI. EMSA demonstrated that LuxR has a slightly higher affinity for the 

lux boxes in the luxI and ribB promoters than for those in the qsrP and acfA promoters. 

LuxR binding to the luxD box, however, could not be demonstrated. The 

establishment here of a LuxR regulon in V. fischeri may provide insights into the 

optimal binding site for LuxR and lead to the identification of other LuxR-dependent 

genes. 
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Figure. 2-1. (A) Nucleotide sequences of the promoter regions of the V. fischeri MJ-
100 qsrP, ribB, and acfA genes. The positions of putative lux boxes, –10 and –35 
regions, and a ribosome-binding site (RBS) are indicated; +1 sites are indicated by 
bold type. A second nonfunctional promoter sequence upstream of ribB is indicated 
by (–10) and (–35). (B) Comparison of V. fischeri MJ-100 lux box sequences from 
different genes. The gray nucleotides differ from the nucleotides in the luxI box. 
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Table 2-2.  Primers used in this study.   
Primer names  Primer sequence (5’-3’) Product amplified 

For LacZ assays   

QSRPF 

QSRPR 

GAATTCCAGAAGTAGACTAAAGGTGC 

GGATCCGGTGATATAAGTGTGAAAAGTAATAACGCTG 

qsrP promoter 

ACFAF 

ACFAR 

GAATTCGTATTACTATCGTATTGAATTAG 

GGATCCGCTGTTGAAGTGGCAGCCATTAGC 

acfA promoter 

RIBBF 

RIBBR 

GAATTCGTGGCCTAACGCCTGCATAACACG 

GGATCCCGACACGCTCTATAGGAGATCC 

ribB promoter 

AINSF 

AINSR 

GAATTCGTGCCTTCACAGGCGTCAATTAACTTC 

GGATCCCTTGTACTGATTAGTTGCTGGAG 

ainS promoter 

LUXIF 

LUXIR 

GAATTCCGCTGGGAATACAATTAC 

GGATCCTTTATACTCCTCCGATGGAATTGCC 

luxI promoter 

qsrQSF 

qsrQLF 

qsrQR 

GAATTCCGGTTGTAATTATGTTCCTG 

GAATTCGGTGATATAAGTGTGAAAAGTAATAACGCTG 

GGATCCCGACGAGATAAACGAGCATTCACC 

Two versions of qsrQ promoter 

qsrRSF 

qsrRLF 

qsrRR 

GAATTCCTGTTGAAGTGGCAGCCATTAGC 

GAATTCCATTCATTCCGAATACTTTTACAGC 

GGATCCCCAATGTTGCGAATAGATCTTTTGCC 

Two versions of qsrR promoter 

arcAF 

arcAR 

GAATTCCAGCTAAGGTAGCAACTTGATCACC 

GGATCCCATTGTAGCCTTCAGCTTCAAAAATGC 

arcA promoter 

Gene cloning for 

primer extension 

  

qsrPFprward 

qsrPReverse 

AAGAAACCTCGACGAGATAAACG 

GTCCTAAAGAGGAAATGCTAAGTGGT 

qsrP from MJ-100 

ribBFprward 

ribBReverse 

CCACTTAATACGGTAAACTC 

CACGATTTGCTACATTTGGT 

ribB from MJ-100 

Primer extension   

acfAPE CAATCCTATAGTTATGATG  

qsrPPE GGTGGTGATATAAGTGTGAAAAG  

ribBPE CTTCATTACCACAAACTCC  

Real-time RT-PCR   

RTnadBF 

RTnadBR 

AAGAAACCGATATCTCCGATCC 

CGTAATGTTTGGGTGGTTAAGC 

Part of nadB 

RTluxIF 

RTluxIR 

GTGGATGCTGGCGTTTATTAC 

TTTGGGAGCACTCTGTTGAC 

Part of luxI 

RTqsrPF 

RTqsrPR 

ACAGAACTTTTTTGTTGGGAG 

TCGACATAAATAGGAGGAATGG 

Part of qsrP 

RTribBF 

RTribBR 

AGGACATACAGAAGGGACTG 

AATTATTTCAGGGGTTTTAGCC 

Part of ribB 

RTacfAF 

RTacfAR 

AGCGTATTCGGCGGTATTG 

ACTTGGTAGCTTGCTGATGC 

Part of acfA 
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For EMSA   

PluxIF 

PluxIR 

GAATTCCGCTGGGAATACAATTACa 

GGATCCTTTATACTCCTCCGATGGAATTGCCa 

luxRI, the control 

AMS4 

LuxR2A 

CGCTGGGAATACAATTACb 

AAAAAATCCGATTTTTTTATCATb 

luxI promoter 

qsrPF135 

qsrPR135 

GGAGATGACGATTTTATTGCG 

CTATATGTTTCCAGAG 

qsrP promoter 

acfAF130 

acfAR130 

CACGTAAGACCAAGATTAAATG 

CAGCTCATAATTACATTCATTCCG 

acfA promoter 

ribBF125 

ribBR125 

GTAAACCTAGAATGCCGAATGTAGC 

GAGTTTATGACAATTTTAGTTATG 

ribB promoter 

EMSAluxDF 

EMSAluxDR 

GGGAAACACTCCCTAAAAAGAACGTACC 

GCGAATGACATGAAAACCGTTAGTAG 

Part of luxD contaning luxD 

box 

a See reference Urbanowski et al, 2004.  

b See reference Finney et al, 2002. 
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CHAPTER 3  

Analysis of the LuxR Regulon in Vibrio fischeri ES114 

 

The EMSA analysis described in this chapter was published in: 

Antunes, L. C., A. L. Schaefer, R. B. Ferreira, N. Qin, A. M. Stevens, E. G. Ruby, 

and E. P. Greenberg. 2007. Transcriptome analysis of the Vibrio fischeri LuxR-LuxI 

regulon. J Bacteriol 189:8387-91. 
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Abstract 

Three promoters, in addition to the lux operon, that are regulated by LuxR in 

Vibro fischeri MJ-100 have been previously confirmed by lacZ fusions, primer 

extension, real-time RT-PCR and electrophoretic mobility shift assays (Chapter 2). 

Based on the highly conserved lux boxes upstream of the promoters for luxI, qsrP, 

acfA and ribB, the 20 bp binding sites for LuxR were put into a Position Specific 

Weight Matrix (PSWM) format. The program genome-scale PATSER was then used 

to scan the V. fischeri ES114 genome to predict the potential LuxR-regulated genes. 

The genes with higher scores from the analysis were fused into a lacZ reporter. Four 

additional LuxR-regulated promoters were identified by lacZ fusions in recombinant 

Escherichia coli. Microarray analysis that was performed in the Greenberg laboratory 

at the University of Washington-Seattle also identified these targets and seven more 

LuxR-regulated promoters. The lux boxes of all of these genes identified through the 

microarray study were used to further refine the PSWM and one more promoter, the 

promoter of intergenic region VFA0658-0659, beyond the microarray results, has 

been identified as being LuxR regulated. 
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Introduction 

Quorum sensing is thought to play a role in overall cellular gene expression 

and physiology. However, for a long time, little was known about the extent and 

functional significance of the quorum sensing response in V. fischeri, with the 

exception of the well-studied lux operon. Three LuxR-regulated non-lux genes, qsrP, 

acfA and ribB, have been found through proteome studies (2D-SDS PAGE) and 

subsequent genetic analysis in V. fischeri strain MJ-100 (Callahan and Dunlap, 2000; 

Qin et al, 2007).  QsrP is a novel periplasmic protein that plays a role in the ability of 

V. fischeri to colonize the sepiolod squid Euprymna scolopes and AcfA is 

homologous to a mouse colonization factor in Vibrio cholerae.  RibB is homologous 

to the Escherichia coli 3, 4 dihydroxy-2-butanone 4- phosphate synthase, a key 

enzyme for riboflavin synthesis.  Interestingly, qsrP and acfA have been found in V. 

fischeri MJ-100 and ES114, while ribB is only found in the MJ-100 strain.  There are 

also 2 other proteins identified in the proteome study that were not sequenced 

successfully (QSRV and QSR7).  It has been shown that 6% of the P. aeruginosa 

genome (Schuster et al, 2003) and 5.6% of the E. coli (DeLisa et al, 2001) genome are 

regulated by quorum sensing.  Due to the limitation of the proteome studies (i.e. not 

all LuxR-regulated proteins are detected), one can predict that there should be more 

genes in the LuxR regulon. In this study, two approaches have been used to identify 

LuxR-regulated genes, one is a bioinformatic approach and the other is microarray 

analysis. 

The complete genome sequence of V. fischeri became available in 2002 (Ruby 

et al, 2005) and this has enabled us to search the LuxR-regulated genes using a 

bioinformatic approach. The lux boxes from all the LuxR-regulated genes (luxI, qsrP, 

ribB and acfA) are well conserved, the lux boxes of qsrP and ribB have 14 nucleotides 
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in common with the lux box at luxI (20 in total) while the lux box of acfA gene has 12 

(Fig 3-1, panel A). We created a position specific weight matrix (PSWM) to represent 

the lux box (Fig 3-1, panel B) and this PSWM was used to search the intergenic 

regions of the V. fischeri ES114 genome. The program genome-scale PATSER (Hertz 

and Stormo, 1999) was used for sequence analysis (http://rsat.ulb.ac.be/rsat/) with 

help from Dr. Rahul Kulkarni. There are 1153 organisms supported on that website. 

The genome-scale PATSER is designed for looking for all the genes potentially 

regulated by one factor. PSWM is a very sensitive way to describe the variability of 

DNA binding sites. After the potential LuxR-regulated genes were found, other 

methods like reporter genes (ie. lacZ or gfp), real-time RT-PCR or northern blots were 

then used to further confirm that those potential targets are truly LuxR-regulated. 

While we were searching for LuxR-regulated genes using this bioinformatic 

approach, the Greenberg lab from the University of Washington-Seattle was trying to 

define the LuxR regulon through microarray analysis. Instead of the “one gene one 

experiment” traditional approach to molecular biology, microarrays can obtain the 

“whole picture” of gene expression. In microarrays DNA probes representing the 

genes in the genome are bound to a solid surface by covalent attachment to a chemical 

matrix. The solid surface can either be a glass or silicon chip. Microarrays are 

commonly used for expression profiling / monitoring expression levels of thousands 

of genes simultaneously. Overall, the microarray experiments performed in the 

Greenberg lab on the LuxR regulon in V. fischeri ES114 revealed 18 LuxR-regulated 

genes including qsrP, acfA and ribB genes.  In a collaborative effort, we did the 

electrophoretic mobility shift assays, using purified full-length LuxR, to show that 

LuxR can bind to most of the LuxR-regulated promoters. The information generated 
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from the microarray was then used to further refine the PSWM and one gene that the 

microarray missed was identified. 
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Materials and Methods 

Identify LuxR regulon genes in a bioinformatic approach. 

Based on the lux boxes sequences of luxI, qsrP, acfA and ribB, a PSWM was 

created representing lux boxes of the LuxR regulon (Fig 3-1, panel B). The program 

genome-scale PATSER was used for sequence analysis (http://rsat.ulb.ac.be/rsat/). 

The results with a cutoff weight score 9 are shown in Table 3-1. 

The higher the score, the better it matches the consensus sequence. The 

promoters of 21 possible LuxR-regulated genes were fused into a lacZ reporter gene 

to test if they are LuxR and AI dependent (see below). After the microarray analysis 

was finished, the PSWM was refined based on the newly found LuxR-regulated genes. 

This new PSWM (Fig 3-1, panel C) was used to search the intergenic region of V. 

fischeri ES114 genome again. 

 

Microarray analysis. 

Microarray analysis was performed in the Greenberg lab. Their method is 

provided here to permit a comparison to our growth methods. GeneChips were 

designed representing >99% of the annotated open reading frames in the V. fischeri 

ES114 genome, as well as 125 intergenic regions greater than 150bp. V. fischeri 

ES114 was grown in SWT broth with or without 1 μM N-(ß-ketocaproyl)-L-

homoserine lactone (3-oxo-C6-HSL) (added after evaporation of ethyl acetate). The 

cultures were started at an OD600 of 0.005 and cells were harvested at an OD600 of 0.3 

and 1.5. Cells were treated as described in the RNA Protect Bacteria Reagent 

Handbook (QIAGEN – Germantown, MD) using the enzymatic lysis protocol with 

minor modifications. RNA extraction and purification followed the RNeasy Mini Kit 

(QIAGEN) protocol. RNA integrity was checked by electrophoresis on agarose gels. 
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cDNA synthesis, purification, fragmentation and terminal labeling were performed 

essentially as described in the Prokaryotic Sample and Array Processing Protocol 

(Affymetrix - Santa Clara, CA).  Samples and GeneChip genome arrays (Affymetrix) 

were then submitted to the University of Washington Center for Expression Arrays 

for hybridization, washing, staining and scanning with an Affymetrix fluidic station. 

