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Abstract

Quorum sensing is a cell-cell communication process in which bacteria use the production and 

detection of extracellular chemicals called autoinducers to monitor cell population density. 

Quorum sensing allows bacteria to synchronize the gene expression of the group, and thus, act in 

unison. Here, we review the mechanisms involved in quorum sensing with a focus on the Vibrio 

harveyi and Vibrio cholerae quorum-sensing systems. We discuss the differences between these 

two quorum-sensing systems and the differences between them and other paradigmatic bacterial 

signal transduction systems. We argue that the Vibrio quorum-sensing systems are optimally 

architected to precisely translate extracellular autoinducer information into internal changes in 

gene expression. We describe how studies of the V. harveyi and V. cholerae quorum-sensing 

systems have revealed some of the fundamental mechanisms underpinning the evolution of 

collective behaviors.
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Quorum Sensing

Bacterial processes such as biofilm formation, virulence factor secretion, bioluminescence, 

antibiotic production, sporulation, and competence for DNA uptake are often critical for 

survival. However, these behaviors are seemingly futile if performed by a single bacterium 

acting alone. Yet, we know that bacteria perform these tasks effectively. How do bacteria 

manage? We now understand that, through a process called quorum sensing, bacteria 

synchronously control gene expression in response to changes in cell density and species 

complexity. Quorum sensing allows bacteria to switch between two distinct gene expression 

programs: one that is favored at low-cell-density (LCD) for individual, asocial behaviors, 

and another, that is favored at high-cell-density (HCD) for social, group behaviors (reviewed 

in 87, 88, 134, 139).

The fundamental steps involved in detecting and responding to fluctuations in cell number 

are analogous in all known quorum-sensing systems. First, low molecular weight molecules 

called autoinducers are synthesized intracellularly. Second, these molecules are either 
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passively released or actively secreted outside of the cells. As the number of cells in a 

population increases, the extracellular concentration of autoinducer likewise increases. 

Third, when autoinducers accumulate above the minimal threshold level required for 

detection, cognate receptors bind the autoinducers and trigger signal transduction cascades 

that result in population-wide changes in gene expression. Thus, quorum sensing enables 

cells in a population to function in unison and, in so doing, they carry out behaviors as a 

collective.

In this review, following a short synopsis of canonical quorum-sensing systems, we focus on 

the quorum-sensing systems of Vibrio harveyi and Vibrio cholerae. Studies of these two 

paradigmatic systems have revealed fundamental molecular mechanisms underpinning 

small-molecule biosynthesis, signal detection and transduction, information processing, 

small RNA-mediated post-transcriptional control of mRNA levels, and transcriptional gene 

regulation (37, 39, 57, 75, 97, 124, 135). Furthermore, analysis of the similarities and 

differences in these two related quorum-sensing systems, as well as assessing differences 

between these two systems and other bacterial signal transduction systems provides insight 

into how evolution has incorporated distinct features into bacterial sensory networks that 

solve unique biological information processing challenges.

LuxIR-Type Quorum-Sensing Systems in Gram-Negative Bacteria

Acyl homoserine lactones (AHLs) are a major class of autoinducer signal used by Gram-

negative proteobacteria for intraspecies quorum sensing. AHLs are composed of homoserine 

lactone (HSL) rings carrying acyl chains of C4 to C18 in length (25). These side chains 

harbor occasional modification, notably at the C3 position, or unsaturated double bonds 

(Figure 1A). The first AHL autoinducer and its cognate regulatory circuit was discovered in 

the bioluminescent marine bacterium Vibrio fischeri, which colonizes the light organ of the 

Hawaiian Bobtail Squid Euprymna scolopes (100). The nutritious environment inside the 

light organ of the squid allows the bacteria to grow to high cell density, and, using quorum 

sensing, to activate expression of the luciferase operon. The squid host uses the bacterial-

produced light to counter-illuminate itself in an anti-predation strategy (100). Two proteins, 

LuxI and LuxR, are essential for quorum-sensing control of bioluminescence in V. fischeri 

(Figure 2). LuxI is the synthase of the quorum-sensing autoinducer N-3-(oxo-hexanoyl)-

homoserine lactone (3OC6HSL, Figure 1) (19, 104). LuxI catalyzes acylation and 

lactonization reactions between the substrates S-adenosylmethionine (SAM) and hexanoyl-

ACP (81, 104). Following synthesis, 3OC6HSL diffuses freely in and out of the cell, and its 

concentration increases as the cell density of the population increases (49). LuxR is the 

cytoplasmic receptor for 3OC6HSL as well as the transcriptional activator of the luciferase 

luxICDABE operon (18, 19). Without the 3OC6HSL ligand, the LuxR protein is unstable 

and is rapidly degraded. When 3OC6HSL accumulates, it is bound by LuxR, and the LuxR-

AHL complex recognizes a consensus binding sequence (lux box) upstream of the 

luxICDABE operon and activates its expression (114). The luxAB genes encode the subunits 

of luciferase, and luxCDE encode the fatty acid reductase complex which produces and 

recycles the luciferase aldehyde substrate (74). Because expression of luxI is also activated 

by 3OC6HSL-bound LuxR, when the quorum-sensing circuit engages, autoinducer 

production is induced, and the surrounding environment is flooded with the signal molecule. 
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This “autoinduction” positive feedback loop is presumed to enforce synchrony as the 

population of cells switches from LCD mode to HCD quorum-sensing mode.

The LuxI/LuxR regulatory system of V. fischeri is considered the paradigm for the control of 

gene expression by quorum sensing in Gram-negative bacteria (Figure 2) (19). Homologues 

of luxI and luxR have been identified in a large number of bacterial genomes and these other 

LuxIR-type quorum-sensing systems control global cell-density dependent gene expression 

(11). Positive feedback loops consisting of LuxR-type proteins activating luxI-type gene 

expression are commonly wired into these AHL quorum-sensing systems (18, 26, 108). 

Some well studied AHL quorum-sensing systems include the LasI/LasR-RhlI/RhlR system 

of Pseudomonas aeruginosa that controls virulence factor gene expression and biofilm 

formation (89-91, 140), the TraI/TraR system of Agrobacterium tumefaciens that regulates 

transfer of the oncogenic Ti plasmid to the plant host (26, 41, 96), and the EsaI/EsaR system 

in Pantoea stewartii that controls exopolysaccharide production, adhesion, and plant 

colonization (131, 132). In an interesting twist on these circuits, the EsaI/EsaR system 

functions reciprocally to other LuxIR-type systems. Unliganded EsaR binds DNA and 

represses transcription. Autoinducer binding to EsaR promotes DNA release, and target gene 

expression (79, 130).

AHL autoinducer molecules are typically unique in that, a particular AHL molecule is 

detected only by the species that produces it. Therefore, it is suggested that AHL-type 

quorum-sensing systems predominately foster intra-species cell-cell communication. Signal 

specificity is attributed to the fact that LuxR-type protein folding requires the presence of 

the AHL ligand (107, 127, 149, 150). For example, TraR in the absence of its cognate ligand 

(3OC8HSL) is unstructured and rapidly degraded (149, 150). Supporting this notion is the 

finding that the crystal structure of the 3OC8HSL-TraR complex reveals that the ligand is 

completely buried within the protein (128, 146). Solution structure of the ligand binding 

domain complexed with C8HSL of SdiA, a TraR homolog in E. coli, reveals similar 

organization (145). Although P. aeruginosa LasR shares low overall homology with TraR 

and SdiA, the LasR ligand binding domain nonetheless shows significant structural 

similarity to these two proteins (8). Importantly, the putative signal binding pocket of LasR 

is more spacious than that of TraR and SdiA. The presumption is that this arrangement 

accommodates the larger cognate ligand, C12HSL (8).

