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Bacteria successfully colonize distinct niches because they can sense and appropriately

respond to a variety of environmental signals. Of particular interest is how a bacterium

negotiates the multiple, complex environments posed during successful infection of an

animal host. One tractable model system to study how a bacterium manages a host’s

multiple environments is the symbiotic relationship between the marine bacterium, Vibrio

fischeri, and its squid host, Euprymna scolopes. V. fischeri encounters many different

host surroundings ranging from initial contact with the squid to ultimate colonization of a

specialized organ known as the light organ. For example, upon recognition of the squid,

V. fischeri forms a biofilm aggregate outside the light organ that is required for efficient

colonization.The bacteria then disperse from this biofilm to enter the organ, where they are

exposed to nitric oxide, a molecule that can act as both a signal and an antimicrobial. After

successfully managing this potentially hostile environment, V. fischeri cells finally establish

their niche in the deep crypts of the light organ where the bacteria bioluminesce in a

pheromone-dependent fashion, a phenotype that E. scolopes utilizes for anti-predation

purposes.The mechanism by whichV. fischeri manages these environments to outcompete

all other bacterial species for colonization of E. scolopes is an important and intriguing

question that will permit valuable insights into how a bacterium successfully associates

with a host. This review focuses on specific molecular pathways that allow V. fischeri to

establish this exquisite bacteria–host interaction.
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INTRODUCTION

Bacteria are remarkably successful organisms because they can

effectively sense and acclimatize to a wide variety of environments.

This domain of life can flourish in habitats ranging from deep sea

hydrothermal vents, to scum growing on a lakebed, and to the gas-

trointestinal tracts of humans (Orcutt et al., 2011; Salzman, 2011).

To thrive in particular environments, bacteria use molecular sig-

naling cascades that recognize extracellular signals and activate

intracellular pathways, often leading to a change in gene expres-

sion. These changes in gene regulation allow a cell to manage the

array of extracellular signals and adapt accordingly.

Of particular interest are the signaling cascades that permit a

microbe to cope with the multiple environments found within a

eukaryotic host. These pathways presumably sense changing envi-

ronmental factors such as osmolarity, fluctuating nutrient sources,

other microorganisms, antimicrobials, and components of the

immune system. Furthermore, a bacterium must integrate the

multiple inputs to identify which location, if any, is an appro-

priate niche. To ask in-depth questions about signaling pathways

involved in host colonization, researchers often study “simplified”

model systems, in which only one or a few bacterial species suc-

cessfully infect a host (McFall-Ngai et al., 2013). One model system

used for this purpose is the symbiosis between the luminescent

marine bacterium, Vibrio fischeri, and its nocturnal squid host,

Euprymna scolopes. In this symbiosis, V. fischeri is the only bac-

terium capable of colonizing a specialized symbiotic organ, the

light organ. This monospecific association permits researchers

to ask deeply reductionist questions about bacteria/host inter-

actions, and has provided insights into how a single bacterial

species controls its gene expression to cope with different host

environments.

There are a number of experimentally tractable steps involved

in colonization of E. scolopes, many of which are facilitated by

known signaling pathways in V. fischeri. Newly hatched squid are

aposymbiotic and must acquire V. fischeri cells from the surround-

ing seawater (Wei andYoung,1989). Ventilation by the squid brings

seawater and any bacterial cells into the mantle cavity where the

light organ is located (Figure 1). To aid in the recruitment of

bacteria, the surface of the light organ has epithelial fields with

cilia that circulate the seawater (McFall-Ngai and Ruby, 1991).

This motion draws cells toward six pores leading into the light

organ. In as little as 1 h, V. fischeri and other Gram-negative bacte-

ria make contact with cilia and then form biofilm-like aggregates

around the cilia and within mucous shed by the host in response to

bacterial peptidoglycan (Nyholm et al., 2000; Altura et al., 2013).

During these early processes, V. fischeri cells secrete molecules,

known as microbe-associated molecular patterns (MAMPs), that

induce morphological changes and alterations in gene expression

in the squid, thereby resulting in a host environment actively

shaped by the symbiont (for reviews, see Nyholm and McFall-Ngai,

2004; Visick and Ruby, 2006; McFall-Ngai et al., 2012) Ultimately,

V. fischeri cells dominate over other bacteria within the aggregate
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FIGURE 1 | Steps of E. scolopes colonization by the luminescent

bacterium, V. fischeri. (A) Image of a juvenile E. scolopes. The bi-lobed light

organ can be seen as a black structure in the mantle cavity. (B) Cartoon

depicting one lobe of the light organ with the ink sac (gray), ciliated epithelial

cells (yellow), and internal regions of the light organ (blue). Before the initial

contact with V. fischeri (black ovals), E. scolopes produces the reactive

nitrogen radical, nitric oxide (NO), which it subsequently down-regulates after

exposure to the bacteria. Initiation of colonization requires that V. fischeri

cells form a biofilm-like aggregate around the pores to the light organ.

Motility is not required for biofilm formation. (C) After aggregation, V. fischeri

cells utilize flagella to migrate into the pores, through the ducts and

antechamber, and to establish their niche in the crypt spaces. (D) Once in

the crypts, V. fischeri lose their flagella and grow to a sufficient cellular

density that allows for the induction of bioluminescence genes (transparent

blue oval represents luminescence). Figure modified from Nyholm and

McFall-Ngai (2004).

through unknown mechanisms (Nyholm and McFall-Ngai, 2003;

Altura et al., 2013). After these initial interactions, V. fischeri cells

then leave the aggregate, enter into the ducts of the light organ,

travel through antechambers (spaces not permissive for coloniza-

tion), and arrive within the crypts, the sites of colonization. Within

the location of these different host tissues, V. fischeri cells are

subjected to host-derived stresses such as reactive oxygen species

(ROS) and reactive nitrogen species (RNS), that they must sense

and resist (Tomarev et al., 1993; Weis et al., 1996; Small and McFall-

Ngai, 1999; Davidson et al., 2004). When the bacteria finally reach

the crypt spaces, they grow to high cell density and begin to bio-

luminesce. Bioluminescence is a key component of the symbiosis:

in exchange for a nutrient-rich niche, the bacteria provide light

that the squid can use to avoid predation (Ruby, 1996; Jones and

Nishiguchi, 2004). Every day at dawn, the squid expel ∼95% of

the V. fischeri cells back into the seawater environment, leaving

the remaining V. fischeri cells to repopulate the light organ (Lee

and Ruby, 1994). It has been suggested that this process allows the

squid to prevent bacterial overgrowth, thus relieving the burden of

carrying a dense growth of bacterial cells (Ruby and Asato, 1993).