The experiment was repeated twice and the results were analyzed using the 

Affymetrix Microarray Suite v. 5 (Affymetrix, Santa Clara, CA) and Cyber-T 

(http://visitor.ics.uci.edu/genex/cybert/).  

 

Bacterial strains and growth media.  

The bacterial strains and plasmids used in this study are described in Table 3-2. 

Luria-Bertani broth (LB) was used to grow E. coli strains. It was supplemented, where 

indicated below, with ampicillin (Ap) (100 µg/ml), chloramphenicol (Cm) (20 µg/ml), 

200 nM 3-oxo-C6-HSL, or 1 mM isopropyl-ß-D-1-thiogalatopyranoside (IPTG). LBS 

medium (Dunlap, 1989) was used to grow V. fischeri MJ-100 and ES114. 

 

Plasmid Construction. 

The promoter regions of all genes that contain putative lux boxes were PCR 

amplified using the primers indicated in Table 3-3, cloned into pGEM-T (Promega, 

Madison, WI), and sequenced to confirm their integrity (Virginia Bioinformatics 

Institute Core Laboratory, Virginia Tech, Blacksburg). The promoter sequences were 

subsequently subcloned into the promoter-probe ß-galactosidase reporter pSP417 

(Podkovyrov et al, 1995) using EcoRI/BamHI sites to construct the pSP417-target 

genes (Table 3-2). Two versions of the VFA0008 promoter were cloned,  one with the 
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promoter of VFA0008 and the other one with additional upstream sequences 

containing the divergently transcribed promoter of VFA0007.  

 

ß-Galactosidase assays.  

The lacZ fusions plasmids were transformed individually into E. coli JM109 

competent cells containing pAMS121 (Stevens et al., 1999) that encodes an IPTG-

inducible luxR gene. Overnight cultures were initially inoculated from freezer stocks 

into 5 ml LB medium with appropriate antibiotics and incubated at 30°C. A subculture 

of each strain was prepared by transferring the correct amount of the overnight culture 

into 5 ml LB medium plus Ap (100 µg/ml) and Cm (20 µg/ml) with either 200 nM 3-

oxo-C6-HSL or 1 mM IPTG, both 3-oxo-C6-HSL and IPTG, or nothing to obtain an 

optical density at 600 nm (OD600) of 0.025. When the OD600
 reached 0.5, 5 µl of cells 

was diluted 1:200 in Z buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 

mM MgSO4) with 400 µM dithiothreitol and lysed with 50 µl of chloroform. 

Chemiluminescent ß-galactosidase assays (Tropix, Bedford, MA) were performed 

with 5 µl of cell lysate using an LD 400S luminescence detector (Beckman Coulter, 

Fullerton, CA) and a 20-s integration time. All assays were performed in three trials 

with triplicate samples in each trial, and the results were expressed in relative light 

units.  

 

Electrophoretic mobility shift assays (EMSA). 

The EMSA protocol is based on the method of Urbanowski et al., 2004. A 

DNA probe used as both positive and negative controls was derived from a 400-bp 

PCR fragment containing the V. fischeri MJ1 luxI-luxR regulatory region using 

template pSH202 (Choi et al, 1991). This PCR product was labeled at both ends using 
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[γ32P]-ATP plus T4 nucleotide kinase and was subsequently cleaved with MwoI 

resulting in 160-bp and 240-bp fragments.  DNA probes containing putative LuxR 

binging site were PCR amplified using primers provided from the Greenberg Lab 

(Table 3-3).  All the DNA probes were also labeled in the same manner using [γ32P]-

ATP. 

Protein-DNA binding reaction mixtures contained approximately 1 fmol of 

each DNA probe in a final volume of 20 μl of DNA binding buffer (20 mM Tris-HCl 

[pH 7.4 at 22°C], 50 mM KCl, 1mM EDTA, 1 mM dithiothreitol, 100 μg of bovine 

serum albumin/ml and 5% glycerol). Purified LuxR and 6 μM 3-oxo-C6-HSL were 

added as indicated and the reaction mixtures were incubated at 26°C for 20 min. One 

microliter of loading dye (0.1% xylene cyanol in 50% glycerol) was added, the 

reaction mixtures were loaded onto a native 5% Tris-glycine-EDTA gel on ice and 

eletrophoresis was performed at 10 V/cm for 2 hours at 4°C. The gel was dried and 

exposed to a Storm 860 phosphorimager (Molecular Dynamics, Sunnyvale, CA). 
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Results and Discussion 

LuxR-dependent genes identified via first round PSWM 

 Twenty one promoters of the possible LuxR-regulated genes from V. fischeri 

ES114 in Table 3-1 were fused with a lacZ reporter gene and beta-galactosidase 

assays showed that four genes, VF1246, VF1161, VF1725 and VFA0622, are LuxR- 

and AI-dependent (Fig 3-2). With AI and IPTG, all four of these genes along with the 

positive control luxI are significantly activated compared to other conditions where 

LuxR is not expressed and biologically active. 

 

LuxR-dependent genes identified via microarray. 

 While the initial phase of the PSWM was underway, we discovered an overlap 

in research interests with the Greenberg lab.  They were trying to find the LuxR 

regulon thorough microarray analysis and had identified 47 genes that can be 

regulated by LuxR and AI. Eighteen of those were thought to be regulated directly by 

LuxR and AI through gfp transcriptional fusions. In collaboration with the Greenberg 

lab, we performed EMSA on the promoter regions of these genes. EMSA is very 

critical to prove that these genes are directly regulated by LuxR and AI.  The genes, 

VF1161, VF1246, VF1247, VF1348 (negative control), VF1349, VF1725, VF1978 

(acfA), VF2018 (negative control), VFA0090, VFA0373 (negative control), VFA0622, 

VFA0894, VFA0924 (luxI), VFA1058 (qsrP), were chosen to do EMSA. 

We were able to complete two clear EMSA runs.  The first run showed clear 

shifts on genes VF1161, VF1247, VF1349, VF1725, VFA0894, VFA0924, VFA1058 

(data not shown). The second run showed clear shifts on genes VF1161, VF1247, 

VF1349, VF1725, VFA0090, VFA0622, VFA0894, VFA0924, VFA1058 (Fig 3-3). 

After these two experiments were completed, the activity of LuxR noticeably 
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diminished and we estimated that there was only 50% of the activity in comparison to 

EMSAs performed a year ago on the promoters of the V. fischeri MJ1 regulon (data 

not shown). Hence, the EMSAs showed that promoters of three genes, VF1241, 

VF1246, VF1978 (acfA), did not form complexes with LuxR under the conditions 

used as had been predicted. Explanations for this includes the possibility that the 

LuxR binding affinity is very low for these three promoters or that the LuxR protein 

purified from strain MJ1 has subtle differences in its activity in comparison to LuxR 

from strain ES114.  

 

LuxR-dependent genes identified via second round PSWM 

After the microarray analysis was finished, we realized that all of the newly 

confirmed LuxR-regulated genes also have well conserved lux boxes. The PSWM was 

refined based on the additional 18 LuxR-regulated genes (Fig 3-1, panel C) and this 

new PSWM was used to search the intergenic region of the V. fischeri ES114 genome 

again. In this PSWM the lux box of VF1247 was added since the binding site is the 

same as VF1246 just on the complementary strand. To be consistent, the binding site 

upstream of luxR VFA0925 was also included because it is identical to the site 

upstream of luxI but on the complementary strand (R.Kulkarni, personal 

communication). 

One intergenic region, VFA0658-0659, was revealed that has almost the same 

promoter and lux box as the LuxR-regulated fragment VFA0643-0644. The promoter 

of VFA0658-0659 was fused to lacZ and examined for its LuxR- and AI-dependence. 

The result showed that the promoter of VFA0658-0659 is activated by LuxR and AI 

(Fig. 3-4). 
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Concluding remarks: 

The finding that the promoter of VFA0658-0659 is regulated by LuxR showed 

that the bioinformatic approach can complement microarray experiments. During the 

mRNA preparation for microarray, mRNAs less than 100 bases in size would not 

have been purified by the Qiagen RNeasy mini kit. Therefore, some intergenic regions, 

like sRNAs, could be missed in the microarrays. The PSWM approach enables a 

search of the whole genome for promoters containing the consensus lux box.  On the 

other hand, searching the LuxR regulon using a PSWM may also miss gene that are 

identified through microarrays, if the lux box of a gene does not have a highly 

conserved lux box. Hence the microarray and bioinformatic methods serve to 

complement one another. 
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Figure 3-1.  Panel A: Comparison of different lux boxes in LuxR regulon of V. 

fischeri MJ-100. The nucleotides underlined are different from those in the lux box of 

luxIPanel B: The consensus of the LuxR regulon used in the first round PSWM. Panel 

C: The consensus of the LuxR regulon used in the second round PSWM. 

 
 
 
 
 
 
 
 
 
 
 
 
 

ACCTGTAGGATCGTACAGGT

ACCTGTAATAAGTTACAGGA

CCCTGTAAGTTATTACAGCT

ACCTGCAATAATTTACAGTA

luxI

qsrP

ribB

acfA

A |  3  0  0  0  0  0  4  3  0  3  2  1  0  0  4  0  4  0  0  2
C |  1  4  4  0  0  1  0  0  0  0  0  1  0  0  0  4  0  0  1  0
G |  0  0  0  0  4  0  0  1  2  0  0  1  1  0  0  0  0  4  2  0
T |  0  0  0  4  0  3  0  0  2  1  2  1  3  4  0  0  0  0  1  2

A:

B:

A | 10  4  0  0  0  0  11  7  5  8  3  4  1  2  10  1  12 1  0   1
C |  0  8 11  0  0  0   1  1  2  0  0  5  2  0   0 12   0   0  3   0
G |  0  1  1  0 13  0   0 3  2  0  0  2  2  3   2 0   1  11 6   0
T |  3  0  1 13  0 13  1  2  4  5 10 2  8  8   1 0   0   1  4 12

C:
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Figure 3-2. LuxR-dependent LacZ expression driven by newly identified V. fischeri 
promoters. Strains carrying pSP417 serve as a negative control and strains with PluxI-
lacZ serve as a positive control. Three independent trials were conducted, with 
triplicate assays for each trial. The error bars indicate standard deviations from the 
means. The presence (+) and absence (-) of the autoinducer (AI) and IPTG are 
indicated. The data for each strain was normalized using the negative control for that 
strain. 
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Figure 3-3. Panel A: Electrophoretic mobility shift assays of promoters that showed 
activity in transcriptional fusions in E. coli.  1 VF1161, 2 VF1246, 3 VF1247, 4 
VF1348, 5 VF1349, 6 VF1725, 7 VF1979, 8 VF2018, 9 VFA0090, 11 VFA0622, 12 
VFA0894, 13 VFA0924, 14 VFA1058. Panel B: The EMSA figure used in the 
Antunes et al, 2007. Reaction mixtures contained 1 fmol of DNA, 6 µM 3OC6-HSL, 
and either no LuxR (–) or LuxR at a final concentration of 6.2 nM (+). DNA probes 
were generated by PCR amplification of promoter regions using the transcriptional 
fusion plasmids as templates. Probes are shown side by side to facilitate comparison, 
even though sizes are different. VF0090 is shown as an example of a promoter 
fragment that is not shifted by LuxR, and this serves as a negative control. 
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Figure 3-4. LuxR-dependent LacZ expression driven by promoter of VFA0658-0659. 