Biochemical analyses of LuxR-type proteins suggest that there exist three classes of these 

receptors (reviewed in 106). Class 1 receptors (e.g. LasR) require AHL for folding and have 

exquisitely tight affinity for their ligands. Class 2 receptors (e.g. LuxR of V. fischeri) also 

require AHLs for folding but the mature proteins bind to their ligands reversibly. Class 3 

receptors (e.g. EsaR) do not require AHLs for folding and have reversible ligand binding. 

The absolute requirement for AHLs for protein folding in Class 1 and 2 LuxR-type receptors 

suggests that these receptors are refractory to sudden increases in AHL concentrations in the 

environment since protein translation is a relatively slow process (106). It is further 

suggested that the difference in ligand binding affinity between these receptors is the main 

criterion controlling their robustness to perturbation (106). For example, the folded Class 1 

receptor TraR remains active for a prolonged period of time even when its cognate AHL is 
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removed (63), whereas the folded Class 2 receptor LuxR is inactivated within minutes after 

its cognate AHL is removed (49).

Two different structures of AHL synthases, LasI from P. aeruginosa that synthesizes 

3OC12HSL and EsaI from P. stewartii that synthesizes 3OC6HSL, have been reported (31, 

137). By comparing the two structures, it appears that although LasI and EsaI synthesize 

different molecules, the core domains which contain 74 conserved amino acid residues are 

highly similar (31, 137). However, the acyl chain binding pockets differ dramatically. The 

binding pocket of EsaI sits in an enclosed cavity surrounded by numerous other residues 

(137). By contrast, the substrate binding pocket in LasI is an elongated tunnel (31). These 

structural features suggest that EsaI can only accommodate substrates with relatively short 

acyl-chain lengths while LasI has no steric restriction on the substrate acyl-chain length (31, 

137). Thus, it is not understood how LasI selects only the appropriate substrate (i.e. C12-

ACP) for reaction. One hypothesis is that substrates with acyl chains longer than C12 are 

used by the cell for other essential processes such as LPS biosynthesis and this limits their 

availability to LasI (31). Like LasI and EsaI, many other LuxI-type AHL quorum-sensing 

synthases use the intracellular fatty acid pool as the source of substrate for AHL synthesis. 

One notable exception is the newly discovered RpaI/RpaR system in the photosynthetic 

bacterium Rhodopseudomonas palustris. In this case, the signal, p-coumaroyl-HSL, is 

generated from p-coumaric acid obtained from the extracellular environment (103). Since p-

coumarate is a major by-product of lignin degradation in plants, it is proposed that the signal 

p-coumaroyl-HSL is used for both intra-species signaling among bacterial cells and inter-

kingdom signaling between bacterial and plant cells (103).

Two-Component Quorum-Sensing Systems in Gram-Positive Bacteria

Gram-positive bacteria primarily use modified oligopeptides as autoinducers in quorum-

sensing controlled gene expression systems (Figure 1B and Figure 3) (35, 46, 110). Because 

peptides are impermeable to biological membranes, secretion of quorum sensing peptides is 

usually mediated by specialized transporters. In addition, modifications to the initially 

synthesized peptides, such as processing and cyclization, are often associated with secretion 

(Figure 1, (35, 45, 69, 70, 110)). One major difference between LuxIR-based and 

oligopeptide-based quorum-sensing systems is the location of the cognate receptors; while 

the LuxR-type receptors are cytoplasmic, the sensors for oligopeptide autoinducers in Gram-

positive bacteria are membrane-bound. The membrane-bound receptors, so-called two-

component signaling proteins, transduce information via a series of phosphorylation events 

(40, 42, 109).

A typical two-component system consists of a membrane-bound histidine kinase receptor 

and a cognate cytoplasmic response regulator, which functions as a transcriptional regulator 

(40, 42, 109). A general model for oligopeptide-mediated quorum sensing is depicted in 

Figure 3. As in AHL quorum-sensing systems, the concentration of secreted oligopeptide 

autoinducer increases as the cell density increases. Peptide binding to the membrane-bound 

histidine kinase receptor stimulates its intrinsic autophosphorylation activity, resulting in 

ATP-driven phosphorylation of a conserved histidine residue (H) in the cytoplasm. The 

phosphate group is subsequently transferred to the conserved aspartate residue (D) of a 
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cognate response regulator. Phosphorylated response regulators are active and they function 

as DNA-binding transcription factors to modulate expression of target genes. In many cases, 

the genes encoding the oligopeptide autoinducer precursor, the histidine kinase receptor, and 

the response regulator form an operon and its expression is auto-induced by quorum sensing 

(46, 95). In such cases, similar to what was described above for the LuxR/LuxI systems, this 

configuration produces positive feedback and accelerates the transition from the LCD to the 

HCD quorum-sensing mode of gene expression. Examples of peptide-based quorum-sensing 

systems include the ComD/ComE system of Streptococcus pneumoniae that controls 

competence development (94), the AgrC/AgrA system of Staphylococcus aureus that 

controls pathogenesis (46), and the ComP/ComA system of Bacillus subtilis that controls 

competence and sporulation (69).

Unlike Gram-negative bacterial AHLs, Gram-positive peptide autoinducers are not 

variations on a single core molecule. Rather, peptide autoinducers are genetically encoded, 

and thus each species of bacteria is capable of producing a peptide signal with a unique 

sequence (Figure 1B). Consistent with this, although Gram-positive quorum-sensing 

receptors are members of the histidine kinase protein family and thus share overall 

homology, little homology exists in their transmembrane ligand sensing domains and this 

likely determines their specificity (69, 87, 94). While no Gram-positive quorum-sensing 

receptor has yet been crystallized, elegant genetic and biochemical studies have defined the 

S. aureus Agr quorum-sensing receptor-ligand interaction and it stands as the paradigm for 

understanding signal transduction in peptide quorum-sensing systems (Reviewed in 87).

The S. aureus Agr autoinducer is denoted AIP (for Auto-inducing peptide) and is encoded as 

a longer precursor peptide by the agrD gene. Processing (truncation and cyclization) and 

secretion occurs via the AgrB transporter. Extracellular AIP is detected by the AgrC 

histidine kinase receptor and signal transduction occurs by phosphorelay to the AgrA 

response regulator (87). There are four S. aureus AIP specificity groups (I-IV) which are 

defined by the particular AIP peptide sequence (Figure 1B). The mature AIPs are seven to 

nine residues in length with a five-membered ring formed between the sulfur atom from a 

central cysteine and the C-terminus via a thiolactone bond. The two bulky hydrophobic 

residues of each AIP are involved in AgrC binding, and the ring structure is critical for 

activity (67, 70, 142). The AIPs and their cognate receptors are co-evolving such that 

productive signaling interactions only occur between a particular AIP and the hypervariable 

region of its cognate AgrC transmembrane domain (43, 45). And, remarkably, interaction 

between an AIP and a non-cognate AgrC receptor inhibits quorum sensing (43, 45, 66). 

Mutagenesis studies pinpoint the residues in the extracellular loop connecting 

transmembrane helices 3 and 4 as critical for AIP discrimination, while mutations in Ile171 

broaden AIP specificity (27, 28, 44).

Additional Features of Gram-Negative and Gram-Positive Quorum-Sensing 

Systems

Integration of additional regulatory features is common in both Gram-negative and Gram-

positive quorum-sensing systems. We name only a few here. In P. aeruginosa, the CRP 

homolog Vfr is activated by binding the second messenger molecule cyclic-AMP (141). 
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Activated Vfr induces transcription of lasR when P. aeruginosa enters into stationary phase 

(1). One of the target genes activated by the S. pneumoniae ComD/ComE system is comX, 

which encodes an alternative sigma factor that is essential for transcription of a set of late 

competence genes encoding proteins involved in genetic exchange such as DNA uptake and 

recombination (55, 61, 62). Interestingly, competence only occurs for a short period of time 

because ComX disappears soon after competence has developed. The ATP-dependent 

protease ClpEP has been implicated in specific degradation of ComX and termination of 

competence (116). These and other accessory control mechanisms allow bacteria to integrate 

environmental cues in addition to autoinducer information into their quorum-sensing 

networks presumably to extract maximal information from their surroundings and fine tune 

their transitions into and out of LCD and HCD gene expression programs.