Research in the V. fischeri/E. scolopes symbiosis field has iden-

tified a number of molecular signaling pathways that facilitate the

various steps of colonization. A few of these pathways within V.

fischeri include controlling biofilm formation during the aggre-

gation step, motility and chemotaxis to propel and direct the

bacteria toward the crypts, ROS and RNS management during

all steps of colonization, and bioluminescence within the light

organ. This review will focus on these well-known signaling cas-

cades, although it should be noted that other important pathways

exist within V. fischeri to promote the symbiosis (reviewed in

Nyholm and McFall-Ngai, 2004; Visick and Ruby, 2006; Dunn,

2012; McFall-Ngai et al., 2012; Stabb and Visick, 2013).

INITIATING THE SYMBIOSIS: BIOFILM FORMATION

The first step of colonization requires that V. fischeri cells come

into the vicinity of and sense the presence of the squid. This seem-

ingly simple task, however, can be considered a limiting factor

in colonization. For example, within the Hawaiian water where

E. scolopes reside, V. fischeri constitute ∼100 to 1500 cells per

ml of seawater representing as little as 0.01% of the total bac-

terial population (Lee and Ruby, 1994; Nyholm and McFall-Ngai,

2004). Furthermore, the light organ is not openly exposed to the

seawater; instead E. scolopes vents seawater through its mantle

cavity and across the entrance to the light organ. It has been

estimated that a miniscule volume of seawater (1.3 µl) and thus

only a few V. fischeri cells enter the mantle during each half-second

ventilation (Nyholm et al., 2000). Additionally, one V. fischeri cell

constitutes only one-millionth the volume of the mantle cavity

(McFall-Ngai and Montgomery, 1990; Nyholm et al., 2000). The-

oretically, V. fischeri cells would have to locate all six pores in a brief

amount of time before they are expelled from this cavity (Nyholm

et al., 2000; Nyholm and McFall-Ngai, 2004). So how does this

microbe manage the transition from seawater to squid?

V. fischeri cells do not immediately enter the light organ dur-

ing ventilation; they first interact with mucous and cilia on the

host’s epithelial cells, and then they begin to coalesce into a bacte-

rial aggregate (Nyholm et al., 2000; Altura et al., 2013; Figure 1).

V. fischeri strains that fail to form this aggregate or form an

enhanced aggregate either fail to colonize the squid or exhibit an

enhancement of colonization, respectively (Nyholm et al., 2000;
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Millikan and Ruby, 2002; Yip et al., 2006; Morris and Visick, 2013).

Because this stage of colonization is a critical step in establishing

the symbiosis, much research has focused on the mechanisms by

which V. fischeri cells form these squid-specific aggregates. Of note

is the discovery of the 18 gene syp (symbiosis polysaccharide) locus,

which was found to be important for the formation of a biofilm,

or a community of cells encased in a protective matrix often com-

posed of polysaccharides and other macromolecules (Yip et al.,

2005, 2006). The syp locus encodes proteins predicted to regulate,

produce, or transport the biofilm polysaccharide, and most of the

syp genes are critical for both in vitro biofilm formation coloniza-

tion (Yip et al., 2005; Shibata et al., 2012). Perhaps not surprisingly,

given its importance for initiating the symbiosis, there are layers

of controls in place that regulate the formation of this biofilm (Yip

et al., 2006; Morris and Visick, 2013).

Production of the Syp biofilm is controlled by a

two-component signaling (TCS) cascade, a ubiquitous class of sig-

naling pathways consisting of two types of proteins: a sensor kinase

(SK) that receives input signals from the environment, causing it to

autophosphorylate, and a response regulator (RR), a protein that

receives the phosphoryl group from the SK (reviewed in Stock

et al., 2000). This phospho-transfer often changes the activity of

the effector domain on the RR, thus leading to a cellular response.

The particular TCS pathway that controls production of the Syp

biofilm is more complicated than canonical TCS cascades; it con-

tains at least two SKs and two RRs (Figure 2; reviewed in Visick,

2009). Overexpression of the SK predicted to be at the top of the

hierarchy, RscS, is sufficient to induce biofilm formation in vitro

and in vivo by affecting the activity of two downstream RRs, SypG

and SypE (Yip et al., 2006; Hussa et al., 2008; Morris et al., 2011).

Phospho-SypG promotes transcription from the four syp promot-

ers (Yip et al., 2005; Ray et al., 2013). Unphosphorylated SypE

inhibits biofilms at a level below syp transcription; however, when

SypE is phosphorylated, it functions as a positive regulator (Morris

and Visick, 2013). SypE controls biofilm formation by changing

the phosphorylation state of a small STAS domain protein, SypA,

but the exact function of SypA is unknown (Morris and Visick,

2010, 2013). The sypA, sypE, and sypG genes are located within

the syp locus whereas rscS is an orphan SK gene hypothesized to

be acquired through horizontal gene transfer (Visick and Skoufos,

2001; Mandel et al., 2009). An additional putative SK gene, sypF, is

located between sypE and sypG. This location suggests that SypF is

yet another SK involved in regulating biofilms. In support of this,

an “active” allele of sypF, sypF*, was sufficient to promote biofilms

in a sypG-dependent manner (Darnell et al., 2008). Surprisingly,

SypF*-induced biofilms also required vpsR, a putative RR that is

predicted to be involved in cellulose biosynthesis (Darnell et al.,

2008).

Although much is known about the Syp signaling pathway,

there are still outstanding questions that have yet to be fully

answered. For example, what are the signals that RscS and

SypF recognize? Do these SKs function as separate inputs into

downstream regulators? What, if any, is the connection between

Syp biofilms and cellulose biosynthesis? Furthermore, the sole

function of SypE appears to be controlling the activity of SypA

(Morris and Visick, 2013), yet what does SypA do? Lastly, although

FIGURE 2 | Regulation of biofilm formation in V. fischeri.

Two-component regulators control the production of the Syp biofilm. RscS

and SypF are proposed to function as sensor kinases, resulting in the

phosphorylation of the two downstream response regulators, SypE and

SypG. SypG functions as a transcription factor to control expression of

the syp locus at its four promoters, while SypE functions downstream of

syp transcription to control the phosphorylation state of the small STAS

domain protein, SypA. SypF is also predicted to control the activity of a

RR VpsR putatively involved in cellulose biosynthesis. Biofilms can be

assessed in vitro as a wrinkled colony on an agar plate, or in vivo as a

bacterial aggregate that forms on the surface of the light organ. Adapted

from (Visick, 2009).
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the ability to form the Syp biofilm is required for aggregate

formation, it is not required for outcompeting colonization-

incompetent species of bacteria that can also aggregate outside the

light organ (Nyholm et al., 2000; Nyholm and McFall-Ngai, 2003;

Altura et al., 2013). Hence, what Syp-independent mechanisms

establish early specificity in the symbiosis by promoting the domi-

nance of V. fischeri cells within this aggregate? The answers to these

questions will permit a detailed and mechanistic understanding of

a critical, early stage of host colonization.