Strains carrying pSP417 and the promoter of luxI served as the negative and positive 

controls, respectively. Three independent trials were conducted, with triplicate assays 

for each trial. The error bars indicate standard deviations from the means. The 

presence (+) and absence (-) of the autoinducer (AI) and IPTG are indicated. 
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Table 3-1. The genes with weight score higher than 9 in V. fisheri ES114 from 

first round PSWM. 
map  type id  strand start end sequence Score ln(P)

VF0358 * site  patser D  285  304  9.18  -11.57 hypothetical protein 

VF0358  site  patser R  285  304  13.25 -15.74 hypothetical protein 

VF1161  site  patser D  267  286  10.29 -12.68 periplasmic component of efflux system 

VF1161  site  patser R  267  286  12.68 -15.12 periplasmic component of efflux system 

VF1246  site  patser D  211  230  11.69 -13.93 putative omptin family serine protease 

VF1246  site  patser R  211  230  12.91 -15.31 putative omptin family serine protease 

VF1247  site  patser D  147  166  12.91 -15.31 hypothetical protein 

VF1247  site  patser R  147  166  11.69 -13.93 hypothetical protein 

VF1349  site  patser R  266  285  11.29 -13.53 hypothetical protein 

VF1350  site  patser D  105  124  11.29 -13.53 hypothetical protein 

VF1641  site  patser R  372  391  10.28 -12.64 DNA topoisomerase III 

VF1705  site  patser R  232  251  9.90  -12.23 cell division inhibitor MinD 

VF1725  site  patser D  323  342  10.34 -12.74 secretory tripeptidyl aminopeptidase 

VF1725  site  patser R  323  342  10.57 -12.92 secretory tripeptidyl aminopeptidase 

VF1978  site  patser R  235  254  9.60  -11.94 accessory colonization factor AcfA-like protein 

VF1979  site  patser D  240  259  9.60  -11.94 transcriptional regulators, LysR family 

VF2156  site  patser R  136  155  9.82  -12.18 gluconate permease 

VF2442  site  patser R  376  395  9.35  -11.73 LexA repressor 

VF2443  site  patser D  165  184  9.35  -11.73 glycerol-3-phosphate acyltransferase 

VF2559  site  patser R  72  91   9.80  -12.18 dihydroxy-acid dehydratase 

VFA0007 site  patser R  375  394  9.07  -11.50 glutathione-dependent formaldehyde-activating enzyme

VFA0008 site  patser D  4  23   9.07  -11.50 Phospholipase 

VFA0216 site  patser R  221  240  9.54  -11.88 hypothetical protein 

VFA0622 site  patser D  127  146  9.66  -12.05 hypothetical protein 

VFA0623 site  patser D  315  334  14.34 -16.81 hypothetical protein 

VFA0623 site  patser R  315  334  12.30 -14.57 hypothetical protein 

VFA0643 site  patser D  30  49   12.32 -14.61 phosphotransferase family protein 

VFA0644 site  patser R  163  182  9.03  -11.46 hypothetical protein 

VFA0658 site  patser D  36  55   12.32 -14.61 hypothetical protein 

VFA0894 site  patser R  324  343  9.96  -12.37 putative surface protein 

VFA0924 site  patser D  323  342  14.74 -17.41 LuxI, autoinducer synthesis protein 

VFA0924 site  patser R  323  342  11.20 -13.49 LuxI, autoinducer synthesis protein 

VFA0925 site  patser D  244  263  11.20 -13.49 LuxR, transcriptional regulator 

VFA0925 site  patser R  244  263  14.74 -17.41 LuxR, transcriptional regulator 

VFA1057 site  patser D  221  240  11.71 -13.97 predicted phosphatase 

VFA1057 site  patser R  221  240  13.25 -15.74 predicted phosphatase 

VFA1058 site  patser D  319  338  13.25 -15.74 hypothetical protein 

VFA1058 site  patser R  319  338  11.71 -13.97 hypothetical protein 

 
* The genes listed in bold were checked by lacZ reporters. 
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Table 3-2. Strains and plasmids used in this study. 
Strains              Relevant characteristics     Source 

E. coli  

JM109 

recA1 supE44 endA1 hsdR17 gyrA96 relA1 thi-1 
 Δ (lac-proAB) [F' traD36 proAB lacIqlacZΔM15] 

Yanisch-Perron et 

al, 1985 

  V. fischeri MJ-100  Wild type, Nxr Dunlap et al, 1992 

V. fischeri  ES114  Wild type Boettcher et al, 

1990 

    Plasmids     

pAMS121 luxR, Cmr Stevens et al,    

1999 

pSP417 promoterless lacZ, Apr Podkovyrov and   

Larson, 1995 

pSP417-VF0358 pSP417 with VF0358 promoter This study 

pSP417-VF1246 pSP417 with VF1246 promoter This study 

pSP417-VF1247 pSP417 with VF1247 promoter This study 

pSP417-VF1349 pSP417 with VF1349 promoter This study 

pSP417-VF1350 pSP417 with VF1350 promoter This study 

pSP417-VF1161 pSP417 with  VF1161 promoter This study 

pSP417-VF1705 pSP417 with VF1705  promoter This study 

pSP417-VF1725 pSP417 with VF1725  promoter This study 

pSP417-VF0029 pSP417 with VF0029 promoter  This study 

pSP417-VF0162 pSP417 with VF0162 promoter This study 

pSP417-VF0170 pSP417 with VF0170 promoter This study 

pSP417-VF2156 pSP417 with VF2156  promoter This study 

pSP417-VFA0622 pSP417 with VFA0622 promoter This study 

pSP417-VFA0623 pSP417 with VFA0623 promoter This study 

pSP417-VFA0643 pSP417 with VFA0643 promoter This study 

pSP417-VFA0644 pSP417 with VFA0644 promoter This study 

pSP417-VFA0658 pSP417 with VFA0658 promoter This study 

pSP417-VFA0894 pSP417 with VFA0894 promoter This study 

pSP417-VFA0007 pSP417 with VFA0007 promoter This study 

pSP417-VFA0008 pSP417 with VFA0008 promoter This study 

pSP417-VFA0008-2 pSP417 with VFA0008-2 promoter This study 

pSP417-VFA0216 pSP417 with VFA0216 promoter This study 

pSP417-VFA0658-0659 pSP417 with VFA0658-0659 promoter This study 
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Table 3-3. Primers used in this study 

Primers Primer Sequence (5’-3’)   Reference 
VF1246F 

VF1246R 

CGGAATTCCCGATCAGCTCATCGTTTGACGCACAACC 

CGCGGATCCGGAGATTAAAACTAGGGGAGTGAGTATG 

This Study 

VF1247F 

VF1247R 

CGGAATTCGGAGATTAAAACTAGGGGAGTGAGTATG 

CGCGGATCCCCGATCAGCTCATCGTTTGACGCACAACC 

This Study 

VF1349F 

VF1349R 

CGGAATTCCCTGGCGTGTTGAGAGACAACAGACTC 

CGCGGATCCCGTCGACTTCCCTTAAGGAAGTAACCGC 

This Study 

VF1350F 

VF1350R 

CGGAATTCCGTCGACTTCCCTTAAGGAAGTAACCGC 

CGCGGATCCCCTGGCGTGTTGAGAGACAACAGACTC 

This Study 

 VF0358F 

VF0358R 

GAA TTC CCC CAA GCC AAA TGG CTT C 

GGA TCC GAT GCA GAT ACT GAA AGT GG 

This Study 

VF1161F 

VF1161R 

GAA TTC CCT GTA ACG CCT GTC TAC AGC 

GGA TCC CCC AAC ACT CAC AAC AAC AAA CG 

This Study 

VF1705F 

VF1705R 

GAA TTC CAC GGT ACA TTA CGC GGC AGA G 

GGA TCC CCT ACG CCA CCT TTG CCT GAA GTC AC 

This Study 

VF1725F 

VF1725R 

GAA TTC CGT ACA TCT GTT CCG GTT ATC TGT GG 

GGA TCC CAG CAG TGG TAG CCG CAG CTA AGC TTG 

This Study 

VF0029F 

VF0029R 

GAA TTC GAG CCA CGG ATT CCT CCG CC 

GGA TCC CTG ATG TGG TTG CAC ATC CTG 

This Study 

VF0162F 

VF0162R 

GAA TTC GAG CAA ACA TCG TGC ACG G 

GGA TCC GTC GAG ATG TGC GAA CCA GGG 

This Study 

VF0170F 

VF0170R 

GAA TTC GTT AAC AGC TGA AGA GCT GTG 

GGA TCC CAA TGC CCC TTG AAC AGA AAG 

This Study 

VF2156F 

VF2156R 

GAA TTC CGG AAT ACT CTT CGC TAC AGG CTG G 

GGA TCC CAT GCC ATA AGC AGG CGG GAC C 

This Study 

 

VFA0007F 

VFA0007R 

GAA TTC GCC ACG CAT TGC GCC ACC TTC 

GGA TCC GAC AGT GTA ATG TAC CGC CTT GG 

This Study 

VFA0008F 

VFA0008R 

GAA TTC GAC AGT GTA ATG TAC CGC CTT GG 

GGA TCC GCC ACG CAT TGC GCC ACC TTC 

This Study 

VFA0008F-2a 

VFA0008R-2a 

GAA TTC CCG AAG AAC GGA TGA CCT TCG 

GGA TCC GCC ACG CAT TGC GCC ACC TTC 

This Study 

VFA0216F 

VFA0216R 

GAA TTC GCA CAT TCG ATT ACG CTT TAT G 

GGA TCC CTA AGC CAT CTC CAT TAG GCA TC 

This Study 

VFA0622F 

VFA0622R 

GAA TTC CCA ACA TGA TAA CTA AAG GCG AGG 

GGA TCC CCA CTT CGG TTT TCG TCG TTG AAC 

This Study 

VFA0623F 

VFA0623R 

GAA TTC CCA CTT CGG TTT TCG TCG TTG AAC 

GGA TCC CCA ACA TGA TAA CTA AAG GCG AGG 

This Study 

VFA0643F 

VFA0643R 

GAA TTC CGG TCA ACT TGT GAA TAG TCT GC 

GGA TCC CGC GCC CGC CTT GAA GTT C 

This Study 

VFA0644F 

VFA0644R 

GAA TTC CGC GCC CGC CTT GAA GTT C 

GGA TCC CGG TCA ACT TGT GAA TAG TCT GC 

This Study 
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VFA0658F 

VFA0658R 

GAA TTC GTG TGG AAC CAA GAT ACT ACC CGC 

GGA TCC GCT CAT GTA GAA GGC GAG GGC GAC TG 

This Study 

VFA0894F 

VFA0894R 

GAA TTC CGC TTT ATT TTA TGG CTA TCC 

GGA TCC GAG ACG AGC AAT AAG CTA GTG AGC 

This Study 

VFA0658-0659F 

VFA0658-0659R 

GAA TTC CAG CTC CAA ACT TGC TGA TAC 

GGA TCC GAT GAC TGG AAT CGA ACC CTG AAC G 

This Study 

EMSAVF1161F 

EMSAVF1161R 

TATATGGATCCAACTGTAAAATCGGACAGG 

GTTGTGAATTCACTCGTACAAAATAATACCC 

Caetano et al, 2007 

EMSAVF1246F 

EMSAVF1246R 

AGTATGGATCCAAAAATAAGATGTATGC 

GCCATGAATTCCGGAGATTAAAACTAGGG 

Caetano et al, 2007 

EMSAVF1247F 

EMSAVF1247R 

TTAAGGGATCCTAATTAAGGTGGATGC 

AACTAGAATTCACATTAGCGACGCTACC 

Caetano et al, 2007 

EMSAVF1348F 

EMSAVF1348R 

GTTTTGGATCCATTGAAATTATATACCC 

CGTGAGAATTCTAACCACTCATCTAACC 

Caetano et al, 2007 

EMSAVF1349F 

EMSAVF1349R 

TCAATGGATCCAGTATAAATATACACTCAG 

ACAATGAATTCAAACTATTTAATTTAGCTG 

Caetano et al, 2007 

EMSAVF1725F 

EMSAVF1725R 

GCCAAGGATCCACCTGTAAAATCTATCAGTTCC 

TCGTCGAATTCGGTAGCCGCAGCTAAGC 

Caetano et al, 2007 

EMSAVF1978F 

EMSAVF1978R 

CCTTAGGATCCTCCTGTAGTTTATTGCGGC 

ACTCAGAATTCTTAGGCCGTATTCTAAACC 

Caetano et al, 2007 

EMSAVF2018F 

EMSAVF2018R 

TCTCTGGATCCAAGCCCTGCCATTG 

ACATCGAATTCTGCAATATCTTTCTCCG 

Caetano et al, 2007 

EMSAVFA0090F 

EMSAVFA0090R 

CAATTGGATCCAAGTGTATATATTTACAG 

ACTTGGAATTCCATGTTTTCTTCATACG 

Caetano et al, 2007 

EMSAVFA0373F 

EMSAVFA0373R 

ACCATGGATCCACCAGTTCTTAAACTGG 

GTTACGAATTCGAAGATCTAACAAAGCTGC 

Caetano et al, 2007 

EMSAVFA0622F 

EMSAVFA0622R 

ACAACGGATCCTAAGTAAATTAAGGAGG 

AGATCGAATTCAAATTAAACATCCTTGC 

Caetano et al, 2007 

EMSAVFA0894F 

EMSAVFA0894R 

CAAAAGGATCCAAACCTGTAAAATCAGG 

ACAAGGAATTCGCAATAAGCTAGTGAGC 

Caetano et al, 2007 

EMSAVFA0924F 

EMSAVFA0924R 

TTGCGGGATCCATAACACCAATTTGGAGGTTTGG 

AGACTGAATTCACCTCTATACTCCTCTGATGG 

Caetano et al, 2007 

EMSAVFA1058F 

EMSAVFA1058R 

ATTAAGGATCCACCTGTAATAAACGACAGG 

CTTCTGAATTCTTACTTAATGACTTGAACGAG 

Caetano et al, 2007 

 

a another pair primer for VFA0008 that contain promoters of both VFA0007 and VFA0008. 
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CHAPTER 4 

Analysis of the LitR Regulon in Vibrio fischeri ES114 
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Abstract 

LitR is a transcriptional regulator that is involved in quorum sensing in Vibrio 

fischeri. Homologs of LitR are also found in other Vibrios, such as V. cholera (HapR), 

V. harveyi (LuxRVh), V. parahaemolyticus (OpaR) and V. vulnificus (SmcR). Protein-

binding studies have previously suggested that LitR enhances quorum sensing by 

regulating the transcription of luxR. A microarray comparison between the V. fischeri 

wild-type ES114 and litR- mutant PMF8, completed by others, has revealed that LitR 

regulated genes are involved in not only bioluminescence but also synthesis of 

capsular polysaccharides, pili, proteases and mobility and chemotaxis. In an effort to 

identify additional LitR-regulated targets, a PSWM was created for the current study 

based on the genes regulated by LitR and its homolog HapR.  Later that PSWM was 

modified using sequences from the LitR-regulated genes in a glass chip microarray. 