The Quorum-Sensing Network Architecture in V. harveyi and V. cholerae

Although LuxIR systems similar to that of V. fischeri have been identified in distantly 

related bacteria, analyses of quorum sensing in other Vibrios, most notably V. harveyi and V. 

cholerae, show that their systems do not conform to the common LuxIR theme. These two 

species possess neither luxI nor luxR genes similar to V. fischeri and other Gram-negative 

quorum-sensing bacteria. However, V. harveyi and V. cholerae do possess sets of quorum-

sensing components that are highly similar to one another (37, 57, 75, 124, 148). This close 

similarity initially suggested functional equivalence among the components, however, 

detailed analyses of the roles of the individual components and the overall function of the 

networks reveal that these two quorum-sensing circuits operate by surprisingly different 

means (37, 57, 75, 126). We hypothesize that, these differences have evolved to allow these 

two closely related species to adapt to their drastically different lifestyles.

V. harveyi is a free living marine bacterium and is an important pathogen of marine 

organisms (2). V. cholerae, by contrast, is the etiological agent of the disease cholera and its 

life cycle consists of alternations between human hosts and the aquatic environment (20). 

Quorum sensing in V. harveyi activates bioluminescence and metalloprotease production 

and represses type III secretion (9, 36). In V. cholerae, quorum sensing represses biofilm 

formation and virulence factor production and activates protease production (32, 47, 147, 

148). Quorum sensing also promotes genetic exchange between V. cholerae cells in the 

presence of chitin, which is believed to be important for serogroup conversion (6, 7, 73).

We first outline the quorum-sensing circuit in V. harveyi, a hybrid of the canonical Gram-

negative and Gram-positive bacterial quorum-sensing systems (Figure 4). As in other Gram-

negative quorum-sensing bacteria, V. harveyi produces, detects, and responds to an AHL 

autoinducer (3OHC4-HSL) denoted HAI-1 for V. harveyi autoinducer 1 (Figure 1A) (10). 

Two additional autoinducer molecules called AI-2 and CAI-1 are produced and detected by 

V. harveyi (Figure 1C and D, respectively). AI-2 is a set of interconverting molecules 

derived from the shared precursor 4,5-dihydroxy-2,3-pentanedione (DPD) (105). The active 

form of AI-2 in V. harveyi contains boron (13). CAI-1 has not been purified from V. harveyi, 

but it is presumed to be related to CAI-1 produced by V. cholerae, which has been identified 

as (S)-3-hydroxytridecan-4-one (39).
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HAI-1 is synthesized by the LuxM synthase, which shows no homology to the LuxI-type 

AHL synthases although it carries out the same biochemistry (3, 4). DPD is synthesized by 

the LuxS enzyme, and luxS exists in hundreds of bacterial genomes (105, 117). We provide 

further detail about LuxS and AI-2 below. CAI-1 is synthesized by the CqsA synthase, and 

cqsA shows sequence homology to aminotransferases. CqsA homologs have been identified 

in several sequenced Vibrio genomes as well as Legionella pneumophila (37, 39, 75, 113, 

122, 123).

Detection of the V. harveyi autoinducers does not occur through LuxR-type proteins. Rather, 

membrane-bound histidine kinases act as cognate receptors for all three autoinducers (Figure 

4). HAI-1 is detected by the LuxN histidine kinase (24, 37, 120). AI-2 is detected by the 

periplasmic protein LuxP in complex with the LuxQ histidine kinase (4, 37, 84, 85). CAI-1 

is detected by the CqsS histidine kinase (37, 39, 75). LuxN, LuxQ, and CqsS are bi-

functional two-component enzymes that possess both kinase and phosphatase activities. At 

LCD (Figure 4A), the receptors are devoid of their respective ligands, and in this mode, their 

kinase activities predominate, resulting in phosphorylation of conserved histidine residues 

by ATP. The phosphate group is subsequently transferred to the conserved aspartate residue 

located in the receiver domain at the C-terminus of each receptor. Phosphate from all three 

receptors is subsequently transduced to a single phosphotransfer protein, LuxU. LuxU 

transfers the phosphate to a response regulator called LuxO. LuxO belongs to the NtrC 

family of response regulators and requires phosphorylation to act as a transcriptional 

activator (5, 23, 58).

Together with σ54-loaded RNA polymerase, phosphorylated LuxO (LuxO-P) activates 

transcription of genes encoding five small regulatory RNAs (sRNAs) called Qrr1-5 (Figure 

4A). The main target of the Qrr sRNAs is the mRNA encoding the quorum-sensing master 

transcriptional regulator LuxR, which is not similar to the LuxR described above in LuxIR-

type quorum-sensing systems. At LCD, the Qrr sRNAs are transcribed, and directed by the 

RNA chaperone Hfq, Qrr1-5 base pair with and destabilize the luxR mRNA transcript (124). 

Therefore, at LCD, LuxR protein is not made. When autoinducer concentration is above the 

threshold level required for detection (e.g. at HCD, Figure 4B), binding of autoinducers to 

the cognate receptors switches the receptors from kinases to phosphatases. Phosphate flow 

in the signal transduction pathway is reversed, resulting in dephosphorylation and 

inactivation of LuxO. Therefore, at HCD, qrr1-5 are not transcribed, luxR mRNA is 

stabilized, and LuxR protein is produced. LuxR acts as both a transcriptional activator and a 

transcriptional repressor. In addition to the luciferase operon, LuxR regulates at least another 

50 genes including those encoding the type III secretion apparatus and metalloproteases (36, 

97, 135).

The components and the wiring of the V. cholerae quorum-sensing system (Figure 5) appear 

extremely similar to their V. harveyi counterparts with only two notable differences. First, V. 

cholerae does not have the LuxM synthase and does not make HAI-1. Consistent with this, 

V. cholerae also does not have the LuxN sensor and it does not detect HAI-1. Second, only 

four sRNAs genes lie downstream of LuxO-P in the V. cholerae cascade (57). The 

functional homolog of the V. harveyi LuxR master regulator is called HapR in V. cholerae. 

HapR, like LuxR, acts as both an activator and a repressor of gene expression. At HCD 
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(Figure 5B), HapR activates a gene encoding the Hap protease (47) and represses genes 

important for biofilm formation and virulence factor production (32, 147).

Based on sequence homology and circuit configuration, at first analysis, it appears that the 

V. harveyi and V. cholerae systems are nearly identical, and in turn, should function 

analogously. However, systematic analyses show striking differences in how the two 

systems operate. These differences could not have been uncovered through genomic 

sequence comparisons alone. In the following sections, we compare and contrast these two 

quorum-sensing systems. First, we outline each system’s core components; the multiple 

autoinducers and their synthases and the molecular mechanisms used by the cognate 

receptors for signal detection and transduction. Second, we discuss the distinct mechanisms 

by which the V. harveyi and V. cholerae Qrr sRNAs function. Third, we discuss how 

feedback regulation is integrated into the two circuits to uniquely optimize their outputs.

It is interesting to note that, many of the quorum-sensing components of the V. harveyi and 

V. cholerae systems exist in other Vibrio species that harbor LuxIR-type systems. For 

instance, in addition to the extensively-studied LuxIR AHL quorum-sensing system, V. 

fischeri possesses homologs of the V. harveyi cascade: LuxMN and LuxS/LuxPQ as well as 

LuxU, LuxO, one Qrr sRNA, and a V. harveyi-like LuxR called LitR (22). The LuxM and 

LuxN homologs in V. fischeri are called AinS and AinR, respectively (17, 29, 51, 64, 65). 