TRAVERSING THE TERRAIN OF THE SQUID: MOTILITY AND

CHEMOTAXIS

Once V. fischeri cells aggregate outside the squid’s light organ,

they must leave this matrix-encased biofilm, migrate through the

pores against outward water currents produced by beating cilia,

and traverse across the antechamber and into the crypt spaces

in the organ (McFall-Ngai and Montgomery, 1990; McFall-Ngai

and Ruby, 1998; Nyholm and McFall-Ngai, 2004). This migra-

tion process requires that V. fischeri cells have the capability to

move through fluids or across surfaces and to direct this movement

toward their final destination. For these processes to occur, V. fis-

cheri cells utilize flagella for locomotion and chemotaxis proteins

to alter the direction of movement.

MOTILITY

Flagella are large macromolecular appendages with a membrane-

embedded motor. This motor rotates the long flagellar

filament using energy from ion gradients across the mem-

brane (Berg, 2003). The number and location of the flagella

(polar or peritrichous) vary among bacterial species; V. fis-

cheri in particular has a tuft of 1–5 sheathed flagella at one

pole (Ruby and Asato, 1993; McCarter, 2001). Studies have

demonstrated that flagellar-dependent motility is required for

early stages of host colonization; non-motile or hypermotile

strains fail to efficiently colonize E. scolopes (Graf et al., 1994;

Millikan and Ruby, 2002, 2004; Wolfe et al., 2004; Brennan et al.,

2013b). Interestingly, although cells begin the colonization pro-

cess flagellated, they lose these appendages within the light organ,

suggesting that motility is not important within this environment

(Ruby and Asato, 1993). Before dawn, V. fischeri begin to express

flagellar genes and, once released from the light organ during vent-

ing from the squid at dawn, V. fischeri cells again have fully formed

flagella (Ruby and Asato, 1993; Wier et al., 2010). These data sug-

gest that V. fischeri cells change their flagellation status based on a

particular environmental cue. In support of this idea, flagellation

and thus motility of V. fischeri depends on magnesium, a divalent

cation common in seawater; thus, the seawater environment might

promote flagellar synthesis (O’Shea et al., 2005). The observation

that V. fischeri cells are not flagellated within the light organ sig-

nifies that this region of the squid might constitute a low Mg2+

environment; however, the abundance and/or role of Mg2+ in vivo

has not been assessed.

What is the mechanism by which V. fischeri cells control flag-

ellation? In well-studied species of bacteria, such as Escherichia

coli, Salmonella enterica Typhimurium and Vibrio cholerae, flag-

ellar biosynthesis is regulated in a hierarchical, temporal fashion

such that the most proximal structural proteins are expressed and

assembled before the more distal ones (Chilcott and Hughes, 2000;

Prouty et al., 2001). In V. cholerae, there are four classes of genes

FIGURE 3 | Predicted flagellar synthesis pathway in V. fischeri. The

V. fischeri model of flagella gene regulation is based on the pathway

elucidated in the related microbe, V. cholerae (Prouty et al., 2001). Class I

consists solely of the regulator, FlrA, which, together with σ
54,controls

expression of Class II genes. Class II proteins include both those necessary

for building the base of the flagellum and also the regulators FlrB, FlrC and

σ
28(FliA). FlrB and FlrC control transcription of Class III genes necessary for

synthesis of the distal basal body, hook, and filament, while σ
28 regulates

transcription of Class IV genes involved in the production of motor proteins

and other miscellaneous factors. Regulators in red indicate they are important

for V. fischeri to colonize the squid (Millikan and Ruby, 2003, 2004; Hussa

et al., 2007; Brennan et al., 2013b).
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that code for either regulatory or structural proteins (Figure 3).

The sole Class I gene encodes FlrA, a transcriptional activator that

controls expression of Class II genes in a manner that depends

upon the alternative sigma factor, σ
54. Two Class II regulatory

proteins, FlrC and the alternative sigma factor σ
28 (FliA), control

expression of Class III and Class IV genes, respectively. Classes II,

III, and IV also encode different subunits of the flagellar appara-

tus. This temporal regulation of gene expression ensures proper,

step-wise assembly of the flagellum (Figure 3).

Bioinformatic studies suggest that V. fischeri cells use regulators

similar to V. cholerae to control flagellar assembly, and mutagenesis

studies thus far have supported this hypothesis (for an exten-

sive list, see Brennan et al., 2013b). Mutations in a few of these

genes also cause pleiotropic effects. For example, mutations in the

motility regulators rpoN (σ54) and flrC affected bioluminescence,

biofilms, and growth in various media (Millikan and Ruby, 2003;

Wolfe et al., 2004; Hussa et al., 2007). Additionally, a deletion of the

master regulator of flagellar synthesis, flrA, affected the expression

of a number of genes and proteins unrelated to motility, includ-

ing a predicted topoisomerase, an ADP-ribosyltransferase similar

to the CTX toxin in V. cholerae (halovibrin A), phosphoglycerate

kinase, a potassium efflux protein, and genes involved in chro-

mosome partitioning (Millikan and Ruby, 2004; Brennan et al.,

2013b). These data suggest that motility regulators in V. fischeri

might be involved in flagellar-independent pathways and predict

that these other pathways might also impact colonization. How-

ever, the contribution of these motility-independent pathways in

host association has yet to be assessed (Millikan and Ruby, 2003;

Wolfe et al., 2004; Hussa et al., 2007).

Motility in V. fischeri requires the expression of many putative

flagellar structural proteins (Brennan et al., 2013b). A few of the

flagellin proteins, which polymerize to form the long, external

flagellar filament, have been studied in some depth (Millikan and

Ruby, 2004). An insertional mutation in flaA, which encodes the

major flagellin protein (FlaA), resulted in fewer flagella and caused

partial defects in motility and colonization (Millikan and Ruby,

2004). The partial defects could be attributed to the presence of at

least 5 other flagellin genes in the V. fischeri genome. In support

of this hypothesis, an insertional mutation in another flagellin

gene, flaD, also caused a motility defect; conversely, a mutation

in the flaC flagellin gene had no observable effect on motility

(Millikan and Ruby, 2004; Brennan et al., 2013b). To date, no

other flagellin genes have been studied in detail. It is not clear

whether these “alternative” flagellin proteins are (i) only minor

constituents of the flagella, (ii) only utilized in a subpopulation

of cells, (iii) specific for the squid association, or (iv) perform yet

unknown functions.

Although V. fischeri must be motile to colonize the squid, many

intriguing questions about this phenotype remain unanswered.

For example, many flagellar proteins can be found within light

organ exudates, but it is thought that V. fischeri is largely aflag-

ellate in the light organ (Ruby and Asato, 1993; Schleicher and

Nyholm, 2011). Thus, what is the functional significance, if any,

of the presence of these proteins within the light organ? Could

these proteins serve as signaling molecules to other V. fischeri cells

or to the squid? Furthermore, what environmental signals con-

trol the loss and/or regeneration of flagella? What are the levels of

magnesium associated with different squid tissues, and do the lev-

els impact flagellation in symbiosis? If so, what is the mechanism?