The putative LitR-regulated genes predicted by the PSWM have been tested either 

with a lacZ reporter or real-time PCR. In summary, litR and two other genes, VF0162 

and VF0170, which were found in the microarray have been confirmed to be 

regulated by LitR. EMSA shows that LitR in the crude cell extract can specifically 

bind to the litR box. 

 

 

 

 

 

 

 

 



 - 83 -

Introduction 

 Vibrio fischeri is the bacterial symbiont within the light-emitting organ of the 

sepiolid squid Euprymna scolopes. Upon colonizing juvenile squids, bacterial 

symbionts grow on host-supplied nutrients and provide a bioluminescence that the 

host uses during its nocturnal activities (Hooper and Gordon, 2001). Previous research 

suggested that V. fischeri produces an extracellular proteolytic activity similar to that 

exhibited by the Vibrio cholerae Hap (Finkelstein et al, 1983), Vibrio vulnificus Vvp 

(Nishina et al, 1992) or Vibrio anguillarum EmpA (Garcia et al, 1997) proteins. This 

activity might allow symbiosis-competent cells of V. fischeri to move through the 

mucous barrier outside the light organ pores (Nyholm et al, 2000) and gain access to 

host-derived peptides in the crypts (Graf and Ruby, 1998).  

Other HapR homologues not associated with proteolytic activity have also 

been identified. OpaR controls colony opacity in Vibrio parahaemolyticus (McCarter, 

1998). LuxRVh is required for luminescence in Vibrio harveyi (Showalter et al, 1990), 

but is not homologous to LuxR from V. fischeri. To find the HapR homologue in V. 

fischeri and thereby better understand the control of both protease activity and 

luminescence in this organism, degenerate primers were used to amplify a 606 bp 

open reading frame that encodes a protein with 60% identity to four related regulators: 

V. cholerae HapR, V. harveyi LuxRVh, V. parahaemolytics OpaR and V. vulnificus 

SmcR. It was named LitR (Fidopiastis et al, 2002). 

LitR connects the LuxR/I system to two other quorum sensing systems in V. 

fischeri, the AinR/S and LuxS systems. The discovery of these two systems was based 

on the quorum-sensing network in Vibrio harveyi (Visick, 2005). The autoinducer 

synthase enzymes, AinS and LuxS, produce the corresponding signal molecules, N-

octanoyl-L-homoserine lactone and AI-2, a furanosyl borate diester, respectively. 
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These signals, in turn, are hypothesized to be recognized by their cognate sensors 

AinR and LuxQ. A soluble periplasmic binding protein called LuxP in thought to act 

in conjunction with LuxQ to detect AI-2. The model further predicts that in V. fischeri, 

at low cell density, both AinR and LuxQ act as kinases and phosphorylate the 

response regulator LuxO via the phosphorelay protein LuxU. Phospho-LuxO then 

activates the expression of a single predicted sRNA (qrr1), which acts as a repressor 

of litR expression. At high cell density, the sensors switch from being kinases to 

phosphatases and promote the dephosphophorylation of LuxO. This lowers the 

expression of the sRNA repressor of LitR, leading to higher levels of LitR and, 

correspondingly, activation of luxR. Thus the AinR/S and LuxS/PQ systems are 

linked to the LuxR/I system through LitR. The connection between the three systems 

led to the proposal of a sequential model for the activation of luminescence in V. 

fischeri (Visick, 2005). 

The binding sites for LitR and its homologues, HapR in V. cholera, and 

orthologs in V. parahaemolyticus and V. vulnificus are well conserved. So based on 

the binding sites of HapR upstream of aphA and hapR in V. cholera and its orthologs 

in V. parahaemolyticus and V. vulnificus, we created a PSWM, just like for the LuxR 

regulon (Chapter 3), to represent the litR box. This PSWM was used to search the V. 

fischeri ES114 genome. litR was found using this PSWM. After a first round of 

analysis, we modified the PSWM using information obtained from a glass-chip 

microarray study (Siegl, 2004) to carry out a second round of analysis. 

 Gene expression of the LitR-regulated genes was measured using gfp or lacZ 

reporters and real-time PCR in V. fischeri wildtype, a litR- mutant strain PMF8 

(Fidopiastis et al, 2002) and ainS- mutant CL21 (Eric Stabb, personal communication). 

RT-PCR analysis demonstrated the expression of litR, VF0162, and VF0170 were 
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dependent on LitR. Whether or not this regulation was due to direct binding of LitR to 

the promoter region was analyzed via EMSA. 
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Materials and Methods 

Identify LitR regulon genes in a bioinformatic approach 

A PSWM representation of the LitR binding site was derived by R. Kulkarni. 

Previous work has identified ~18 bp regions corresponding to binding sites of HapR 

(ortholog of LitR) upstream of the genes aphA and hapR in V. cholerae. A multiple 

alignment of the upstream regions of aphA and its orthologs from Vibrio 

parahaemolyticus and Vibrio vulnificus was generated and the procedure was repeated 

for hapR and its orthologs. Both multiple alignments revealed that the corresponding 

predicted HapR binding regions are conserved across species. However, unlike the 

previous study, which concluded that the binding sites upstream of aphA and hapR are 

quite dissimilar, we found similar binding sites (18 bp) by considering the 

complementary strand upstream of hapR and its orthologs (Fig. 4-1, Panel B). In Fig. 

4-1, Panel A the sequence logo representation of the binding motif (derived from the 

six predicted binding sites) and the litR boxes of the three genes are shown. The 

corresponding weight matrix was used to scan the V. fischeri genome using program 

genome-scale PATSER (http://rsat.ulb.ac.be/rsat/).  

The results of the scan further validated our approach by identifying a strong 

binding site upstream of the litR gene, consistent with previous results showing that 

the orthologs of LitR are autoregulatory. These findings give us confidence that a 

subset of the predicted targets of LitR would be validated experimentally. 

 

Microarray analysis 

Microarray analysis of V. fischeri gene expression was done by Alexander 

Siegl (Siegl, M.S. thesis, 2004) in Edward Ruby’s lab, then at the University of 

Hawaii. Their methods are provided here to permit a comparison to our growth 
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methods. V. fischeri ES114 wildtype and pMF8 (litR-) containing strains were grown 

in seawater-based nutrient medium-SWT at 28°C with shaking. The cells were grown 

to and harvested at an OD600 of 0.5 and 2.0. Cells were mixed with RNA Protect 

Bacteria Reagent (QIAGEN, Valencia, CA) at a 1:2 ratio. RNA extraction and 

purification followed the RNeasy Mini Kit (QIAGEN) protocol. RNA concentration 

and purity was checked by photospectroscopy. The RNA was then treated by DNase 

digestion with the RNase-free DNase set from Qiagen. The RNA was converted to 

cDNA using SuperscriptII reverse transcriptase (Applied Biosystems, Foster City, 

CA). The purified Cy3 and Cy5 probes from the wildtype and the mutant were 

combined and hybridized to the DNA chip. Microarray slides were scanned with 

Affimetrix 428TM Array Scanner using the software Jaguar 2.0 from Affimetrix 

according to the handbook. The spreadsheets containing all information were 

converted and copied to Microsoft Excel for further analysis. 

 

Bacterial strains and growth media.  

The bacterial strains and plasmids used in this study are described in Table 4-1. 

Luria-Bertani broth (LB) was used to grow Escherichia coli strains. It was 

supplemented, where indicated below, with ampicillin (Ap) (100 µg/ml), 

chloramphenicol (Cm) (20 µg/ml), erythromycin (Erm) (300 µg/ml), 200 nM 3-oxo-

L-C6-HSL or 1 mM isopropyl-ß-D-1-thiogalatopyranoside (IPTG). LBS medium 

(Dunlap, 1989) was used to grow V. fischeri. 

 

Plasmid Construction. 

The promoter regions of a number of genes containing putative litR boxes 

were PCR amplified using the primers indicated in Table 4-2, cloned into pGEM-T 
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and sequenced to confirm their integrity. The promoter sequences were subsequently 

subcloned into the promoter-probe gfp reporter pVSV209 (Dunn et al, 2006) using a 

SalI site or the ß-galactosidase reporter pSP417 (Podkovyrov et al, 1995, Table 4-1) 

using EcoRI-BamHI sites. For the RT-PCR analysis, internal fragments of target 

genes were PCR amplified and served as templates for the standard curve (Table 4-2).  

To overexpress LitR, litR was PCR amplified with primers containing NcoI 

and BamHI adapters and cloned into pGEM-T vector. Then the pET-3dluxR 

(Urbanowski, 2004) and pGEM-TlitR vectors both were digested with NcoI and 

BamHI. The 600bp NcoI/BamHI litR fragment was ligated to the pET-3d vector to 

create pET-3dlitR. The ATG of the NcoI cut site “CCATGG” is the start codon of litR. 

 

GFP assays. 

Samples were analyzed by a Tecan SpectraFluor Plus plate-reader using an 

absorbance wavelength of 590 nm for OD readings, and excitation and emission 

wavelengths of 485 nm and 535 nm respectively, to measure fluorescence output.  

The fluorescence values were corrected for background by subtracting the RFU 

obtained from an uninduced negative control, and the output was determined by 

dividing the corrected RFU by the OD of the sample.   

 

ß-Galactosidase assays.  

The constructs containing the lacZ reporter driven by different promoters (PluxR, 

PlitR and PainS) were transformed individually into E. coli JM109 competent cells 

containing pMF2 which has a litR gene that could be induced by IPTG or the controls 

pMF7, pVO8 that do not have a fuctional litR gene (Fidopiastis et al, 2002). pVO8 is 

the parent plasmid of pMF2 and the backbone of pMF7 is different from pMF2 and 
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pVO8. Overnight cultures were initially inoculated from freezer stocks into 5 ml LB 

medium with appropriate antibiotics and incubated at 30°C. A subculture of each 

strain was prepared by transferring the correct amount of the overnight culture into 5 

ml LB medium plus Ap (100 µg/ml) or Cm (20 µg/ml) (for pMF7) or Erm (300 µg/ml) 

(for pVO8 and pMF2) with 1 mM IPTG or nothing to obtain an optical density at 600 

nm (OD600) of 0.025. When the OD600
 reached 0.5, 5 µl of cells were diluted 1:200 in 

Z buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4) with 400 

µM dithiothreitol and lysed with 50 µl of chloroform. Chemiluminescent ß-

galactosidase assays were performed with 5 µl of cell lysate according to the 

manufacturer’s directions (Tropix, Bedford, MA) and a LD 400S luminescence 

detector with a 20-s integration time. All assays were performed in three trials with 

triplicate samples in each trial, and the results were expressed in relative light units.  

 

RNA purification 

For real-time RT-PCR, V. fischeri ES114 and pMF8 (litR-) (Table. 4-1) 

overnight cultures were initially inoculated from freezer stocks into 5 ml LBS medium 

with no antibiotics and incubated at 30°C. A subculture of each strain was prepared by 

transferring an appropriate amount of the overnight culture into 20 ml LBS medium to 

obtain an OD600 of 0.005. Then the cells were grown to an OD600 of 0.5 and 2.0. Five 

milliliters of cells was harvested at and mixed with RNA Protect Bacteria Reagent 

(QIAGEN) at a 1:2 ratio and then the cells were centrifuged and saved at -70°C. The 

next day, the cells were resuspended in TE buffer (10 mM Tris, [pH 8.0], 2 mM 

EDTA) and passed through 19 gauge needles four times each to improve lysis. The 

RNA was also treated by DNase digestion with the RNase-free DNase set from 

Qiagen. Subsequent steps were performed using the QIAGEN RNeasy kit protocol. 
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After purification, the RNA concentration and integrity were determined by an 

Agilent Bioanalyzer 2100 (Agilent, Palo Alto, CA) at the Virginia Bioinformatics 

Institute. The RIN (RNA Integrity Number) was determined and only RNA 

preparations with a RIN at least 9 out of 10 were used. 