The signal produced by AinS is C8HSL (34). Presumably, like V. harveyi, at low 

autoinducer concentrations, the LuxQ and AinR kinases transfer phosphate through LuxU to 

LuxO which activates transcription of the gene encoding the single Qrr sRNA, which 

prevents production of LitR. Interestingly, LitR activates transcription of ainS generating 

another positive feedback loop in the V. fischeri network (64). Moreover, LitR activates 

transcription of luxI linking the LuxS/LuxPQ and AinS/AinR systems to the canonical LuxI/

LuxR system (22).

Vibrio anguillarum, the causative agent of terminal hemorrhagic septicemia in marine fish, 

possesses three parallel quorum-sensing systems homologous to those of V. harveyi (14, 15, 

78). VanM, the LuxM homolog, produces two autoinducers C6HSL and 3OC6HSL. Both 

autoinducers are detected by the VanN receptor (15). Unlike V. harveyi and V. cholerae, the 

mRNA of vanT (the homolog of luxR/hapR/litR) is stable at LCD and further production is 

not induced by quorum sensing (15). It is proposed that inhibition of translation of vanT 

mRNA at LCD occurs through some other unidentified mechanism (77).

Synthesis of V. harveyi and V. cholerae Autoinducers

The autoinducers HAI-1, AI-2, and CAI-1 are synthesized by the cytoplasmic enzymes 

LuxM, LuxS, and CqsA, respectively (3, 37, 39, 75, 105). As mentioned, LuxM has no 

significant sequence homology to LuxI of V. fischeri but it is similar to another AHL 

synthase AinS (29). Mechanistic studies of LuxM synthesis of 3OHC4HSL (Figure 1A) 

have not been performed. However, parallel studies on AinS show that, analogous to the 

LuxI class of enzymes, the AinS AHL synthase (and presumably the LuxM synthase) also 

uses SAM and acyl-CoA or acyl-ACP as substrates to produce its particular AHL (34).
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The LuxS synthase produces 4,5-dihydroxy-2,3-pentanedione (DPD) (Figure 1C), which is 

the precursor to a set of interconverting molecules that are generically called AI-2. 

Specifically, DPD is produced from SAM in three enzymatic steps (105). First, 

methyltransferase enzymes catalyze transfer of the methyl group on SAM to particular 

substrates to produce products such as DNA, RNA, and proteins. S-adenosylhomocysteine 

(SAH) is formed as a toxic byproduct of these reactions. The Pfs nucleosidase relieves the 

SAH toxicity by cleaving adenine from SAH to form S-ribosylhomocysteine (SRH) (105). 

SRH is next hydrolyzed by LuxS to form two products: homocysteine, and DPD. DPD is 

unstable, and spontaneously converts into different moieties in solution (105). In the marine 

environment, where the borate concentration can reach 0.4 mM, DPD cyclizes and reacts 

with borate to form (2S, 4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran borate (S-THMF 

borate), which is the active form of the AI-2 autoinducer used by V. harveyi and V. cholerae 

(Figure 1C) (13). In terrestrial environments where boron is limited, (2R,4S)-2-

methyl-2,3,3,4-tetrahydroxytetrahydrofuran (R-THMF), an unborated rearranged DPD 

moiety derived from DPD, is the form of AI-2 used by enteric bacteria such as Escherichia 

coli and Salmonella typhimurium (Figure 1C) (76). The AI-2 synthase LuxS has gained 

attention because LuxS homologs exist in hundreds of bacterial genomes, and AI-2 is 

proposed to be a rather universal signal that fosters inter-species cell-cell communication 

(21, 143). In V. harveyi and V. cholerae, and in some other quorum-sensing bacteria, AI-2 

clearly acts as a bona fide autoinducer signal (98, 121). Nonetheless, some studies suggest 

that phenotypes observed in luxS mutants of other bacterial species stem from LuxS’s role in 

metabolism of SAM (129). Both possibilities could be correct.

CAI-1 was recently purified from V. cholerae and identified as (S)-3-hydroxytridecan-4-one 

(Figure 1D) and, as mentioned, its synthesis depends on CqsA, an enzyme with similarity to 

aminotransferases (38, 39). Purified protein studies show that 3-aminotridecane-4-one 

(amino-CAI-1, Figure 1D) is in fact the CqsA product and its substrates are (S)-2-

aminobutyrate and decanoyl-CoA (38). Crystallographic analysis combined with 

mutagenesis and spectral analyses verify these findings and demonstrate that V. cholerae 

CqsA produces amino-CAI-1 by a pyridoxal phosphate-dependent aminotransferase reaction 

(38). Both amino-CAI-1 and CAI-1 are detected by the V. cholerae CqsS receptor and they 

have comparable biological activities, however, CAI-1, not amino-CAI-1, is the major form 

of the molecule in cell-free culture fluids (38). The current understanding is that, once 

synthesized, amino-CAI-1 is immediately converted into CAI-1 presumably via another 

enzyme, and the latter molecule is the predominant form of the signaling molecule 

encountered by V. cholerae (38). As mentioned, V. harveyi and several other Vibrio species 

possess homologs of both cqsA and cqsS, therefore, it is proposed that the CqsA/CqsS 

system is used for inter-Vibrio communication. Consistent with this, cell-free culture fluids 

from V. harveyi and other Vibrio species that possess CqsA activate gene expression in a V. 

cholerae CAI-1 reporter strain (37). Whether the CAI-1 autoinducers from V. harveyi and 

other Vibrio species are identical to V. cholerae CAI-1 or whether they are closely related 

molecules remains to be addressed. One oddity is that cqsA and cqsS, called lqsA and lqsS, 

exist in the distantly related bacterium Legionella pneumophila. LqsA produces 3-

hydroxypentadecan-4-one; a molecule with a longer hydrocarbon chain than CAI-1 (113). 
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The Lqs system promotes host-bacterial interactions in the L. pneumophila stationary-phase 

virulence regulatory network (122, 123).

Signal Transduction through the V. harveyi and V. cholerae Quorum-

Sensing Receptors

As discussed above, both the V. harveyi and V. cholerae quorum-sensing systems employ 

multiple two-component proteins and a phosphorylation-dephosphorylation cascade for 

signal transduction (37, 75). At LCD, when autoinducer concentration is low, LuxN, 

LuxPQ, and CqsS quorum-sensing receptors function as kinases (Figures 4A and 5A). At 

HCD, when autoinducer concentration is high, the receptors function as phosphatases 

(Figures 4B and 5B). Although hundreds of two-component systems are known, it is unclear 

how the phosphorylation activities of particular histidine sensor kinases are regulated by 

specific signals because only a few ligands have been identified. The V. harveyi quorum-

sensing system has emerged as an important system for understanding two-component 

receptor signal transduction across the membrane because the structures of the HAI-1 and 

AI-2 autoinducers have been known for some time and synthetic molecules are available. 

These two features made analysis of two-component signaling across the membrane 

feasible. Two particular studies, one of AI-2-LuxPQ signaling and one of HAI-1-LuxN 

signaling provide insight into how ligand binding elicits the switch in a two-component 

receptor from kinase to phosphatase (13, 84, 85, 120).

The first informative study concerns AI-2 and LuxPQ. The crystal structures of LuxP in 

complex with the periplasmic domain of LuxQ (LuxQp) in both the AI-2-free and AI-2-

bound forms were solved and compared (84, 85). LuxP, like other periplasmic binding 

proteins, binds AI-2 in a cleft formed between two similar domains connected by a three 

stranded hinge. LuxQp is composed of two tandem PAS domains with no sequence 

homology to one another or to other PAS folds. Unliganded LuxP adopts an open 

conformation representing the AI-2 receptive state in the apo-LuxP/LuxQp complex. 