If not, are there molecules released by E. scolopes or specific envi-

ronmental cues that dictate the flagellation state of V. fischeri cells?

Further research into the control of flagellation should shed light

on the mechanism by which this important phenotype is altered

during the multiple stages of symbiosis.

CHEMOTAXIS

To identify and reach the colonization-permissive locations within

E. scolopes, V. fischeri cells appear to use chemotaxis, a mechanism

bacteria utilize to sense and move toward attractants and away

from repellants (reviewed in Manson et al., 1998; Wadhams and

Armitage, 2004; Sourjik and Wingreen, 2012). Chemotaxis, a pro-

cess well-studied in other bacteria, consists of a series of “runs”

(smooth swimming) and “tumbles” (for re-orientation). These

events depend upon a complex TCS pathway in which receptors,

or methyl-accepting chemotaxis proteins (MCPs), are coupled to a

SK, CheA, and two downstream RRs, CheY and CheB (Hess et al.,

1988; Bourret and Stock, 2002; Figure 4). Phospho-CheY directly

interacts with the base of the flagellar motor, causing the flagellum

to switch its rotation, leading to tumbling and reorientation of the

cell (Wadhams and Armitage, 2004). Binding of attractants has

the effect of reducing phospho-CheY levels, thereby decreasing

tumbling (and increasing smooth swimming). Similarly, delet-

ing cheY generates a strain that cannot tumble; therefore, it

exhibits a “smooth” run. For a bacterium to continually respond

to signals within a chemogradient, it must desensitize and reset

the chemotaxis system. To do this, bacteria often control MCP

activity by methylating or demethylating specific residues, which

activates or deactivates the MCP, respectively (Borkovich et al.,

1992; Manson et al., 1998; Figure 4). The constitutive methyltrans-

ferase, CheR, and the inducible methylesterase, CheB, reversibly

control the methylation state of MCPs (Springer and Koshland,

1977; Kehry et al., 1983). Mutation of cheR or cheB causes cells to

exhibit smooth runs or to tumble, respectively, because they can-

not adapt to chemogradients (Springer and Koshland, 1977; Stock

and Koshland, 1978; Borkovich et al., 1992).

The V. fischeri genome contains many genes predicted to be

involved in chemotaxis, including the RR, cheY, and the methyl-

transferase, cheR. Strains with mutations in cheY or cheR exhibit

“smooth” swimming, similar to cheY and cheR mutants of E. coli

(Hussa et al., 2007; Deloney-Marino and Visick, 2012). Impor-

tantly, cheY and cheR mutants fail to compete with wild-type

cells for colonization of the squid (Hussa et al., 2007; Deloney-

Marino and Visick, 2012). These results suggest that V. fischeri

cells respond to chemogradients, and that this promotes efficient

host colonization (Hussa et al., 2007; Deloney-Marino and Visick,

2012).

Chemotaxis studies performed with V. fischeri cells revealed that

these bacteria can chemotax to serine, nucleosides, and a variety of

sugars, including N-acetylneuraminic acid (NANA) and two chitin

components; the monosaccharide, GlcNAc, and the disaccharide,

(GlcNAc)2 (DeLoney-Marino et al., 2003; Mandel et al., 2012).

Interestingly, these three sugars are associated with the squid envi-

ronment; NANA is found in squid mucous, while GlcNAc and

(GlcNAc)2 are found within the light organ (Nyholm et al., 2000;
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FIGURE 4 | Predicted chemotaxis pathway in V. fischeri. Methyl-

accepting chemotaxis proteins (MCPs) recognize specific molecules found

in the environment. A MCP is often physically linked to the sensor kinase,

CheA, through the CheW protein. Ligand recognition by the MCP leads

to a change in the activity of CheA. Binding of an attractant, such as

(GlcNAc)2, inhibits CheA kinase activity resulting in a “run.” Conversely,

interaction with a repellant promotes CheA autophosphorylation

wherein the phosphoryl groups are donated to both CheB and CheY.

Phospho-CheY binds to the base of the flagellar motor and causes the

flagellum to switch from a counter-clockwise to clockwise rotation. This

causes tumbling. The methylesterase, CheB, and the methyltransferase,

CheR, both control the methylation state of the MCP allowing a cell to

adapt to varying concentrations of chemicals within a chemogradient.

Regulators indicated in yellow have been demonstrated to be important

for squid colonization (Hussa et al., 2007; Deloney-Marino and Visick, 2012;

Mandel et al., 2012).

Heath-Heckman and McFall-Ngai, 2011). These data suggest that

V. fischeri cells could use these sugar molecules to chemotax toward

the mucous outside the light organ and then into the crypt spaces

within the light organ (Nyholm et al.,2000; DeLoney-Marino et al.,

2003; Mandel et al., 2012). In support of this, upon exposure to

V. fischeri, E. scolopes expresses a chitin-degrading enzyme in and

around the ducts that is predicted to establish a gradient of chitin

degradation products, such as (GlcNAc)2, that the bacteria can use

for chemotaxis (Kremer et al., 2013). Furthermore, prior exposure

of V. fischeri to (GlcNAc)2, such as might occur during symbi-

otic aggregation, induced a four-fold increase in chemotaxis to

this molecule (Kremer et al., 2013). Finally, and perhaps most

importantly, Mandel et al. (2012) determined that disruption of

the (GlcNAc)2 gradient hindered V. fischeri from colonizing due

to its inability to enter the ducts; the bacteria formed aggregates

around the pore, but they rarely entered the light organ.

To guide their migration through the squid, V. fischeri cells

presumably use MCPs to sense attractants, such as GlcNAc2. In

other organisms, the number of MCPs can range from 4 in E.

coli to over 45 in V. cholerae, and it is believed that the num-

ber of MCPs reflect the complexity of environments a bacterium

experiences (Boin and Hase, 2007; Lacal et al., 2010). The V. fis-

cheri genome contains 43 putative MCPs, suggesting it has the

capability to navigate toward or away from a large repertoire of

attractants and repellants, respectively (Ruby et al., 2005; Mandel

et al., 2012; Brennan et al., 2013a). Research into these MCPs in

V. fischeri, however, has proven more difficult than anticipated.

Although 19 of the putative MCP genes have been mutated, only

one MCP mutant exhibited abnormal chemotaxis toward amino

acids in vitro, and none exhibited a colonization defect (Mandel

et al., 2012; Brennan et al., 2013a). These data suggest that some

MCPs may sense the same signal, and/or perhaps MCPs important

for in vitro and in vivo motility have yet to be studied. Identifying

the functions of MCPs will surely provide insights into how V. fis-

cheri cells direct their movement toward colonization-permissive

sites. Furthermore, studying these MCPs may also shed light on

host mechanisms and molecules used to promote colonization.