 

Real-time PCR 

The primers for real-time PCR were designed by Primer Express from ABI 

(Applied Biosystems, Foster City, CA). cDNA was made from total RNA using 

random hexamer primers and a high capacity cDNA reverse transcription kit (Applied 

Biosystems). The resulting cDNA was used as a template in RT-PCR with SYBR 

green detection using an Applied Biosystems 7300 Real-Time PCR System with a 

standard protocol from ABI. The starting quantity of template for each sample was 

determined using a four-point standard curve generated by amplification of PCR 

products containing portions of the genes of interest from known quantities of plasmid 

templates or PCR products. Melting curves were analyzed at the end of each PCR run, 

and controls included PCRs without total RNA and without the reverse transcriptase. 

RT-PCR was performed using the cDNA of each set of RNA in triplicate. The mean 

quantities of litR, VF0162, VF0170, VF0510 and VFA1152 transcripts were 

normalized based on the mean quantity of the control gene, nadB.  

 

Purification of Crude Extract of LitR 

E. coli JM109 containing a plasmid with litR under T7 promoter control 

(pMF2) was used to express LitR. E. coli containing that plasmid backbone without 

litR (pVO8) was used as a negative control. E. coli strains were inoculated to an 

OD600 of 0.05 in LB medium containing 300 μg/ml Erm and grown at 28°C. At an 
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OD600 of 0.5, IPTG was added to a final concentration of 1 mM to induce T7 

polymerase and thereby overexpress the plasmid-encoded gene products. After the 

culture had reached an OD600 of 1.5, the cells were harvested by centrifugation. Ten 

ml of lysis buffer (50 mM Hepes, [pH 7.9], 2 mM EDTA, 1 mM DTT, 1 mM 

phenylmethylsulfonyl fluoride, 5% glycerol) (Swartzman et al, 1993) was added and 

the suspension was disrupted with a French Press. The lysate was centrifuged at 

20,000 g for 10 min and the resulting supernatant fluid was centrifuged at 100,000 g 

for 1.5 hours. The clear 100,000 g cell extract was used for EMSA. The protein 

concentration of the cell crude extract was estimated using a Bradford assay (Bio-Rad, 

Hercules, CA) 

 

Electrophoretic mobility shift assays (EMSA). 

The EMSA protocol is based on the method of Urbanowski et al, 2004. The 

DNA probe used as positive control was the 20 bp-litR box. Negative controls were 

the promoters of luxR and luxI. The oligonucleotides used to generate the 20 bp-litR 

box were heated to 95°C for 2 min and then slowly cooled down to room temperature. 

The 20 bp-litR box and other PCR products were labeled at both ends using γ32P-ATP 

plus T4 nucleotide kinase. Protein-DNA binding reaction mixtures contained 

approximately 100 fmol of each DNA probe in a final volume of 20 μl of DNA 

binding buffer (20 mM Tris-HCl [pH 7.4 at 22°C], 50 mM KCl, 1mM EDTA, 1 mM 

dithiothreitol, 100 μg of bovine serum albumin/ml and 5% glycerol). Crude extracts 

of LitR and DNA competitor polydIdC (50 μg/ml) were added as indicated and the 

reaction mixtures were incubated at 26°C for 20 min. One microliter of loading dye 

(0.1% xylene cyanol in 50% glycerol) was added, the reaction mixtures were loaded 

onto a native 5% Tris-Glycine-EDTA gel and eletrophoresis was performed at 10 
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V/cm for 1 hour. The gel was dried and exposed to a Typhoon phosphorimager 

(Molecular Dynamics, Sunnyvale, CA). 
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Results and Discussion 

Tentative LitR-dependent genes identified via first round PSWM 

The PSWM based on the HapR binding sites upstream of aphA and hapR in V. 

cholera and its orthologs in V. parahaemolyticus and V. vulnificus was used to 

identify putative LitR-dependent targets in V. fischeri. The promoters of the following 

identified genes 1:VF2120 ArcA; 2:VFA0348 Ebg operon repressor; 3:VFA0498 

MoxR; 4:VFA1015 Rpo-S like sigma factor; 5: VFA1016 protein kinase; 6: 

VFA0238 glycerol-3-phospho regulon repressor, were cloned into a gfp reporter. The 

reports were put into E. coli with an IPTG-inducible promoter, pMF2 or pMF7 as a 

negative control (Fidopiastis et al, 2002).  

 

The results showed that none of the promoters were regulated by LitR. 

However, a positive control (promoter of luxR) for this experiment was never 

constructed successfully (data not shown) and later it was determined that the pMF2 

construct was not expressing LitR. Interestingly, a microarray experiment (Siegl, M.S. 

Thesis, 2004) also failed to detect LitR-dependent expression of those 6 genes 

initially examined. 

 

Tentative LitR-dependent genes identified via second round PSWMs 

The glass-chip microarray data from the Ruby lab on the LitR regulon (Siegl, 

M.S. Thesis, 2004) permitted the PSWM to be refined. The binding sites for LitR are 

hypothesized to be more complicated than those for LuxR since there are two binding 

motifs for the LitR-type homologs. One motif is based on a PSWM with a fixed 

length (the TGT motif) while the other PSWM is variable in length (TAA motif). The 
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TGT motif was defined based on the following genes (TGT located in the last 3 

nucleotides, Fig 4-1, panel D): 

1) hapR 
CTAATGATTATT TTGT 
 
2) VC2647 (aphA) 
TTATTGAGAATAATGT 
 
3) VP2762 
CTATTGAGTATTATGT 
 
4) VV1_1367 
CTATTGAGCATTTTGT 
 
5) vanT 
CTAATGATTATTTTGT 

 

The TAA motif was defined based on LitR and its orthologs (Fig 4-1, panel C): 

1)VP2516 
TAATTGATTATTTTAATAA 
 
2)vibhar_03459 
TAATTGATTATTTTAATAG 
 
3) VF2177 (litR) 
TTATTGAGAATAATAATAATAA 
 
4)VV1_1634 
CTATTGATTGTTTTAATAA 
 

So far, we have no evidence of a binding site with a TGT motif in V. fischeri. For the 

TAA motif, a PSWM has been generated considering only LitR and its orthologs in 

the Vibrios (excluding HapR) (Fig 4-1, panel C). 

Both the refined TGT and TAA PSWMs were used to search the intergenic 

regions of V. fischeri ES114 genome again and two new targets beyond the 

microarray results were selected to check their LitR-dependence via real time-PCR, 

VF0162 and VF0170. VF0162 encodes a putative polysaccharide export protein YzzZ 

and VF0170 encodes an O-antigen translocase (flippase). 
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ß-Galactosidase assays.  

The lacZ reporter vector pSP417 was used to check the LitR-dependence of 

this second set of promoters instead of the gfp reporter vector pVSV209. The 

promoters of litR, luxR, ainS, VF0162 and VF0170 were fused to lacZ in pSP417. 

Plasmid containing pMF2 (litR+) or pVO8 (litR-) or pMF7 (litR-) was also co-

transformed with the reporter fusions into E. coli JM109.  The pMF2 construct used 

for these experiments was expressing LitR. A strain expressing lacZ from the luxI 

promoter grown in the presence 3-oxo-C6-HSL and expressing LuxR served as a 

positive control. 

The litR promoter fusion doesn’t have significantly higher levels of expression 

with pMF2 compared to pVO8, but it does exhibit about a 4-fold increase in 

expression with pMF2 compared to pMF7 (Fig 4-2). The luxR promoter fusion had 

similar LacZ levels as the negative control pSP417; no obvious regulation was seen. 

This is because the binding site for LitR is actually in the coding region of luxR, not in 

the promoter (R. Kulkarni, personal communication). The ainS promoter fusion 

doesn’t have significantly higher levels of expression with pMF2 compared to pVO8, 

but it shows about a 4-fold decrease with pMF2 compared to pMF7. The VF0162 

promoter fusion doesn’t have significantly higher levels of expression with pMF2 

compared to pVO8, but it shows about 2.5-fold increase with pMF2 compared to 

pMF7. Finally the VF0170 promoter fusion has a very similar phenotype as that of 

VF0162 promoter fusion, no significant increase with pMF2 compared to pVO8, but 

it has about a 2-fold increase with pMF2 compared to pMF7. 

Based on the data comparing pMF2 and pMF7, the litR, VF0162 and VF0170 

promoter fusions are LitR activated while the ainS promoter fusion is LitR repressed. 

However, if the data with pMF2 is compared to another negative control, pVO8, the 
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litR, ainS, VF0162 and VF0170 promoter fusions are not LitR-regulated. There are a 

couple of possible explanations for these inconsistent results. First, pMF2 and pMF7 

are made from different backbones, while the pVO8 is the backbone of pMF2. 

Nevertheless pMF7 has been used as the control for pMF2 in another previous study 

(Fidopiastis et al, 2002). A second issue comes from the fact that pVO8 also has a 

lacZ gene that expressed at a certain level. Therefore, although the lacZ results with 

the pMF2 vs. pMF7 constructs were promising, real-time PCR was used to check to 

see if these genes are indeed regulated by LitR in their native host, V. fischeri ES114. 

 

Real-time PCR on the genes identified via second round PSWM. 

In order to ascertain the expression pattern of the LitR regulon in its native 

host, V. fischeri, a real-time RT-PCR analysis was carried out with RNA samples 

extracted from V. ficheri ES114 wildtype, litR- mutant PMF8 and ainS- mutant CL21. 

In this study, two RNA sets were purified under the same conditions from V. fischeri 

cells grown to two different OD600 (0.5 and 2.0) using the same conditions as the 

microarray experiment (Siegl M.S. Thesis, 2004). The expression of the four putative 

LitR-dependent genes (VF0162 and VF0170 from the microarray, and VF0510 and 

VFA1152 from Dr. Kulkarni’s predictions) and litR (used as a positive control) was 

determined in two independent experiments using real-time RT-PCR. The nadB gene, 

which encodes L-aspartate oxidase in E. coli, was used as an internal control (Qin et 

al, 2007). The ainS- mutant CL21 was used as an additional control because there was 

a concern that in the litR- mutant PMF8, the mRNA of the first 180 bp of litR gene 

maybe not as stable as the full length mRNA of the litR gene. When the ainS gene is 

disrupted, LuxO is phosphorylated and the expression of litR is depressed (Visick, 

2005). 
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The starting quantity (SQ) ratio of litR/nadB or “other gene”/nadB transcripts 

were used to compare the wildtype starting transcripts to those in the litR and ainS 

mutants. The fold regulation of the wildtype vs. the litR or ainS mutant is shown in 

Fig 4-3. At OD600 0.5, litR expression is about same level in the wildtype and the litR 

mutant, but litR expression is about 9 fold more in the wildtype than the ainS mutant. 

At OD600 2, litR expression is about 2 fold more in the litR mutant than wildtype and 

is about 10 fold more in ainS mutant than wildtype. So the conclusion is that litR is 

repressed about 2 fold by LitR but only at OD600 2 and litR is activated by AinS at 

both OD600 0.5 and 2. VF0162 and VF0170, are both activated by LitR or AinS at 

both OD600 0.5 and 2 at levels from 3.5 to 11 fold. These results for VF0162 and 

VF0170 are consistent with results from the microarray. For VF0510 and VFA1152, 

the fold regulation is between 0.5 and 2 for both mutants at both OD600 0.5 and 2. So 

there is no obvious regulation by LitR or AinS. Overall, we confirmed that litR, 

VF0160 and VF0170 are regulated by LitR, but there is a discrepancy between the 

real-time PCR and microarray about litR autoregulation. The microarray showed that 

LitR activates itself at both OD600 0.5 and 2.0, but our real-time PCR showed that 

LitR only represses itself at OD600 2.0. The reason for this is unknown. 

VF0510 and VFA1152 were predicted to be LitR regulated by the second 

round PSWM. VF0510 is a representative of the TGT motif while VFA1152 is a 

representative of the TAA motif. However, based on the real-time PCR results, they 

are not LitR regulated. These results were surprising but also informative. The 

binding sites are very similar to the binding sites of known targets of LitR or its 

orthologs. The binding sites upstream of these genes are: 

1) LitR:          TTATTGAGAATAATAATAA 

2) VFA1152 : TTATTGATAATAAAATAA 
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The two binding sites differ by one G/T substitution (underlined). The other 

difference is that the VFA1152 gene is missing a T (which is present in the LitR 

binding site; underlined). If this is the critical difference, then that will help further 

refine the PSWM (R. Kulkarni, personal communication). The VF0510 binding site 

(based on the TGT motif) is very similar to a predicted binding site (upstream of aphA 

in V. parahaemolytics). The comparison is 

1) VP2762 : CTATTGAGTATTATGT 

2) VF0510 : CTATTGATTAATATGT 

Once again, there is a G substituting for a T at position 8. However there are other 

known binding sites with the same substitution, so it does not appear to be critical 

(there is also a T substituting for a A at position 8). It may be more likely that the 

TGT binding motif is not seen in V. fischeri although it serves as a binding site in the 

other Vibrios. 

Overall, the RT-PCR results are very informative and should help narrow the 

search for additional targets. 