Mutations that destabilize or eliminate the interfaces between LuxP and LuxQp decrease the 

concentration of AI-2 required to convert LuxQ from kinase to phosphatase, suggesting that 

interactions between unliganded LuxP and LuxQp inhibit the conversion of LuxQ from 

kinase to phosphatase. Binding of AI-2 to LuxPQp induces significant conformational and 

organizational changes in the complex. First, the two domains in the AI-2-bound LuxP close 

via a dramatic conformational change. This event, however only minimally alters the LuxQp 

conformation. What is critical is that, AI-2 binding alters LuxPQp-LuxPQp dimerization 

with the two LuxPQp dimers undergoing an approximately 140° rotation around an axis 

between them. Mutations constructed to investigate the role of the new interface formed 

between the LuxPQp-LuxPQp dimers when AI-2 binds showed that they decrease 

responsiveness to AI-2 suggesting that the mutations inhibit the two LuxPQp dimers from 

making the interface required to promote phosphatase activity. Therefore, increased AI-2 is 

required to switch LuxQ to phosphatase mode. The current model proposes that two LuxPQ 

complexes form a symmetric hetero-tetramer (LuxPQ-LuxPQ) in the absence of AI-2 at 

LCD. Analogous to what has been shown for the histidine kinases EnvZ and NtrB (86, 144), 

autophosphorylation is presumed to occur by cytoplasmic cross-phosphorylation between 
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two LuxQ histidine kinase monomers (although this has not been verified for LuxQ). At 

HCD, AI-2 binding to LuxP causes a large rotation of one of the LuxPQ subunits relative to 

the other LuxPQ subunit. This rotational change disrupts the symmetry of the LuxPQ-

LuxPQ tetramer, and thus prevents cross-phosphorylation between the cytoplasmic regions 

of the two LuxQ monomers. Moreover, the crystal structures predict that this asymmetric 

architecture prevents formation of higher order oligomers, suggesting that AI-2-bound 

LuxPQ tetramers cannot cluster (85). This arrangement potentially reduces premature 

commitment to quorum sensing due to signal noise (see below).

The second informative signaling study concerns LuxN. The proposed autoinducer binding 

domain of LuxN contains nine transmembrane-spanning (TM) helices with the N-terminus 

located on the periplasmic side of the inner membrane (48). Because of this topology, no 

detailed structural information is available. Rather, an approach that exploited mutagenesis 

and suppressor analyses, together with HAI-1 antagonist studies and mathematical modeling 

was used to define the HAI-1 binding site and the in vivo signaling parameters of the LuxN 

receptor (120). Mutations in TMs 4, 5, 6, and 7, and the intervening periplasmic loops 2 and 

3 of LuxN render V. harveyi non-responsive to HAI-1. Analyses of the mutants showed that 

one class does not bind HAI-1 and thus does not switch from kinase to phosphatase. A 

second class of mutants has reduced affinity for HAI-1 and thus can switch from kinase to 

phosphatase albeit only at high concentrations of HAI-1.

A potent competitive HAI-1 antagonist was identified from a high-throughput chemical 

screen (120). This antagonist was used to further probe the LuxN/HAI-1 interaction. By 

simultaneously varying the amounts of antagonist and HAI-1, HAI-1 dose-response curves 

could generated, which first, defined the HAI-1 EC50 value for wild type LuxN to be 20 nM. 

Second, the data from all the curves could be collapsed into a single curve. The principal 

underlying the data fitting is that there is a fixed relation between the kinase and 

phosphatase configurations of LuxN such that the probability for LuxN to be a kinase 

depends on the free energy difference between the two configurations. Using this analysis, 

the dissociation constants (KD) for HAI-1 for wild type LuxN and the various LuxN mutants 

were determined. In the phosphatase state, KHAI-1 is about 1 nM, and in the kinase state, 

Kantagonist is about 500 nM. The mutants could then be classified as those that affect HAI-1 

binding (i.e. with altered KD), and those that do not affect HAI-1 binding (similar KD) but 

have altered free energy differences between the two configurations (kinase and 

phosphatase) of LuxN. One additional prediction from these analyses is that the probability 

for LuxN to be a kinase in the absence of HAI-1 is about 96%, which explains the large ratio 

between the EC50 value (20 nM) and the underlying KD (1 nM).

This final observation of a large difference in ligand EC50 and KD differs dramatically from 

what has been found in the classic chemotaxis two-component signaling network where 

there exists only a small difference (~0.1) between EC50 and KD. Thus, in the chemotaxis 

system, there is a roughly equal probability for the receptor to be a kinase or a phosphatase 

when ligand concentration is low (50). The difference between the receptors in the quorum-

sensing and chemotaxis circuits apparently allows each system to solve its respective 

biological problem effectively. In chemotaxis, bacteria need to respond rapidly to small 

alterations in signal concentrations, therefore, the receptors are poised to immediately 
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change from kinase to phosphatase and vice versa by spending half of the time in each state. 

Furthermore, chemotaxis receptors are clustered in arrays that promote amplification of the 

signal (68, 112, 115). By contrast, quorum-sensing receptors, as discussed above, do not 

cluster and distribute evenly on the bacterial inner membrane (85), so they do not amplify 

small perturbations in ligand concentration. Furthermore, switching from kinase to 

phosphatase requires a significant buildup of autoinducer since the receptors spend almost 

100% of the time in the kinase state (120). An overall reduced signal sensitivity in the 

quorum-sensing system presumably prevents accidental commitment to group behavior in 

response to signal noise.

Although each of the above studies was focused exclusively on one V. harveyi receptor: 

structural analysis of LuxPQ and antagonism analysis of LuxN, it is assumed that the 

intrinsic signaling properties (i.e. the non-clustering of receptors observed for LuxPQ and 

the low signal sensitivity observed for LuxN) will apply generally to the other V. harveyi 

and V. cholerae quorum-sensing receptors (e.g. V. harveyi and V. cholerae CqsS, V. 

cholerae LuxPQ). In fact, studies on V. cholerae suggest that the CqsS receptor also has low 

signal sensitivity (W.-L. Ng, unpublished).

Functions of Qrr sRNAs in V. harveyi and V. cholerae: Additivity Versus 

Redundancy

At the heart of V. harveyi and V. cholerae quorum-sensing circuits lie multiple Qrr sRNAs, 

and the precisely controlled levels of these sRNAs dictate whether cells switch into or out of 

quorum-sensing behavior (Figures 4 and 5). At LCD, the Qrr sRNAs are transcribed and 

prevent production of LuxR/HapR. Qrr sRNAs function by Hfq-assisted base pairing with 

the mRNA of luxR/hapR, which blocks the translation and destabilizes the transcript (57, 

124). At HCD, the Qrr sRNAs are not transcribed, the luxR/hapR mRNA accumulates and 

LuxR/HapR protein is produced. As mentioned earlier, V. harveyi possess five Qrr sRNAs 

(Qrr1-5) and V. cholerae possess four Qrr sRNAs (Qrr1-4). The LCD transcription of the 

Qrr sRNAs is controlled by LuxO-P in both V. harveyi and V. cholerae. In V. harveyi, the 

steady state level at LCD is highest for Qrr4, followed by Qrr2, Qrr3, Qrr1, and then Qrr5 

(124). In V. cholerae, a similar pattern is observed (i.e. Qrr4 > Qrr2 ≈ Qrr3 > Qrr1) (56, 57, 

118). Due to their unique expression levels, it is presumed that the relative strength of each 

sRNA in controlling quorum-sensing regulated genes via LuxR/HapR follows the same 

order. Although the sequences of the Qrr sRNAs required for targeting the luxR/hapR 

mRNAs are identical in both V. harveyi and V. cholerae and the overall sequences of the 

mRNAs are extraordinarily similar (>80% identity) the sRNAs nonetheless function by 

different means in the two Vibrio species.