ON THE DEFENSE: COMBATING ANTIMICROBIALS

Every environment has the potential to be hostile toward a bac-

terium. This is especially true when a bacterium is exposed

to the animal environment, where host immune pathways are

implemented to eradicate an unsolicited microbe. As a result, a

bacterial symbiont must be able to effectively respond to antimi-

crobials to promote an interaction with its host. The symbiosis

between E. scolopes and V. fischeri is proving to be a useful model

for understanding how beneficial microbes manage antimicrobial

challenges received from a host. From initial aggregation outside

the light organ to persistent colonization within, V. fischeri cells

continually interact with antimicrobials and have evolved mech-

anisms to manage these molecules and thus maintain specificity

within the symbiosis (Ruby and McFall-Ngai, 1999; McFall-Ngai

et al., 2010; Nyholm and Graf, 2012).

NITRIC OXIDE

One host molecule experienced by V. fischeri during all steps of

colonization is nitric oxide (NO), a gaseous, readily diffusible

molecule with a wide range of functions (Davidson et al., 2004;
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Bowman et al., 2011). NO has been studied in mammals, where

it controls cellular signaling and, importantly, participates in sec-

ondary reactions that produce antimicrobial RNS (Crane et al.,

2010; Bowman et al., 2011; Figure 5). Presumably, all domains

of life produce NO as phylogenetically-distinct organisms con-

tain at least one gene that encodes NO synthase, or NOS (Crane

et al., 2010). E. scolopes, too, produces an NOS enzyme, as NOS

protein and NO molecules were detected within mucous outside

the light organ, within the ciliated epithelial fields on the light

organ surface, and in the ducts and antechamber of the light

organ (Davidson et al., 2004). Surprisingly, after 18 h of colo-

nization by V. fischeri, these tissues exhibited a decrease in NOS

and NO levels relative to those of aposymbiotic squid (Davidson

et al., 2004). This decrease was due to the symbiont’s release of two

MAMPs, lipopolysaccharide (LPS) and TCT, a component of the

peptidoglycan (Altura et al., 2011). Together, these data suggest

that NO plays a key role in the cross-talk between E. scolopes and

V. fischeri.

What is the function of NO within this symbiosis? Within many

host environments, NO can participate in reactions that generate

antimicrobials; however, V. fischeri cells exposed to NO do not

exhibit a growth defect, at least not when grown aerobically (Wang

et al., 2010a,b). In contrast, squid treated with an NO scavenger

allowed V. fischeri and even the non-symbiotic relative, Vibrio para-

haemolyticus, to hyper-aggregate around the light organ (Davidson

et al., 2004). Combined, these data suggest that NO might be toxic

for V. fischeri under particular conditions, but this organism may

have developed pathways to sense and resist free NO.

Indeed, V. fischeri encodes H-NOX, a protein that, in other

bacteria, was predicted to be an NO sensing protein because it

binds to NO but, until recently, had few known physiological

roles (Boon and Marletta, 2005; Price et al., 2007; Carlson et al.,

2010). As expected, V. fischeri’s H-NOX did bind NO (Wang

et al., 2010a). The novel discovery was that an hnoX mutation

disrupted V. fischeri’s normal transcriptional response to NO expo-

sure, leading to the hypothesis that hnoX might sense NO and lead

to the detoxification of this molecule during colonization (Wang

FIGURE 5 | Reactive oxygen species and reactive nitrogen species

pathways and V. fischeri proteins potentially involved in modulating

synthesis of these antimicrobials. ROS and RNS are indicated in red

(Fang, 2004; Bowman et al., 2011). V. fischeri enzymes that have been

demonstrated (solid line) or predicted (dashed line) to modulate levels of

potential antimicrobial molecules are indicated in blue.

et al., 2010a). This was not found to be true, as an hnoX mutant

substantially outcompeted wild-type cells for initiation of colo-

nization, although the difference was diminished after 48 h. Upon

inspection of the expression differences in an hnoX mutant, it

was revealed that, instead of the expected NO defense genes, a

set of 10 iron acquisition genes, including hemin receptors, was

up-regulated. This suggests that H-NOX usually inhibits iron

uptake. In support of this idea, the hnoX mutant grew better in

hemin-supplemented minimal media than wild-type cells (Wang

et al., 2010a).

Why would NO sensing by HNOX lead to a downregulation in

the seemingly unrelated iron uptake pathways? The answer to this

question remains murky. One possibility is that a high concen-

tration of accumulated intracellular iron in V. fischeri within the

light organ may be detrimental (Halliwell and Gutteridge, 1984).

In fact, it is known that an increase in iron concentrations within

a bacterium can lead to the production of harmful hydroxyl rad-

icals through the Fenton reaction, in which H2O2 is converted

to ROS (Halliwell and Gutteridge, 1984; Touati, 2000; Figure 5).

It was proposed that early NO sensing through H-NOX “primes”

V. fischeri for the crypt environment, where survival may depend

upon the ability of the bacterium to combat the formation of these

hydroxyl radicals by controlling the levels of free iron (McCormick

et al., 1998; Semsey et al., 2006; Wang et al., 2010a; Figure 5). In

contrast to this hypothesis, haem uptake genes in V. fischeri were

upregulated 28 h post inoculation and were required for persis-

tence within the light organ (Septer et al., 2011). Furthermore, a

mutation in glnD, which led to a growth defect in low iron condi-

tions, caused a defect in squid colonization (Graf and Ruby, 2000).

Clearly, iron uptake is a complex process that seems to be partly

regulated by NO and H-NOX, although the exact role of these

regulators in this pathway remain unclear.

H-NOX responds to NO, but it does not induce expression

of enzymes that neutralize NO. How, then, do V. fischeri cells

defend against antimicrobials produced from NO? The genome

of V. fischeri encodes additional regulators known to affect the

expression of NO detoxification pathways in other bacteria (Rodi-

onov et al., 2005; Spiro, 2007). One of the best characterized

regulators is NsrR, a transcriptional repressor that inhibits NO

mediators including globins and reductases (Bowman et al., 2011).

The most conserved gene within the NsrR regulon is hmp, which

codes for flavohemoglobin, a NO dioxygenase that eliminates NO

by converting it to nitrate (Tucker et al., 2010). Similar to other

bacteria, exposure of V. fischeri to NO and/or deletion of the

repressor, nsrR, promoted hmp expression (Wang et al., 2010a,b).

In addition, an hmp mutant exposed to NO exhibited a growth

defect and a deficiency in oxygen consumption, consistent with its

putative function in NO elimination and NO functioning as an

antimicrobial. Furthermore, complementation of hmp on a high

copy plasmid made the cells hyper-resistant to NO (Wang et al.,

2010b). NO detoxification via Hmp was also important for colo-

nization: not only was hmp promoter activity induced in response

to host-derived NO, but cells deleted for hmp exhibited a col-

onization defect at the aggregation stage. Additionally, treating

squid with an NOS inhibitor increased the competitiveness of the

hmp mutant for colonization (Wang et al., 2010b). Finally, in vitro

experiments demonstrated that pre-treatment of V. fischeri cells
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with NO reduced the severity of the growth arrest upon a second

NO challenge. This result indicates that NO exposure can prime

V. fischeri for subsequent NO challenges, and suggests that perhaps

NO sensed by V. fischeri cells at the beginning of colonization may

serve as a signal to prepare them for subsequent exposure to NO

within the light organ (Wang et al., 2010b).