 

EMSA on the LitR-regulated genes 

 EMSA were used to show the direct binding of LitR to DNA fragments 

containing the litR box. The promoter region of luxR and luxI was used as a negative 

control, because the binding site for LitR is located in the coding region of luxR, not 

in the promoter region. The concentration of the crude extract used was 0.075 µg/µl. 

At this concentration, the crude extract containing LitR could bind to the litR box but 

not the negative control (Fig 4-4). At this concentration, the crude extract from the 

same E. coli stain but not containing LitR could bind to neither the litR box nor the 
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negative control. EMSA with crude extracts containing LitR protein are also being 

used to show direct binding to VF0162 and VF0170.  
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Figure 4-1. Panel A: Sequence logo for predicted binding sites of orthologs of LitR. 
Panel B: Predicted binding sites upstream of the genes aphA and hapR in V. cholerae 
and litR in V. fischeri (Data from Rahul Kulkarni, Physics, VT). Two different motifs 
were underlined. Panel C: The refined PSWM based on only LitR and its orthologs in 
the Vibrios (excluding HapR) (TAA motif). Panel D: The refined PSWM based on 
HapR and its orthologs regulon in the Vibrios (TGT motif). 
 

 

 

 

 

A |   0   2   4   0   0   0   4   0   1   3   0   1   1   0   4   4   0   4   3
C |   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0
G |   0   0   0   0   0   4   0   1   0   1   0   0   0   0   0   0   0   0   1
T |   3   2   0   4   4   0   0   3   3   0   4   3   3   4   0   0   4   0   0

C.

A |   0   0   5   2   0   0   5   0   1   5   0   1   2   0   0   0
C |   4   0   0   0   0   0   0   0   1   0   0   0   0   0   0   0
G |   0   0   0   0   0   5   0   3   0   0   0   0   0   0   5   0
T |   1   5   0   3   5   0   0   2   3   0   5   4   3   5   0   5 

D.
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Figure 4-2: ß-Galactosidase assays of putative LitR-regulated genes. The 
promoters of litR, luxR, ainS, VF0162 and VF0170 were fused to lacZ in pSP417, and 
ß-galactosidase levels in recombinant E. coli JM109 were determined. Blue bars 
indicates strains with pMF2 (litR+), red bars indicates pVO8 (litR-) and green bars 
indicates pMF7 (litR-). The luxI promoter was used as a positive control and pSP417 
was used as a negative control. Two independent trials were conducted, with triplicate 
assays for each trial. The error bars indicate standard deviations from the means. RLU, 
relative light units. 
 

 



 - 105 -

 

 

 

 

 

 

 

 
 
 
 
Figure 4-3: Results of real-time RT-PCR performed with V. fischeri ES114, 
PMF8 (litR-) and CL21 (ainS-). SQ ratios of litR, VF0162, VF0170, VF0150 and 
VFA1152 mRNA were first normalized based on nadB mRNA, then the ratios of 
wildtype to litR and ainS mutants at two ODs were calculated and shown with blue, 
red, green and purple bars, respectively. The results are representative of the results 
for six samples from two trials, and the error bars indicate the standard deviations 
from the mean. 
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Figure 4-4: EMSA showing that LitR can bind directly to the litR box, but could 
not bind to the promoter region of luxR and luxI. Each lane contained 
approximately 10 fmol of probe and the concentration of crude extract (pVO8 litR-, 
pMF2 litR+) used is 0.075 μg/μl for PluxRI and litR box of litR and 0.3 μg/μl for litR 
box of VF0170. The shifts were labled with DNA/LitR complex. 
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Table 4-1. Strains and plasmids used in this study 

Starins              Relevant characteristics     Source 

E. coli JM109 recA1 supE44 endA1 hsdR17 gyrA96 relA1 thi-1 
 Δ (lac-proAB) [F' traD36 proAB lacIqlacZΔM15] 

Yanisch-Perron et al, 1985 

DH5α (λpir)   

 

supE44ΔlacU169(�80lacZΔM15)hsdR17recA1 
supE44 endA1gyrA96 thi-1reiA1;lysogenised with 
λpir 

Kolter et al, 1978 

  V. fischeri ES114  Wild type   Boettcher et al, 1990 

V. fischeri  PMF8  litR-  Fidopiastis et al, 2002 

V. fischeri  CL21 ainS- Eric Stabb,  

personal communication 

   Plasmids     

pAMS121 luxR, Cmr Stevens et al,    

1999 

pSP417 promoterless lacZ, Apr Podkovyrov and 

Larson, 1995 

pVSV209 promoterless gfp, Apr Dunn et al, 2006 

pMF2 litR on 1kb fragment, pVO8, CmR, EmR Fidopiastis et al, 2002 

pVO8 pACYC with CmR, EmR Visick and Ruby, 1997 

pMF7 litR:Kn in pEVS79, CmR Fidopiastis et al, 2002 

pVSV209-litR pVSV209 with promoter of litR This study 

pVSV209-VF2120 pVSV209 with promoter of VF2120 This study 

pVSV209-VFA0348 pVSV209 with promoter of VFA0348 This study 

pVSV209-VFA0498 pVSV209 with promoter of VFA0498 This study 

pVSV209-VFA1015 pVSV209 with promoter of VFA1015 This study 

pVSV209-VFA1016 pVSV209 with promoter of VFA1016 This study 

pVSV209-VFA0238 pVSV209 with promoter of VFA0238 This study 

pSP417-litR pSP417 with promoter of litR This study 

pSP417-luxR pSP417 with promoter of luxR This study 

pSP417-ainS pSP417 with promoter of ainS This study 

pSP417-VF0162 pSP417 with promoter of VF0162 This study 

pSP417-VF0170 pSP417 with promoter of VF0170 This study 

pET-3dlitR litR under T7 promoter, inducible with IPTG This study 
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Table 4-2. Primers used in this study 

 Primers Primer Sequence (5’-3’) Reference 

 gfp assays   

  gfpluxRF 

  gfpluxRR 

CCTAGGGTCGACCACCCGTTGTAGGTAACAAACGCC 

AGGCCTGTCGACCAATTATCTTCTCATTAGC 

This Study 

gfpVF2120F 

gfpVF2120R 

CCTAGGGTCGACGCCATAAAAACACGCCTTCCCGCCA 

AGGCCTGTCGACCAACGATTAGGATCTGTGGGG 

This Study 

gfpVFA0348F 

gfpVFA0348R 

CCTAGGGTCGACCTTCAGCTTCGTTGGCTATTTCC 

AGGCCTGTCGACGGGGATTTCACTCGAAGAGGCAATGG 

This Study 

gfpVFA0498F 

gfpVFA0498R 

CCTAGGGTCGACCGTTTGTGGTTGGATCATCTCC 

AGGCCTGTCGACGCACGTGCAGCGCTTGTTCTCG 

This Study 

gfpVFA1015F 

gfpVFA1015R 

CCTAGGGTCGACGTTCATAAAGGCCTAAGTGCCAAC 

AGGCCTGTCGACCAACCTCAACATATCCATGAC 

This Study 

  gfpVFA1016F 

  gfpVFA1016R 

CCTAGGGTCGACCATATCCTTGTACCTAGCTG 

AGGCCTGTCGACGGGAACAAAAGTAATGACCAAAACTC 

This Study 

gfpVFA0238F 

gfpVFA0238R 

CCTAGGGTCGACCTAAACTTGTAGCTCATTCGTC 

AGGCCTGTCGACCGTATCCGTGTTGCTGGACTAAG 

This Study 

lacZ assays   

lacZlitRF 

lacZlitRR 

GGGGAATTCGTCGACCCTTACCTTTGATGTCATCATC 

CCCGGATCCGTCGACGAGATAGCCTTGTTCTAGGCC 

This Study 

lacZluxRF 

lacZluxRR 

GGGGAATTCGTCGACCACCCGTTGTAGGTAACAAACGCC 

CCCGGATCCGTCGACCAATTATCTTCTCATTAGC 

This Study 

lacZainSF 

lacZainSR 

GGGGAATTCGTCGACCGTTCTCTTGCATTGATCAG 

CCCGGATCCGTCGACCAGATCACATCAGTTGACTC 

This Study 

lacZVF0162F 

lacZVF0162R 

GAATTCGAGCAAACATCGTGCACGG

GGATCCGTCGAGATGTGCGAACCAGGG 

This Study 

lacZVF0170F 

lacZVF0170R 

GAATTCGTTAACAGCTGAAGAGCTGTG

GGATCCCAATGCCCCTTGAACAGAAAG 

This Study 

Real-time PCR   

RTlitR180F 

RTlitR180R 

TTTTCACAACGTGGCATTGG

ACCTGAGCGATTTCTGCAATATC 

This Study 

RTVF0162F 

RTVF0162R 

GAGCCTAACCGAAGCGCTAA

TGGCATCGGCTGATAATTCA 

This Study 

RTVF0170F 

RTVF0170R 

TTATATCAAAATCACTCTCCGTACCATT

TAGCTGGTATTATTGTGGTTATAGCATGT 

This Study 

RTVF0150F 

RTVF0150R 

TCTCAACTTGCTCTTCAATCTTTCA

CCAATGATTGCATATTCAATTGC 

This Study 

RTVFA1152 F 

RTVFA1152R 

GCGCTGTAATGGTAGTGTAAGATAGG

GCCGCTCAAGCGCAAT 

This Study 
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RTVF0162SCF 

RTVF0162SCR 

GAATTCGAGCAAACATCGTGCACGG

CTAGTCCCTGCTCTTCCTAGTCCC 

This Study 

RTVF0170SCF 

RTVF0170SCR 

GAATTCGTTAACAGCTGAAGAGCTGTG

CGATATAGTTATCGGCACTCGTA 

This Study 

RTVF0150SCF 

RTVF0150SCR 

CAGCTAGAGATTGTTGATGGC

CACCGGCAGCAATAATGTT 

This Study 

RTVFA1152 SCF 

RTVFA1152SCR 

CAATGGCTCCGGCAAGAGTG

GCCTGGTAAGTCCAAGCCAC 

This Study 

LitR purification   

pET-3dlitRF 

pET-3dlitRR 

AAGCCATGGATACAATCCAAAAAAGGCCTAGAAC 

CCCGGATCCTTATTATTTATAAATACACAACAT 

This Study 

EMSA   

EMSA24litRF 
EMSA24litRR 

GTAAAGTTATTGAGAATAATAA

ATTATTATTATTCTCAATAACT 

This Study 

EMSA170litRF 
EMSA170litRR 

GTTCGTCATAAATTTCATT

GAGATAGAACCGTTCTAGG 

This Study 

EMSAluxRF 
EMSAluxRR 

GCAATGTTAACACCACGTTTCC

CCAGTAATGAGTCCCGATTCC 

This Study 

EMSA0162F 

EMSA0162R 
CTTCTATTAATATCATTATCAATAACTGG 

CCAGTTATTGATAATGATATTAATAGAAG 

This Study 

EMSA0170F 

EMSA0170R 

TAGAACGTTAATTAATGATATTAATAA 

TTATTAATATCATTAATTAACGTTCTA 

This Study 

EMSA0170F-2 

EMSA0170R-2 
TTGATAGTTTTATTGAGAGTATTTAAATT 

AATTTAAATACTCTCAATAAAACTATCAA 

This Study 
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CHAPTER 5 

Effort to Test a Model of Hysteresis During the Quorum Sensing Response of 

Vibrio fischeri 
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Introduction 

Hysteresis during the quorum sensing response 

The quorum sensing response of V. fischeri involves a rapid switch from an 

uninduced state to an induced state over a narrow concentration range of the 

autoinducer 3-oxo-C6-L-HSL (AHL) (Engebrecht et al, 1984; Kaplan et al, 1985; Sha 

et al 1990).  In a system that exhibits hysteresis, once the induced state is reached, the 

system is more resilient to change (Ozbudak et al, 2004; Sha et al, 2003). Dr. Andre 

Levchenko (Johns Hopkins University) has proposed a computational model for the 

quorum sensing response of V. fischeri. In this model, once the lux operon is fully 

induced, the autoinducer concentration can fall below the minimum amount necessary 

to induce the system without causing loss of the response, until a second threshold is 

reached, at which point the system returns to an uninduced state (Fig. 5-1). Joshua 

Williams, a graduate student in our lab and Yann Dufour, a former master’s student, 

already proved that this model of hysteresis is correct using the luxI promoter 

(Williams et al, 2008; Yann M.S. Thesis, 2004). Since it has been shown that other 

genes in the LuxR regulon have weaker lux boxes, these weaker lux boxes can be used 

to test the biphasic nature of the V. fischeri quorum sensing response. Promoters with 

alternative lux boxes were fused to stable gfp reporters to test if the quorum sensing 

response is still biphasic in nature as compared to the original lux box. After the 

constructs were created, they were used to test the proposed mathematical model in 

comparison to constructs containing the original luxI promoter.  