In V. cholerae, Qrr1-4 function redundantly to regulate quorum sensing. That is, any single 

Qrr sRNA is sufficient to destabilize the hapR mRNA and prevent production of HapR. 

Therefore, the simultaneous deletion of the four qrr sRNA genes is required to alter quorum 

sensing (57). Functional redundancy of the V. cholerae four Qrr sRNAs stems from qrr gene 

dosage compensation. Transcription of a particular qrr gene is affected by the amount of the 

other three Qrr sRNAs present (118). For example, in the absence of three Qrr sRNAs, 

transcription of the remaining qrr sRNA gene is increased. qrr gene dosage compensation 
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maintains the Qrr sRNA pool to within a specific range. Dosage compensation depends on 

two feedback loops called the HapR-Qrr feedback loop and the LuxO-Qrr feedback loop, 

which are discussed below.

In stark contrast to how the Qrrs function in V. cholerae, in V. harveyi, the five Qrr sRNAs 

work additively to control quorum sensing. Thus, deletion of any single qrr gene results in a 

quorum-sensing phenotypic change (124). As mentioned, the strength of each Qrr sRNA in 

controlling quorum sensing mirrors its respective expression level (i.e. Qrr4 > Qrr2 > Qrr3 > 

Qrr1 >Qrr5). Therefore, quorum-sensing behavior is nearly wild-type in a mutant possessing 

only qrr4, whereas in a mutant possessing only qrr5 quorum-sensing behavior is nearly non-

existent (124). The two feedback loops analogous to those in V. cholerae, in this case called 

the LuxR-Qrr feedback loop and the LuxO-Qrr feedback loop, also exist and function in V. 

harveyi (125, 126). For reasons that are not yet clear, V. harveyi Qrr sRNA mutants do not 

fully dosage compensate which results in the observed alterations in their quorum-sensing 

phenotypes. One hypothesis is that transcription of each V. harveyi qrr gene is subject to 

additional controls that allow fine-tuning of LuxR production under different environmental 

conditions in addition to the autoinducer inputs.

Processing the Information Contained in Multiple Autoinducers in V. 

harveyi and V. cholerae

It is not uncommon for a single bacterial species to produce and detect multiple autoinducers 

(AHLs or peptides) and/or to produce more than one type of autoinducer (45, 91, 110, 111, 

140). In these cases, unique information is contained in each autoinducer, and the bacterium 

has some mechanism to differentiate between and discretely respond to each signal. For 

example, P. aeruginosa produces two AHLs, 3OC12-HSL and C4-HSL, by LasI and RhlI, 

respectively (Figure 1A). The systems are arranged in series such that expression of the Rhl 

system is activated by the LasR-AHL bound complex. Hence, production of 3OC12HSL 

precedes production of C4HSL (52, 72, 93); and likewise 3OC12HSL-responsive genes are 

expressed prior to those responsive to C4HSL. P. aeruginosa also produces a third 

autoinducer, 2-heptyl-3-hydroxy-4-quinolone, designated the Pseudomonas Quinolone 

Signal (PQS) (Figure 1E) (92). Production of PQS is influenced both positively and 

negatively by the LasIR and RhlIR systems, respectively (71, 133). In B. subtilis, the peptide 

autoinducers ComX and CSF have opposing functions in the control of the competence and 

sporulation pathways (69, 111). ComX accumulation stimulates ComP-dependent 

phosphorylation of the ComA response regulator which promotes competence (69). By 

contrast, high concentration of CSF antagonizes ComX-induced phosphorylation of ComA, 

which decreases competence development, and instead, favors the sporulation pathway (53). 

As mentioned, four S. aureus specificity groups exist and each group produces an 

autoinducer peptide that functions as a quorum-sensing agonist in its own S. aureus group 

but acts as a quorum-sensing antagonist in the heterologous S. aureus groups, resulting in 

interference in the latter’s quorum-sensing response (43, 45, 66).

Surprisingly, the sensory information contained in the three V. harveyi autoinducers and 

likewise the two V. cholerae autoinducers is transduced into the cells via shared 

phosphorelay cascades. Specifically, in both Vibrio species, the two-component autoinducer 
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receptors channel phosphate to and from a single phosphotransfer protein LuxU (see Figures 

4 and 5, and associated text). This network arrangement raises the intriguing question of 

whether or not V. harveyi and V. cholerae can distinguish between the different 

autoinducers. While this is not completely understood at present, it is clear that, at a 

minimum, the different autoinducer signals certainly have different strengths. In V. harveyi, 

HAI-1 > AI-2 > CAI-1 (37). By contrast, in V. cholerae, CAI-1 > AI-2 (75). The differences 

in signal strengths are likely due to differences in the relative enzymatic activities of the 

respective receptor kinases/phosphatases. Differences in the intrinsic receptor signaling 

parameters (e.g. binding constants, free energy differences between on/off configurations) 

may also play roles in the strengths of the different autoinducers.

The question of the mechanism underlying signal discrimination in the Vibrios is being most 

intensively investigated in V. harveyi with respect to how the bacterium distinguishes 

between its two strongest signals, HAI-1 and AI-2 (60, 80, 135). Several studies, while not 

yet conclusively solving the problem, have provided insight into how a bacterium can use 

shared regulatory components and nonetheless respond discretely to the different signals. In 

one study, expression of over 50 V. harveyi quorum-sensing regulated genes was analyzed in 

the presence of only HAI-1, only AI-2, or both autoinducers together. Three classes of genes 

were identified: Class 1 genes show significant regulation only in the simultaneous presence 

of HAI-1 and AI-2 (i.e. coincidence regulation). Class 2 genes exhibit an alteration in 

expression when either HAI-1 or AI-2 is present, and expression changes more drastically 

when both autoinducers are supplied together. Class 3 genes exhibit expression changes in 

the presence of either HAI-1 alone, or AI-2 alone, and supplying both autoinducers 

simultaneously does not produce a response that is different from that to one autoinducer 

alone (135). This report demonstrated that the various combinations of autoinducers produce 

graded, but inversely correlated changes in Qrr sRNA and LuxR levels (Figure 6). 

Specifically, low concentrations of autoinducers (i.e., at LCD) lead to high qrr and low luxR 

expression. High concentrations of autoinducers (i.e., at HCD) result in low qrr and high 

luxR expression ((135) and see Figures 4 and 6). Thus, the three classes of target-gene 

responses can be understood in terms of a LuxR promoter affinity model (135). Target genes 

with promoters that have high affinity for LuxR are regulated in response to the lowest 

levels of autoinducer, and thus, these genes (Class 3) are the first ones activated/repressed 

when cells switch into quorum-sensing mode. Genes with promoters that have low affinity 

for LuxR only respond to the highest autoinducer levels and are regulated at later times in 

growth (Class 1). Class 2 genes, which respond to mid-level autoinducer concentrations are 

expressed after Class 3 and prior to Class 1 genes ((135) and Figure 6).

To further understand how LuxR regulates genes with different affinities, the LuxR DNA 

recognition sequence was identified using protein binding microarrays (97). The consensus 

sequence for LuxR binding contains a 21 bp operator with dyad symmetry, and the critical 

bases for binding in each half-site are independent of one another. Some LuxR-regulated 

genes possess multiple binding sites in their promoters, suggesting cooperative binding 

which may also play a role in the timing and strength of LuxR-dependent regulation (97). 