Although much research has demonstrated the importance of

NO in the V. fischeri/E. scolopes symbiosis, many intriguing ques-

tions remain. For example, what proteins directly sense NO and

activate mediators of the NO detoxification response? Are other

enzymes besides Hmp involved in detoxifying NO and are they

involved in the symbiosis? What exactly is the functional link

between NO sensing and iron acquisition in V. fischeri? Pursu-

ing these questions is of interest not only to the E. scolopes/V.

fischeri field, but also to the many areas of research that study

how host NO production affects colonization by symbiotic and/or

pathogenic bacteria (Richardson et al., 2006; Baudouin et al., 2007;

Bouchard and Yamasaki, 2008).

REACTIVE OXYGEN SPECIES

In addition to RNS, the squid produces enzymes predicted to gen-

erate ROS (Tomarev et al., 1993; Schleicher and Nyholm, 2011).

The light organ and the gills of the squid, tissues known to be

exposed to bacteria, produce halide peroxidase (HPO; Tomarev

et al., 1993; Weis et al., 1996; Small and McFall-Ngai, 1999;

Schleicher and Nyholm, 2011). HPO converts H2O2 into HOCl, a

chemical that is toxic to V fischeri and other bacteria (Figure 5).

Upon colonization by V. fischeri, the levels of HPO in host tissues

decrease, although the mechanisms behind this remain unknown

(Small and McFall-Ngai, 1999). One potential mechanism to man-

age HOCl levels is through production of a catalase enzyme; this

enzyme converts H2O2 to water and oxygen, thereby lowering the

amount of H2O2 available for conversion to HOCl (Mishra and

Imlay, 2012). In V. fischeri, mutation of the putative catalase gene,

katA, caused increased sensitivity to H2O2 (Visick and Ruby,1998).

Furthermore, the addition of H2O2 to cells induced katA expres-

sion, indicating that the bacteria recognize and respond to this

antimicrobial. Finally, a katA mutant exhibited a defect in compet-

ing with the wild-type for colonization, suggesting that reducing

H2O2 levels and/or preventing HOCl formation is important for

the symbiosis (Visick and Ruby, 1998).

E. scolopes and V. fischeri cells produce many other enzymes

involved in generating or attenuating ROS, respectively; however,

the signals that induce their expression, and the mechanisms by

which they might function remain unknown (Stabb et al., 2001;

Schleicher and Nyholm, 2011). One unusual pathway hypothe-

sized to reduce ROS is the bioluminescence pathway, due to the

requirement for O2 by the light-producing enzyme, luciferase.

Thus, this pathway could lower levels of oxygen molecules and

reduce the potential for their conversion into superoxide (O−

2 ;

Ruby and McFall-Ngai, 1999; Figure 5). Whether biolumines-

cence, in fact, reduces the levels of ROS within the symbiosis

remains to be determined.

OTHER ANTIMICROBIALS

E. scolopes expresses a variety of enzymes that are poten-

tially antimicrobial such as Cathepsin L, chymotrypsin protease,

lysozyme, and five peptidoglycan-recognition proteins (PGRPs;

Wier et al., 2010; Schleicher and Nyholm, 2011; Collins et al.,

2012; Kremer et al., 2013). One PGPR protein, PGPR2, can bind

and degrade components of peptidoglycan; however, it seems to

play a role in maintenance of the symbiosis rather than as an

antimicrobial (Troll et al., 2010). Whereas normally peptidogly-

can can serve as an immune stimulant for the host, the PGRP2

enzyme degraded the peptidoglycan components, thereby pre-

venting an inflammatory response, perhaps protecting the host

and/or preventing the host from clearing V. fischeri cells in the

light organ. Whether PGPR2 or any other putative antimicrobial

enzyme expressed by the squid is toxic toward V. fischeri or other

microorganisms, or whether V. fischeri has mechanisms to combat

these potential antimicrobials remains unknown.

LIGHT IN A DARK PLACE: BIOLUMINESCENCE

Lux AND QUORUM SENSING

One of the first characterized and perhaps most striking phenotype

exhibited by V. fischeri is its ability to bioluminesce, a phenomenon

required for a productive symbiosis with the squid (Wei andYoung,

1989; Visick et al., 2000). In exchange for nutrients, V. fischeri

supplies light to E. scolopes so that the squid can mask its sil-

houette cast by moonlight (Jones and Nishiguchi, 2004). This

process, known as counterillumination, is hypothesized to protect

the squid from predation while it hunts for food at night (Jones

and Nishiguchi, 2004). The importance of this phenotype to the

symbiosis was established when it was determined that mutants

unable to produce light failed to persist in symbiosis (Visick et al.,

2000).

The structural proteins necessary for light generation (LuxCD-

ABEG) are encoded by the lux operon (Gray and Greenberg, 1992;

Figure 6). Numerous other proteins control light production,

including the first gene in the lux operon, luxI, which encodes an

autoinducer synthase, and the divergently transcribed gene, luxR,

which encodes a transcription factor that regulates the lux operon.

LuxI synthesizes a pheromone, 3-oxo-C6-HSL, that promotes lux

transcription by binding to and activating LuxR (Figure 6; for

reviews, see Stabb et al., 2008; Ng and Bassler, 2009). As a result,

these regulators participate in a positive feedback loop, such that

the LuxR-3-oxo-C6-HSL complex promotes synthesis not only of

the Lux enzymes, but also of more 3-oxo-C6-HSL, thus amplifying

light production.

LuxR itself is controlled at the level of transcription via input

from a complex phosphorelay pathway (see reviews Stabb et al.,

2008; Ng and Bassler, 2009; Figure 6). This pathway is comprised

of two SKs, AinR and LuxP/Q, and additional downstream regu-

lators, including the histidine phosphotransferase, LuxU, and the

σ
54-dependent RR, LuxO. At low cell density, the SKs function

as kinases to autophosphorylate and serve as phosphodonors to

a single phosphotransferase, LuxU, which, when phosphorylated,

can donate a phosphoryl group to LuxO. At high cell density, the

phospho-transfer pathway is reversed, with the SKs functioning as

phosphatases to remove the phosphoryl group from LuxU (and

LuxO). When LuxO is phosphorylated (at low cell density), it acti-

vates expression of the sRNA, qrr1, which inhibits the translation

of the litR mRNA (Miyashiro et al., 2010). LitR is the direct tran-

scriptional activator of luxR; thus, inhibition of litR leads to an
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FIGURE 6 | Lux pathway controlling bioluminescence in V. fischeri. At