The plasmids pJWP01S and pJWP02S (Cho et al, 2007) were used (Fig. 5-2), 

pJWP01S has a luxR gene under the control of its native promoter and a stable gfp 

under control of the luxI promoter followed by a terminator. The only difference 

between pJWP01S and pJWP02S is that pJWP02S encodes the entire luxI gene, hence 
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strains carrying it are capable of producing AHL. These two constructs have been 

inserted into the chromosome of E. coli SM551 through λInCh (Boyd et al, 2000) and 

hourly dilution assays and serial dilution assays were performed. The results showed 

there is a hysteresis response in the quorum sensing of V. fischeri (Williams et al, 

2008). 

In this study, the lux box of the ribB gene was used to first test the model 

because it has a lower binding affinity with LuxR (Qin et al, 2007). The lux box and 

the promoter region of the ribB gene have been cloned into stable gfp transcriptional 

reporters to create pJWP01SribBbox, pJWP01SPribB and pJWP02SPribB (Fig 5-3). The 

promoter regions and gfp from pJWP01SribBbox and pJWP01SPribB were inserted 

into the genome of E. coli MG1655 (Weilbacher et al, 2003) through λ to create 

MG1655-01SribBbox and MG1655-01SPribB. The luxR and luxI genes in these 

constructs were derived from V. fischeri MJ1. However, since there are significant 

differences between V. fischeri strains MJ1 and ES114, constructs were also 

generated with luxR and luxI from ES114 to make a new derivative called pJWES01S. 

The promoter region and gfp gene of plasmid pJWES01S was also moved into the 

chromosome of E. coli MG1655 to make MG1655-ES01S. Hourly dilution assays 

have been performed on all chromosomal constructs in batch culture. 

 

mono rfp as a negative control 

For use of the constructs pJWP01S and pJWP02S in a microfluidic chamber 

system an internal control was needed because there is cell-cell variation, such as 

plasmid copy number, that influences output measurements. Thus, a constitutively 

expressed mono-rfp was added to vectors of interest. Dr. Xiaohui Cui in our lab made 

some constructs based on pPROBE’-gfp (tagless) (Miller et al, 2000) with mono-rfp 
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under the control of the spc promoter, which is a constitutive promoter (Sung-Tzu 

Liang et al, 1998), and under control of the Ptac promoter which is an IPTG inducible 

promoter (Studier et al, 1986). In order to use mono-rfp as a control, the mono-rfp 

genes with either promoter (spc or Ptac) were cloned into pJWP01S and pJWP02S, so 

that gfp and mono-rfp would be expressed in the same vector.  
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Materials and Methods 

Construction of gfp fusions 

The plasmid pJWP01S was used as a template for overlapping PCR and the 

lux box or whole promoter were replaced by the ribB box or the whole ribB promoter, 

to create pJWP01S-ribBbox or pJWP01S-PribB respectively (Fig. 5-3). The plasmid 

pJWP02S was also used as template to create pJWP02S-ribBbox or pJWP02S- PribB. 

In these constructs, the luxI promoter with the ribB box or whole ribB promoter was 

inserted upstream of gfp but downstream of luxI, so the luxI gene is still under the 

control of the luxI promoter. Hence there is no difference in AHL production. The 

pJWP02S-ribBbox construct was not made because of PCR problems. All of the other 

three constructs: pJWP01S-ribBbox, pJWP01S-PribB, pJWP02S-PribB along with 

pJWP01S and pJWP02S were used to do induction assays.  

Primers Nan1, Nan2 and Nan3, Nan4 were used to do overlapping PCR (two 

rounds) to generate pJWP01S-ribBbox (Table 5-2); primers Nan1, Nan2 and Nan3, 

Nan5 were used in an attempt to generate pJWP02S-ribBbox (failed); primers Nan1, 

Nan6 and Nan7, Nan8 were used to generate pJWP01S-PribB; primers Nan9, Nan10 

and Nan7, Nan11 were used to generate pJWP02S- PribB. 

 

Chromosomal Integration 

In order to clone all of these genes into the E. coli chromosome, they first 

needed to be subcloned into the vector pDHB60 (Boyd et al, 2000).  Then the genes 

were recloned to λInCh via a double recombination event and eventually into the E. 

coli chromosome (Boyd et al, 2000). The pJWP01S-ribBbox, pJWP01S-PribB, 

pJWPES01S and pDHB60-NotI-Ptac
- (Table 5-1) were cut by EcoRI/NotI and then the 

corresponding bands with the correct size were gel extracted. A ligation was set up 
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between the corresponding fragment and EcoRI/NotI digested pDHB60-NotI-Ptac
-  

vector.  

 

Constructs with rfp internal control 

Four new constructs containing both gfp and rfp were made based on 

pJWP01S and pJWP02S and pspc- or Ptac-mRFP-P-Probe (Table 5-1). The plasmids 

pspcRFP-P-Probe or pPtacRFP-P-Probe) were digested by NotI/SphI and the resulting 

1.8kb fragment was blunt ended with T4 polymerase. pJWP01S and pJWP02S were 

digested with BglII and blunt ended with T4 polymerase. Ligations were performed to 

generate pspcRFP-01SGFP-P-Probe and pspcRFP-02SGFP-P-Probe or pPtacRFP-

01SGFP-P-Probe and pPtacRFP-02SGFP-P-Probe (Table 5-1). Transformations were 

performed the next day and whole-cell PCR was performed to determine if the 

resulting plasmids had the 1.8kb mono-rfp insert. The strains were also grown to an 

OD600 0.5 and 1.0 to check for GFP and RFP production under a microscope. 

 

Induction assays on E. coli containing gfp driven by different promoters 

Assays were performed in LB medium.  Five ml of medium containing 

kanamycin (50 µg/ml) were inoculated from a freezer stock and incubated overnight 

at 37°C.  The next day, 1 ml of overnight culture was washed twice by centrifugation 

for 3 minutes at 14,000 rpm and re-suspended in fresh LB, then 400 μl was 

transferred to 50 ml of fresh medium containing kanamycin (50 µg/ml).  The culture 

was incubated at 30°C until an OD of approximately 0.25 to 0.3 was reached.  Then 

the culture was added to tubes with a known amount of AHL.  The cultures were 

incubated at 30°C for two hours and a 200 μl sample was taken each hour to measure 
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the amount of quorum sensing induction produced using 96-well microtiter plate 

reading by a SpectraFluor Plus (Tecan, USA) at an absorbance of 495 nm. 

 

Hourly dilution assays: 

 Cultures of E. coli MG1655-01S or E. coli MG1655-01SribBbox were grown 

overnight in 5 ml RM minimal medium with succinate as the main carbon source 

supplemented with 25 μg/ml ampicillin (Ap) at 30°C and shaken at 250 rpm.  The 

following day, the overnight culture was subcultured in 90 ml of RM minimal 

medium (Ap 25 μg/ml) to an OD600 of approximately 0.15.  Prior to use for 

subculturing, samples of the overnight culture were centrifuged, the supernatant was 

discarded, and the pellet was resuspended in fresh medium.  The culture was 

incubated at 30°C with shaking at 250 rpm until an OD600 of approximately 0.25 was 

reached.  At this point, 5 ml aliquots of culture were added to empty tubes that 

contained known amounts of AHL that had been prepared the previous day, and left 

on the benchtop overnight to allow the ethyl acetate solvent to evaporate.  These 

induced cultures were incubated for 2 hours at 30°C with shaking at 250 rpm.   

 After the 2 hour induction period described above, 25% dilutions were 

performed on certain induced cultures by adding 3.75 ml of the induced culture to 

1.25 ml of pre-warmed fresh RM minimal medium.  Prior to the dilution, 200 μl of 

culture was placed in wells of a 96-well optical bottom microtiter plate for analysis of 

both fluorescence output and optical density.  Samples were analyzed by a Tecan 

SpectraFluor Plus plate-reader using an absorbance wavelength of 590 nm for OD 

readings, and excitation and emission wavelengths of 485 nm and 535 nm 

respectively, to measure fluorescence output.  The fluorescence values were corrected 

for background by subtracting the RFU obtained from an uninduced negative control, 
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and the output was determined by dividing the corrected RFU by the OD of the 

sample.  This procedure was repeated every hour to achieve a gradual dilution of the 

AI in the medium.  Assays were done in triplicate. 
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Results and Discussion 

Comparison of induction rate of LuxR regulon 

Strains containing pJWP01S, pJWP02S, pJWP01S-ribBbox, pJWP01S-PribB 

and pJWP02S- PribB were used to do induction assays (Fig 5-4).  The fluorescence 

reading of each sample was corrected for background and then divided by the OD.  At 

the 1 hour point, gfp production from strains with pJWP02S or pJWP02S-PribB did not 

change very much at any AHL concentration, because the AHL produced by the 

strains is already saturating.  Strains with pJWP01S and pJWP01S-ribBbox reached 

the highest GFP level at 10 nM AHL and the one with pJWP01S-PribB reached the 

highest output around 30 nM AHL.  The highest level of expression from the 

pJWP01S-ribBbox construct is lower than pJWP01S, but higher than pJWP01S-PribB.  

At the 2 hour point, the GFP levels of all 5 constructs go up and that of pJWP01S is 

very close to pJWP02S-PribB.  Otherwise, the overall shape of the curve is very similar 

to the 1 hour time point.  The conclusion is that the new constructs pJWP01S-ribBbox, 

pJWP01S-PribB and pJWP02S-PribB behave very similarly to pJWP01S and pJWP02S, 

but the maximal level of expression is lower than pJWP01S or pJWP02S because of 

the weaker promoter.  The promoter strength of pJWP01S-PribB is even weaker than 

pJWP01S-ribBbox because more nucleotides are changed in comparison to the luxI 

promoter.  So in the luxI promoter, not only the lux box, but also other elements like 

the -10 region are more suitable for gene expression. 

 

Hourly assays on E. coli MG1655-01SribBbox 

Hourly dilution assays have been done with E. coli MG1655-01SribBbox and 

MG1655-01S, which is a positive control. The overall shapes of these two curves are 

very similar (Fig 5-5 and Fig 5-6). During the 25% hourly dilution, both strains 
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showed that induced cultures maintained their original state of induction until a 

certain threshold was reached along a curve that was higher than the undiluted 

induction control curve. Similarly to the E. coli MG1655-01S control, using all three 

of the starting [AHL]s that were used for the dilution assay (30 nM, 50 nM, and 100 

nM), E. coli MG1655-01SribBbox cells maintained their response until the [AHL] in 

the medium was diluted to the point where the RFU/OD is nearly equal to the 

RFU/OD of the equivalent control.  The results shows that with low binding affinity 

for LuxR, the RFU/OD in E. coli MG1655-01SribBbox is less than in E. coli 

MG1655-01S (about 10 fold), but that it still maintains the hysteresis response. 

 

Mono-rfp 

Four strains (E. coli MG1655 containing different plasmids) that can produce 

both RFP and GFP under certain condition were sent to Dr. Levchenko’s lab for 

further analysis via flow cytometry and microfluidic experiment. Results from these 

analyses are pending.  
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Figure 5-1: Quorum sensing model of V. fischeri. Between switching thresholds, the 

quorum sensing response is hysteretic (history dependent), AI levels must exceed B to 

turn on initially uninduced cells but must drop below A to turn off initially induced 

cells. 
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Figure 5-2: Diagram illustrating relevant characteristics of pJWP01S and pJWP02S. 

 

 

 

 

NotI 320

EcoRI 3920

HindIII 4630
PstI 4620

SalI 4616
BamHI 4608

SmaI 4603
KpnI 4592

EcoRI 3920

NotI 320

NotI 6725 Kmr

replicon

T1*4
luxR

gfp(LAA)

T1

New

pJWP01S

8350 bp

NotI 320

EcoRI 3920

HindIII 5130
PstI 5120

SalI 5116
BamHI 5108

EcoRI 3920

NotI 320

NotI 7225
Kmr

replicon

T1*4

luxRluxI

gfp(LAA)

T1

New

pJWP02S

8850 bp



 - 125 -

 

 

 

 

 
 

 

 

Figure 5-3: Plasmid construction for assays to test hypotheses on bistability. In 01S 

constructs, the lux box (or whole promoter) has been replaced by the ribB box (or 

whole ribB promoter) to create pJWP01S-ribBbox (or pJWP01S-PribB). In 02S 

constructs, the lux box (or whole promoter) has been replaced by the ribB box (or 

whole ribB promoter) to create pJWP02S-ribBbox (or pJWP02S-PribB) (pJWP02S-

ribBbox not shown). 
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Figure 5-4: Quorum sensing induction of E. coli MG1655 with different plasmids. A: 

pJWP01S. B: pJWP02S. C: pJWP01S-ribBbox. D: pJWP01S-PribB. E: pJWP02S-PribB. 