Another study with SmcR, the LuxR homolog in Vibrio vulnificus, defined a 22 bp 

consensus sequence that is highly similar to that found for V. harveyi LuxR (54).
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Using single-cell fluorescence microscopy analyses of qrr-gfp, the V. harveyi responses to 

HAI-1 and AI-2 were quantified. Each autoinducer contributes nearly equally to the total 

output response (60). Thus, the information from the two distinct autoinducers is combined 

additively. Based on these analyses, it is proposed that V. harveyi can distinguish between at 

least three distinct conditions of external autoinducer. First, high qrr-gfp expression occurs 

when both HAI-1 and AI-2 concentrations are low. Second, low qrr-gfp expression occurs 

when both HAI-1 and AI-2 concentrations are high. Third, intermediate qrr-gfp expression 

occurs when one autoinducer concentration is low and the other is high. However, in this 

final situation, high HAI-1 combined with low AI-2 concentration is indistinguishable from 

low HAI-1 combined with high AI-2 concentration (60). These recent findings led to the 

idea that detecting multiple autoinducers allows V. harveyi to monitor the developmental 

stage of the community. This model assumes that production of each autoinducer follows an 

invariant temporal order in which high HAI-1/low AI-2 and low HAI-1/high AI-2 are 

mutually exclusive (60). These findings also suggest that autoinducers allow populations of 

V. harveyi to monitor the species composition of the community. As mentioned, the 

different autoinducers specify the relatedness of the members of the community: HAI-1 is 

only produced by V. harveyi, CAI-1 is produced by many Vibrios, and AI-2 is produced by 

widely diverse bacterial species. Therefore, the different combinations of autoinducers could 

reflect the composition and abundance of species in the vicinal community (60). Because the 

V. harveyi CqsA/CqsS system has not yet been included in these types of investigations and 

no signal discrimination studies have been performed in V. cholerae, it remains an open 

question as to whether these findings can be more generally applied.

Feedback Control of Quorum Sensing in V. harveyi and V. cholerae

Positive feedback is a hallmark of quorum-sensing regulatory networks. As mentioned, in 

canonical LuxI/LuxR quorum-sensing systems, expression of the autoinducer synthase gene 

is positively controlled by the AHL-bound LuxR type protein (18, 26, 108). The outcome of 

these feedback loops is accelerated production of AHL autoinducer, which leads to 

synchrony in quorum-sensing behavior. Positive feedback loops exist in oligopeptide-based 

Gram-positive quorum-sensing systems (46, 95). In many cases, the genes encoding the 

peptide signal, the histidine kinase receptor, the cognate response regulator, and its 

accessory factors form an operon (for example, the agrBDCA and comCDE operons of S. 

aureus and S. pneumoniae, respectively). Furthermore, typically the response regulator in 

the system acts as an auto-activator of the operon. This autoregulatory wiring fosters 

positive feedback through which the levels of the peptide ligand, the membrane receptor, 

and the response regulator all increase drastically once the autoinducer has accumulated 

above the initial concentration required for detection.

In V. harveyi and V. cholerae, a different set of feedback loops have recently been identified 

that ensure precise timing of quorum-sensing transitions (Figure 7). These feedback loops 

are summarized as follow:

1. HapR/LuxR auto-repression loop

2. HapR/LuxR-Qrr feedback loop
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3. LuxO auto-repression loop

4. LuxO-Qrr feedback loop

HapR/LuxR auto-repression loop

HapR and LuxR bind to their own promoters and represses transcription (12, 59), which 

results in a steady increase in HapR/LuxR levels as cell density increases. Thus, this 

feedback loop, by preventing runaway expression of LuxR/HapR, minimizes the chances of 

premature commitment of the cells to population-wide changes in gene expression.

HapR/LuxR-Qrr feedback loop

During the transition from LCD to HCD, LuxO-P levels decrease as autoinducer levels 

increase resulting in decreased qrr transcription and, in turn, increased HapR/LuxR 

production (Figures 4 and 5). HapR/LuxR feeds back as a transcriptional activator of the qrr 

genes (Figure 7) (119, 126). When cells switch from LCD to HCD, the HapR/LuxR-Qrr 

feedback loop prolongs the production of Qrr sRNAs and delays the entry into HCD mode. 

By contrast, when cells switch from HCD to LCD, the HapR/LuxR-Qrr feedback loop 

dramatically increases expression of the qrr genes and accelerates the transition out of 

quorum-sensing mode and into individual-cell behavior (119, 126). Interestingly, HapR (V. 

cholerae) acts indirectly on qrr1-4 in the HapR-Qrr feedback loop whereas LuxR (V. 

harveyi) binds directly to qrr promoters in the feedback mechanism. However, in V. harveyi, 

qrr2, qrr3, and qrr4 are subject to LuxR feedback control but qrr1 and qrr5 are not (119, 

126).

LuxO auto-repression loop

The qrr1 gene and the luxO gene lie adjacent to one another in the genome and are 

transcribed divergently (57). The LuxO-binding site required for qrr1 expression overlaps 

with the -35 site in the luxO promoter. This unique organization allows LuxO to 

simultaneously activate expression of qrr1 and repress its own transcription via blocking 

access to RNAP for transcription (125). Although LuxO requires phosphorylation to act as a 

transcriptional activator, LuxO-autorepression does not require that LuxO be phosphorylated 

(118, 125). The LuxO auto-repression loop limits the amount of LuxO to within a narrow 

window, the consequence of which is to carefully control production of the Qrr sRNAs. The 

LuxO auto-repression loop is critical for ensuring precise timing of the quorum-sensing 

transition (125).

LuxO-Qrr feedback loop

Analogous to the way the Qrr sRNAs act on the luxR/hapR mRNAs, the Qrr sRNAs bind to 

and destabilize the mRNA encoding LuxO and stimulate its degradation. This prevents 

LuxO protein production. The LuxO-Qrr feedback loop works synergistically with the LuxO 

auto-repression loop, to restrict Qrr sRNA levels to only a narrow range by limiting 

fluctuations in LuxO levels (118, 125). Also, as discussed above, the other function of the 

LuxO-Qrr feedback loop is in qrr gene dosage compensation (118).
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Why are so many feedback loops involved in controlling the V. harveyi and V. cholerae 

quorum-sensing responses? As discussed above, the quorum sensing receptors are 

insensitive to small perturbations in signal suggesting that the V. harveyi and V. cholerae 

networks are tuned to ignore sudden fluctuations in the environment. Presumably then, a 

sudden surge in any component in the quorum sensing network would be detrimental. 

Indeed, all of the studies of the V. harveyi and V. cholerae feedback loops point to their 

functioning together to minimize fluctuations in the levels of individual components in the 

quorum-sensing circuits. The LuxR/HapR auto-repression loop prevents sudden increases in 

the level of the master quorum-sensing regulator LuxR/HapR (12, 59). The LuxR/HapR-Qrr 

feedback loop also delays production of LuxR/HapR (119, 126). Finally, the LuxO-Qrr 

feedback loop together with the LuxO auto-repression loop limit fluctuations in LuxO 

levels, which prevents surges of Qrr sRNA levels (118, 125). We note that feedback loops 

similar to those described in these two quorum-sensing systems are common network motifs 

in biological circuits (99). Feedback loops are known to reduce variations in the steady state 

levels of regulatory components. In the case of the V. harveyi and V. cholerae quorum-

sensing networks, by minimizing alterations in cytoplasmic quorum-sensing regulatory 

components, the feedback loops, in turn, limit cell-to-cell variations in behavior. In so doing, 

the feedback loops impose synchrony on the population-wide quorum sensing response 

which is imperative for successful collective behaviors.