low cell density, the sensor kinases AinR and LuxP/Q are predicted to

exhibit net kinase activity leading to the phosphorylation of LuxU and

subsequent phosphotransfer to LuxO. Phospho-LuxO induces the

expression of the inhibitory sRNA, qrr1, which leads to the degradation of

litR mRNA. LitR is the transcriptional activator of luxR, which encodes a

protein required for expression of the luxCDEBAG operon. Thus, at low cell

density, litR translation is inhibited and the cells do not produce high levels

of light. At high cell density, two distinct autoinducer molecules made by

AinS (C8-HSL, diamonds) and LuxS (AI-2, circles) are predicted to be at

sufficient concentrations to switch the activity of the SKs from net kinase to

net phosphatase activity. This leads to dephosphorylation of the downstream

regulators, litR translation, and transcription of luxR. LuxR, in conjunction

with the autoinducer produced by LuxI (3-oxo-C6-HSL, triangles), leads to

the transcription of the lux operon and bioluminescence (reviewed in Stabb

et al., 2008). LuxR is also predicted to weakly bind to C8-HSL, which allows

for the initiation of luxCDABEG expression. See text for caveats to this

model.

inhibition of bioluminescence (Fidopiastis et al., 2002; Miyashiro

et al., 2010). When LuxO is dephosphorylated (at high cell den-

sity), qrr1 levels decrease, LitR is translated, luxR is transcribed,

and the lux operon is expressed.

The SKs in the phosphorelay, AinR and LuxPQ, are predicted to

sense and respond to the presence of specific pheromones, C8-HSL

and AI-2, produced by the autoinducer synthases AinS and LuxS,

respectively (reviewed in Stabb et al., 2008). It is predicted that

these pheromones accumulate at high cell density, causing the SKs

to function as phosphatases and thus promote light production.

However, the two inputs do not equally control bioluminescence.

For example, an ainS mutation caused a severe bioluminescence

defect both in vitro and in the squid, while a luxS mutation

did not dramatically alter any bioluminescence phenotype (Lupp

et al., 2003; Lupp and Ruby, 2004, 2005). Similarly, colonization

experiments found that the ainS mutant exhibited defects in both

initiation and persistence, while the luxS mutant did not (Lupp

and Ruby, 2004, 2005). This suggests that the AinS/R branch is

more important for controlling light production and colonization

than the LuxS-LuxP/Q branch. One possible explanation for this

differential importance is suggested by the finding that the AinS-

produced C8-HSL can interact directly with LuxR, albeit at a lower

affinity than occurs with 3-oxo-C6-HSL, produced by LuxI (Schae-

fer et al., 1996; Egland and Greenberg, 2000); thus, C8-HSL can

exerts its impact both directly and indirectly to control lux expres-

sion and therefore light levels (Lupp et al., 2003). These and other

data support a model in which the C8-HSL-LuxR complex initi-

ates transcription of the lux operon, while 3-oxo-C6-HSL-LuxR

ultimately takes over as the critical player that promotes positive

feedback of lux transcription.

Although the above model fits with what is known about the

Lux pathway in other bacteria, the roles of the upstream players

in V. fischeri remain poorly understood. For example, a mutation

in the C8-HSL synthase gene, ainS, severely impacted biolumi-

nescence, yet a deletion in ainR, the SK predicted to respond to

C8-HSL, appeared to exert only a minor effect on luminescence

(Lupp et al., 2003; Lupp and Ruby, 2004; Ray and Visick, 2012).

These results may indicate that the role of C8-HSL in activat-

ing LuxR may be more important than its role in controlling the

AinR-mediated phosphorelay.

Surprisingly, the bioluminescence phenotypes of some regula-

tors do not correlate with the predicted colonization phenotypes.

For example, a litR, mutant exhibited a bioluminescence defect but

was not impaired for colonization; in fact, this mutant colonized
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E. scolopes better than wild-type in competition experiments after

48 h (Fidopiastis et al., 2002; Miyashiro et al., 2010). However, in

a different study, the same litR mutant exhibited a colonization

disadvantage at an earlier, 12 h time point (Lupp and Ruby, 2005).

Additionally, although mutants deleted for the negative regulators

of bioluminescence, luxO or qrr1, exhibited increased biolumines-

cence in vitro, as expected, they exhibited a defect in colonization

when competed with wild-type cells (Hussa et al., 2007; Miyashiro

et al., 2010). These results suggest that bioluminescence regulators

may have bioluminescence-independent functions. In support of

this hypothesis, it was found that LuxO and LitR have complex

regulons: LuxO controls many genes outside of the canonical Lux

pathway, and LitR contributes to controlling whether the cells

secrete or import acetate for metabolism, known as the acetate

switch (Fidopiastis et al., 2002; Lupp and Ruby, 2005; Hussa et al.,

2007; Studer et al., 2008).

Lastly, an interesting observation made about light produc-

tion in V. fischeri is that most environmental strains of this

bacterium are visibly bioluminescent when grown in culture,

but strains isolated from E. scolopes are “dim,” meaning they

are bioluminescent but do not emit visible light outside of the

squid (Boettcher and Ruby, 1990; Stabb et al., 2008). Further-

more, an experimental evolution model has revealed a correlation

between increased colonization and decreased light production

(Schuster et al., 2010). These findings indicate that some aspect

of the light organ environment enriches for dim strains of V.

fischeri. Perhaps this is not surprising, as producing biolumines-

cence is energetically taxing (Bourgois et al., 2001). The luciferase

enzyme, consisting of the LuxA and LuxB heterodimer, can con-

stitute up to 5% of total protein in visibly luminescent cells

(Hastings et al., 1965). Furthermore, under particular growth

conditions, expression of the lux operon causes a growth defect

(Bose et al., 2008). Therefore, light production must in some

way benefit V. fischeri both inside and outside a host. Numer-

ous possibilities have been proposed, including the removal of

oxygen from the environment, which could decrease the produc-

tion of ROS (e.g., see Stabb et al., 2008). Additionally, because

the squid can detect the bacterial bioluminescence, it is hypoth-

esized that the squid may play an active part in maintaining a

population of V. fischeri cells with a particular bioluminescence

phenotype (Tong et al., 2009; Heath-Heckman et al., 2013). How-

ever, no single explanation has yet been established for how strains

with particular luminescence levels are enriched within the squid,

or how brightly luminescent bacteria survive in other marine

environments.

ADDITIONAL REGULATORS OF BIOLUMINESCENCE

It has long been known that squid symbionts produce a level

of light during symbiosis that is about ∼1000X brighter than

that produced in culture (Boettcher and Ruby, 1990). These data

suggest that there are squid specific-signals that affect luciferase

production, and that V. fischeri might sense these signals using

regulators that are outside of the canonical Lux pathway. In fact, a

variety of environmental conditions affect the ability of V. fischeri

to produce light, all of which might have the potential to be sensed

by non-Lux regulators. These putative signals that affect biolu-

minescence include changes in oxygen levels, osmolarity, Mg2+

levels, and iron levels (Stabb et al., 2004; Bose et al., 2007; Lyell

et al., 2010; Lyell and Stabb, 2013; Septer et al., 2013).