Data was obtained from 2 independent trials.  Error bars represent the standard 

deviation for each point. 
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Figure 5-5: 25% Hourly dilution data for E. coli MG1655-01S. Data was obtained 

from 7 independent trials of the 25% hourly dilution assay.  Each point originating on 

the “dilution starting point” curve going right to left represents consecutive hourly 

dilutions from each previous point.  Error bars represent the standard deviation for 

each point (Williams et al, 2008). 
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Figure 5-6: 25% Hourly dilution data for E. coli MG1655-01SribBbox. Data was 

obtained from 7 independent trials of the 25% hourly dilution assay.  Each point 

originating on the “dilution starting point” curve going right to left represents 

consecutive hourly dilutions from each previous point.  Error bars represent the 

standard deviation for each point. 
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Table 5-1: Strains and plasmids used in this study 
Strains              Relevant characteristics     Source 

E. coli  

MG1655 

F-lambda-ilvGrfb-50rph-1 Weilbacher et al., 

2003 

    V. fischeri          

    MJ-100 

 Wild type, Nxr Dunlap et al, 1992 

MG1655-01SribBbox lux box replace with ribB box in  MG1655-01S This study 

MG1655-01S PribB PluxI replace with PribB in  MG1655-01S This study 

SM551 E. coliK-12,F-,(λ)-,Δlac(MS265), mel-1, 

nalA2, supF58 (=suIII, tyrT58) 

Boyd et al, 2000 

SM551 (λInCh1) 

 

E. coli SM551 carrying λ compatible for use with pBR-

based plasmids 

Boyd et al, 2000 

    Plasmids     

pSH202 luxR-luxI, Cmr Choi & Greenberg EP, 

1991 

pPROBE`-gfp-

Tagless   

Promoter-probe vector for transcriptional 

fusions.  Kmr, PBBR1 replicon, stable Gfp 

Miller et al, 2000 

pJWP01S pPROBE-gfp(tagless) with luxR-luxbox-PluxI inserted into 

EcoRI-KpnI sites of MCS 

Williams, unpublished 

results 

pJWP02S pPROBE-gfp(tagless) with luxR-luxbox-PluxI-luxI  inserted 

into EcoRI-KpnI sites of MCS 

 Williams,   unpublished 

results 

pJWP01S-ribBbox pJWP01S with lux box replaced with ribB lux box This study 

pJWP01S-PribB pJWP01S with PluxI replaced with PribB This study 

pJWP02S-PribB pJWP02S with PluxI replaced with PribB This study 

MG1655-01S luxR, PluxI:gfp inserted into att site Williams, unpublished 

results 

pDHB60-NotI-Ptac- λInCh-compatible pDHB60 with NotI site added to MCS, 

and  Ptac removed 

Williams, unpublished 

results 

pspc-mRFP-P-Probe pProbe vector with a rfp under spc promoter  Cui,  unpublished results 

pPtac-mRFP-P-Probe pProbe vector with a rfp under Ptac promoter  Cui,  unpublished results 

pspcRFP-01SGFP-P-

Probe 

pJWP01S with a rfp under spc promoter This study 

pspcRFP-02SGFP-P-

Probe 

pJWP02S with a rfp under spc promoter This study 

pPtacRFP-01SGFP-P-

Probe 

pJWP01S with a rfp under Ptac promoter This study 

pPtacRFP-02SGFP-P-

Probe 

pJWP02S with a rfp under Ptac promoter This study 
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Table 5-2. Primers used in this study 

Primers Primer Sequence (5’-3’)   Reference 

Nan1 GAA TTC TTA ATT TTT AAA GTA TGG GCA ATC AAT TG This Study 

Nan2 GGA TCC CCT TTA TAC TCC TCC GAT GGA ATT GCC This Study 

Nan3 GGA TCC GGA ATA CAT TTA TTC ATT ATT TTC CC This Study 

Nan4 TAC TGT AAA TTA TTG CAG GTG CTT ATG TTA AGT AAT TGT 

ATT CCC 

This Study 

  Nan5 CAA TAA TTT ACA GTA TTA CGC AAG AAA ATG GTT TGT TAT 

AGT CG 

This Study 

Nan6 GCT TAT GTT AAG TAA TTG TAT TCC C This Study 

Nan7 TTA CTT AAC ATA AGC CTC AAA GTA AAC CTA GAA TGC CG This Study 

Nan8 GGA TCC ATG ATT GAT AAT GAG TTT ATG AC This Study 

Nan9 GGA TCC GGA TGA GAG AAG ATT TTC AGC This Study 

Nan10 GCT TAT GTT AAG TAA AAG AGT TTG TAG AAA CGC This Study 

Nan11 AAG CTT ATG ATT GAT AAT GAG TTT ATG AC This Study 
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CHAPTER 6 

Overall Conclusions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 - 132 -

The overall goals of this thesis research were: 1) Analysis of three LuxR 

regulated genes in Vibrio fischeri MJ-100, 2) Analysis of the LuxR regulon in V. 

fischeri ES114, 3) Analysis of the LitR regulon in V. fischeri ES114, 4) Testing a 

model of hysteresis during the quorum sensing response of V. fischeri. 

 

Analysis of three LuxR regulon genes expression in Vibrio fischeri MJ-100 

Direct LuxR-dependent transcription of qsrP, acfA, and ribB from V. fischeri 

MJ-100 has been demonstrated. The sites of transcription initiation were established 

via primer extension analysis. Based on this information and the position of the lux 

box-binding site near position –40, all three promoters appear to have a class II-type 

promoter structure. Activation of transcription of these genes occurs during mid-

exponential growth, similar to the temporal expression of the lux operon. However, 

real-time RT-PCR analysis indicated that the amounts of the qsrP, acfA, and ribB 

transcripts present in the cell's mRNA pool are significantly lower than the amount of 

luxI. EMSA demonstrated that LuxR has a slightly higher affinity for the lux boxes in 

the luxI and ribB promoters than for those in the qsrP and acfA promoters. Overall, the 

results demonstrate that regulation of the production of QsrP, RibB, and AcfA is 

controlled directly by LuxR at the level of transcription, thereby establishing a LuxR 

regulon in V. fischeri MJ-100 whose genes are coordinately expressed during mid-

exponential growth.   

The establishment here of a LuxR regulon in V. fischeri provides insights into 

the optimal binding site for LuxR and led to the identification of other LuxR-

dependent genes through a Position Specific Weight Matrix (PSWM). 
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Analysis of the LuxR Regulon in V. fischeri ES114 

Based on the highly conserved lux boxes upstream of the promoters for luxI, 

qsrP, acfA and ribB, the 20 bp binding sites for LuxR were put into a PSWM format. 

The program genome-scale PATSER was then used to scan the V. fischeri ES114 

genome to predict the potential LuxR-regulated genes. Four additional LuxR-

regulated promoters were identified by lacZ fusions in recombinant Escherichia coli. 

Together with information from additional LuxR-regulated promoters identified 

through a microarray analysis done by the Greenberg laboratory at the University of 

Washington-Seattle, the PSWM was further refined. One more promoter, the promoter 

of intergenic region VFA0658-0659, beyond the microarray results, has been 

identified as being LuxR regulated. This finding revealed that the bioinformatic 

approach can complement microarray experiments and the same method was used to 

identify genes in the LitR regulon of V. fischeri ES114. 

 

Analysis of the LitR Regulon in V. fischeri ES114 

Based on the genes regulated by LitR and its homolog HapR, together with the 

result from a glass chip microarray, a PSWM was created to search for genes in the 

LitR regulon. The putative LitR-regulated genes predicted by the PSWM have been 

tested either with a lacZ reporter or real-time PCR. Overall, litR and two other genes, 

VF0162 and VF0170, have been confirmed to be regulated by LitR. EMSA shows 

that crude cell extract containing LitR can specifically bind to the litR box. Once 

again, these efforts demonstrate that a bioinformatic approach can complement 

microarray experiments and this method could be used to search for the targets of 

other transcriptional factors. 
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Hysteresis Study During the Quorum Sensing Response of V. fischeri 

Joshua Williams and Yann Dufour proved that the quorum sensing hysteresis 

model is correct using the luxI promoter. Therefore, in this project, the original lux 

box or the luxI promoter were replaced by the ribB box or the ribB promoter to test 

whether the V. fischeri quorum sensing response would still exhibit hysteresis. 

Induction assays and hourly dilution assay were performed. The conclusion of 

the induction assays is that the new constructs pJWP01S-ribBbox, pJWP01S-PribB and 

pJWP02S-PribB behave very similar to pJWP01S and pJWP02S, but their maximal 

level of expression is lower than pJWP01S or pJWP02S because of the weaker 

promoter.  The promoter strength of pJWP01S-PribB is even weaker than pJWP01S-

ribBbox because more nucleotides are changed in comparison to the luxI promoter.  

So in the luxI promoter, not only the lux box, but also other elements like the -10 

region are more suitable for gene expression. 

The conclusion of the hourly dilution assays is that the overall shapes of 

curves of E. coli MG1655-01S and MG1655-01SribBbox are very similar. Both 

strains showed that induced cultures maintained their original state of induction until a 

certain threshold was reached along a curve that was higher than the undiluted 

induction control curve. The conclusion for this study is that with a lower binding 

affinity for LuxR, the RFU/OD in E. coli MG1655-01SribBbox is less that in E. coli 

MG1655-01S (about 10 fold), but that it still maintains the hysteresis response. 

As a side project, four strains of E. coli MG1655 containing different plasmid 

that can produce both RFP and GFP under certain condition were sent to Dr. 

Levchenko’s lab for further analysis. They are pspcRFP-01SGFP-P-Probe and 

pspcRFP-02SGFP-P-Probe and PtacRFP-01SGFP-P-Probe and PtacRFP-02SGFP-P-

Probe. 
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Future Experimental Goals 

Binding sites for LuxR and LitR have been identified in this study. Different 

binding sites for LuxR cause altered binding affinity, which impacts gene expression. 

In the future, determination of the precise binding sites of additional LuxR or LitR 

targets via EMSA, footprinting, or CHIP analysis would permit further refinement of 

the PSWM to search for additional regulon targets. 

Based on the genome availability, the PWSM method we used in this study 

could also apply to other transcriptional factors, such as EsaR. Finding an additional 

LuxR-regulated promoter showed that this bioinformatic method is a useful tool to 

interpret the data from microarrays in a complementary manner. 

 

Concluding remarks about the LuxR and LitR regulon  

Based on the microarray studies, the genes in the LuxR and LitR regulons 

have been revealed.  In other bacteria, genes controlled by the LuxR-type regulator 

and AHL are distributed throughout the genome. In P. aeruginosa, the AHL 

controlled more than three hundred genes and that represent 6% of the whole genome 

(Schuster et al, 2002). The V. fischeri LuxR regulon studied here contains LuxR-

regulated genes that code for proteases or peptidases, beside bioluminescence. For 

example, VF1161 encodes a periplasmic component of efflux system, VF1162 

encodes an outer membrane an efflux protein (TolC), VF1246 encodes a putative 

omptin family serine protease and VF1247 encodes a peptidoglycan-binding protein, 

LysM (Antunes et al, 2007). These proteases or peptidases may have significant roles 

in symbiosis and help the bacteria in nutrient acquisition. Also, a gene for the intimin-

like adhesion, VFA0894, is regulated by LuxR. In E. coli, an intimin is involved in 

virulence by mediating bacterial attachment to mammalian host cell (Luo et al, 2000). 
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acfA encodes for efficient intestinal A-like colonization factor (Callahan et al, 2000). 

All the LuxR-regulated genes revealed seem to be involved in symbiotic competence. 

Since LuxR is a downstream regulator of LitR in V. fischeri. The LitR regulon 

is expected to have more genes than the LuxR regulon. Based on the microarray 

results, the LitR regulon contains genes involved in motility and chemotaxis, capsular 

polysaccharide, iron uptake systems, metalloproteases, chitinase, toxin-coregulated 

pili (TCP), fimbriae, curli, toxins and sensors and regulatory proteins (Siegl M.S. 

Thesis). For example, the two genes directly regulated by LitR that we identified 

during real-time RT-PCR analysis, VF0162 and VF0170, are involved in capsular 

polysaccharide synthesis. VF0162 encodes for a putative polysaccharide exporter 

protein YccZ precursor and VF0170 encodes for an O-antigen translocase. Overall, 

the microarray study showed that about 7% of V. fischeri genome is regulated by LitR 

(Siegl M.S. Thesis). Hence analysis of these regulons is giving us important insights 

into the complex process of colonization used by this symbiotic bacterium. 

 

Final Perspectives 

Although the nature of the chemical signals, the signal relay mechanisms and 

the target genes controlled by bacterial quorum sensing system differ, quorum sensing 

allows bacteria to coordinate gene expression, and therefore the behavior of the entire 

community so it acts as a multi-cellular unit. We are trying to understand how 

bacteria build community networks and how quorum sensing has evolved to facilitate 

species-specific and interspecies cell-cell communication. This will give us insight 

into the design of novel antimicrobial strategies and eventually lead to practical 

applications in the future. 
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