Outlook and Future Directions

A major goal of studying the quorum-sensing systems of V. harveyi and V. cholerae is to 

understand at the molecular, cellular, and population levels the process used by bacteria for 

cell-cell communication. Fundamental questions pertaining to this goal remain. Multiple 

quorum-sensing signals are channeled into a single circuit; yet different signal inputs lead to 

differential gene expression outputs. Particularly critical is to understand what governs the 

relative signal strengths of LuxM/LuxN, LuxS/LuxPQ, and CqsA/CqsS. How does CqsS 

detect and respond to both CAI-1 and amino-CAI-1, and do LuxPQ and CqsS receptors have 

signaling parameters similar to those of LuxN? Moreover, the networks employ both RNA-

based and protein-based regulatory factors. Until recently, sRNA-mediated gene regulation 

was under-appreciated in bacteria (30, 136). Thus, it remains to be investigated why sRNAs 

are optimal for quorum-sensing regulation and what advantages multiple sRNAs provide the 

circuit. For instance, are sRNA regulators more precise than protein regulators in controlling 

gene expression because they are less prone to fluctuation? Do Qrr sRNAs have different 

affinities for their targets (e.g. luxO, luxR/hapR, and the recently discovered vca0939 (33)), 

and if so, does this impinge on the dynamics of the quorum-sensing transitions? What is the 

molecular mechanism underpinning the differential expression of the qrr genes? What is 

probably most remarkable when one ponders the V. harveyi and V. cholerae quorum-sensing 

systems is that they employ a set of nearly identical constituent components, yet, the 

functioning of these components and the behaviors of the two systems are dramatically 

different.

Finally, many open questions remain regarding the evolutionary forces that shape quorum-

sensing systems, and how quorum-sensing behaviors of individual cells translate into the 

collective properties of bacterial groups (82, 138). Recent work has shown that populations 
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of P. aeruginosa, which use quorum sensing to up-regulate virulence at HCD, can be 

invaded both by mutants that do not produce autoinducers and by mutants that do not 

respond to autoinducers (16, 102). When mixed with wild type cells in equal proportion, 

exploitative P. aeruginosa quorum-sensing mutants decreased the virulence profiles of both 

acute and chronic P. aeruginosa infections in a mouse model (101). In contrast to 

Pseudomonas and many other systems, the Vibrios activate virulence factor expression at 

LCD and repress these traits at HCD. Theory suggests that Vibrios do so in order to 

efficiently escape from their hosts (83, 147), but these predictions have not yet been tested 

by experiments. These newest findings make it clear that the evolution of quorum sensing on 

short time scales must be addressed as the field turns to the development of biotechnological 

therapies to manipulate quorum sensing. Furthermore, clarifying the ecological pressures 

that favor particular quorum-sensing regulatory strategies may allow us to better understand 

how quorum sensing has evolved and continues to evolve in bacterial populations.
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GLOSSARY

Quorum sensing a cell-cell communication process used by bacteria to coordinate gene 

expression in response to changes in population density

Autoinducers extracellular signal molecules produced and detected by bacteria to 

monitor cell population density

ACRONYMS

ACP Acyl carrier protein

AHL Acyl homoserine lactone autoinducer

AI-2 Autoinducer 2

CAI-1 V. cholerae autoinducer 1

DPD 4,5-dihydroxy-2,3-pentanedione

GFP Green fluorescent protein

HAI-1 V. harveyi autoinducer 1

HCD High-cell-density

LCD Low-cell-density

LPS lipopolysaccharide

RNAP RNA polymerase

SAH S-adenosylhomocysteine
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SAM S-adenosylmethionine

SRH S-ribosylhomocysteine

sRNAs small RNAs
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HIGHLIGHTS

1. Bacteria use extracellular chemical signal molecules called autoinducers for 

quorum sensing. Quorum sensing is a cell-cell communication process used to 

monitor cell number and species complexity in a population. The V. harveyi and 

V. cholerae quorum-sensing networks exhibit similarity to both canonical Gram-

negative and Gram-positive quorum-sensing systems.

2. V. harveyi possesses three quorum-sensing systems (LuxM/LuxN, LuxS/LuxPQ, 

and CqsA/CqsS). V. cholerae possesses two quorum-sensing systems (LuxS/

LuxPQ, CqsA/CqsS). Although components of the two systems are similar, 

distinctive features greatly alter their biology.

3. The quorum-sensing receptors in V. harveyi and V. cholerae are organized such 

that they prevent dramatic changes in response to small perturbations in 

autoinducer signals. This arrangement stands in contrast to the bacterial 

chemotaxis receptor system, which is exquisitely sensitive to small changes in 

ligand concentration.

4. Small RNAs (sRNAs) lie at the core of both the V. harveyi and V. cholerae 

quorum-sensing systems. The sRNAs function differently in these two species. 

In V. harveyi, five sRNAs function additively. In V. cholerae, four sRNAs 

function redundantly.

5. Multiple autoinducers are detected and integrated through shared phosphorelay 

systems in both the V. harveyi and V. cholerae quorum-sensing systems. 

Differences exist in the strength of each signal.

6. Multiple feedback loops exist in the V. harveyi and V. cholerae quorum-sensing 

networks. These feedback loops prevent fluctuations in the amounts of 

regulatory components in the respective systems, and ensure precise input-

output relationships.
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Figure 1. 
Structures of bacterial autoinducers. (A) Homoserine lactone autoinducers produced by 

different Gram-negative bacteria. (B) Amino acid sequences of three peptide autoinducers, 

ComX, CSF, and CSP, produced by Gram-positive bacteria. The underlined tryptophan in B. 

Ng and Bassler Page 28

Annu Rev Genet. Author manuscript; available in PMC 2015 February 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



subtilis ComX is isoprenylated. The four different AIPs produced by S. aureus. (C) DPD, 

the precursor to AI-2. In the presence of boron, AI-2 exists as S-THMF-borate. In the 

absence of boron, AI-2 exists as R-THMF. (D) Structure of V. cholerae CAI-1 and Amino-

CAI-1. (E) Structure of the PQS autoinducer of P. aeruginosa.
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Figure 2. 
A canonical Gram-negative LuxIR-type quorum-sensing system. Red pentagons denote 

AHL autoinducers. Refer to text for details.
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Figure 3. 
A canonical Gram-positive two-component-type quorum-sensing system. Purple octagons 

denote processed/modified peptide autoinducers. Refer to text for details.
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Figure 4. 
The V. harveyi quorum-sensing circuit. (A) Signal transduction at LCD. During this stage, 

autoinducer levels are low and the LuxN, LuxPQ, and CqsS receptors function as kinases. 

LuxO is phosphorylated, the Qrr1-5 sRNAs are transcribed, and LuxR protein is not 

produced. (B) Signal transduction at HCD. During this stage, autoinducer levels are high 

and the LuxN, LuxPQ, and CqsS receptors function as phosphatases. LuxO is 
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unphosphorylated, Qrr1-5 sRNAs are not transcribed, and LuxR protein is produced. Solid 

and dotted lines denote regulatory factors that are produced and not produced, respectively. 

Refer to text for details.
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Figure 5. 
The V. cholerae quorum-sensing circuit. (A) Signal transduction at LCD. During this stage, 

autoinducer levels are low and the CqsS and LuxPQ receptors function as kinases. LuxO is 

phosphorylated, the Qrr1-4 sRNAs are transcribed, and HapR protein is not produced. (B) 

Signal transduction at HCD. During this stage, autoinducer levels are high and the CqsS and 

LuxPQ receptors function as phosphatases. LuxO is unphosphorylated, Qrr1-4 sRNAs are 
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not transcribed, and HapR protein is produced. Solid and dotted lines denote regulatory 

factors that are produced and not produced, respectively. Refer to text for details.
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Figure 6. 
Reciprocal production of V. harveyi Qrr sRNAs and LuxR leads to temporal control of 

quorum-sensing target genes. From LCD to HCD, Qrr sRNA levels decrease and LuxR 

levels increase. As a consequence, Class 3 quorum-sensing target genes, whose promoters 

have the highest affinity for LuxR, are activated/repressed first, followed by Class 2 genes, 

and finally Class 1 genes.
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Figure 7. 
Feedback loops identified in the V. harveyi and V. cholerae quorum-sensing networks. Four 

different feedback loops are integrated into the V. harveyi and V. cholerae quorum-sensing 

circuits. Arrows denote activation. T-shape arrows denote repression.
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