One key non-Lux regulator is ArcA, a RR predicted to function

as a transcription factor when phosphorylated by its cognate SK,

ArcB (Iuchi et al., 1990; Iuchi and Lin, 1992; Georgellis et al., 1997,

2001; Pena-Sandoval et al., 2005). In V. fischeri, a deletion of arcA

caused a dramatic ∼500 fold increase in bioluminescence in cul-

ture, resulting in light levels that were similar to the levels found

during symbiosis (Bose et al., 2007). ArcA appears to exert a direct

effect on lux transcription by binding to a site upstream of the lux

operon (Bose et al., 2007). These results suggest that ArcA func-

tions as a transcriptional inhibitor of luminescence genes under

culture conditions, and that this inhibition is relieved once V. fis-

cheri is inside the light organ. The effect of the arcA mutation

on bioluminescence, however, was dependent on the presence of

an intact luxI gene (Septer and Stabb, 2012). This result indicates

ArcA primarily functions to inhibit the positive feedback loop that

relies on the LuxI-synthesized molecule, 3-oxo-C6-HSL (Septer

and Stabb, 2012).

In other systems, the ArcA/B pathway is predicted to sense

and respond to the redox state of the cell (reviewed in Malpica

et al., 2006). In E. coli, reducing conditions sensed by ArcB lead

to the phosphorylation and thus activation of ArcA, while oxi-

dizing conditions generate unphosphorylated ArcA. Thus, it has

been proposed that this two-component pathway in V. fischeri

senses the oxidized state in the light organ, leading to unphos-

phorylated ArcA and a de-repression of bioluminescence (Bose

et al., 2007); however, experimental evidence of this has yet to

be found. Furthermore, although an arcA mutation amplified

bioluminescence levels, ArcA might not be the only non-Lux

regulator of bioluminescence. For example, a recent transposon

screen identified mutations in additional genes that led to an

increase in light production (Lyell et al., 2010; Lyell and Stabb,

2013). Whether these genes are directly involved in controlling

light production, and/or whether they sense particular envi-

ronments to regulate bioluminescence remain an active area of

research.

CONCLUSION

For such a seemingly simple symbiosis, the interaction between

V. fischeri and E. scolopes requires numerous, complicated reg-

ulatory pathways to promote host specificity and colonization.

It should be noted that this review focuses only on regula-

tors within V. fischeri known to be important for colonization,

yet a considerable repertoire of information exists that details

host specific pathways that are integral for the symbiosis to

occur (see reviews Nyholm and McFall-Ngai, 2004; McFall-Ngai

et al., 2012; Stabb and Visick, 2013). Although much informa-

tion exists about the V. fischeri pathways described in the above

sections, including biofilms, chemotaxis, responses to antimi-

crobials, and light production, many discoveries within these

signaling cascades have uncovered yet more questions that can

still be addressed. For example, what molecular pathways allow V.

fischeri to outcompete other non-symbiont bacteria during aggre-

gate formation? How is flagellation and deflagellation controlled

during the various steps of colonization? What regulators sense

antimicrobials and lead to their detoxification? And lastly, what
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environmental signal within the light organ promotes biolumines-

cence? All of these subjects are active areas of research, and they

will surely uncover new mechanisms that will expand the knowl-

edge of how bacteria and a host establish a life-long, beneficial

relationship.

ACKNOWLEDGMENTS

We thank members of the lab for helpful suggestions on this

manuscript. Work on the V. fischeri-E. scolopes symbiosis in the

Visick lab is funded by NIH grant GM59690 awarded to Karen L.

Visick.

REFERENCES

Altura, M. A., Heath-Heckman, E. A., Gillette, A., Kremer, N., Krachler, A.

M., Brennan, C., et al. (2013). The first engagement of partners in the

Euprymna scolopes-Vibrio fischeri symbiosis is a two-step process initiated by

a few environmental symbiont cells. Environ. Microbiol. 15, 2937–2950. doi:

10.1111/1462-2920.12179

Altura, M. A., Stabb, E., Goldman, W., Apicella, M., and Mcfall-Ngai, M. J.

(2011). Attenuation of host NO production by MAMPs potentiates develop-

ment of the host in the squid-vibrio symbiosis. Cell Microbiol. 13, 527–537. doi:

10.1111/j.1462-5822.2010.01552.x

Baudouin, E., Pauly, N., and Puppo, A. (2007). “Nitric oxide in nitrogen-fixing

symbiosis,” in Nitric Oxide in Plant Growth, Development, and Stress Physiology,

eds L. Lamattina and J. Polacco (Berlin: Springer), 173–186.

Berg, H. C. (2003). The rotary motor of bacterial flagella. Annu. Rev. Biochem. 72,

19–54. doi: 10.1146/annurev.biochem.72.121801.161737

Boettcher, K. J., and Ruby, E. G. (1990). Depressed light emission by symbiotic

Vibrio fischeri of the sepiolid squid Euprymna scolopes. J. Bacteriol. 172, 3701–

3706.

Boin, M. A., and Hase, C. C. (2007). Characterization of Vibrio cholerae aerotaxis.

FEMS Microbiol. Lett. 276, 193–201. doi: 10.1111/j.1574-6968.2007.00931.x

Boon, E. M., and Marletta, M. A. (2005). Ligand discrimination in soluble guanylate

cyclase and the H-NOX family of heme sensor proteins. Curr. Opin. Chem. Biol.

9, 441–446. doi: 10.1016/j.cbpa.2005.08.015

Borkovich, K. A., Alex, L. A., and Simon, M. I. (1992). Attenuation of sensory

receptor signaling by covalent modification. Proc. Natl. Acad. Sci. U.S.A. 89,

6756–6760. doi: 10.1073/pnas.89.15.6756

Bose, J. L., Kim, U., Bartkowski, W., Gunsalus, R. P., Overley, A. M., Lyell, N.

L., et al. (2007). Bioluminescence in Vibrio fischeri is controlled by the redox-

responsive regulator ArcA. Mol. Microbiol. 65, 538–553. doi: 10.1111/j.1365-

2958.2007.05809.x

Bose, J. L., Rosenberg, C. S., and Stabb, E. V. (2008). Effects of luxCDABEG

induction in Vibrio fischeri: enhancement of symbiotic colonization and con-

ditional attenuation of growth in culture. Arch. Microbiol. 190, 169–183. doi:

10.1007/s00203-008-0387-1

Bouchard, J. N., and Yamasaki, H. (2008). Heat stress stimulates nitric oxide pro-

duction in Symbiodinium microadriaticum: a possible linkage between nitric

oxide and the coral bleaching phenomenon. Plant Cell Physiol. 49, 641–652. doi:

10.1093/pcp/pcn037

Bourgois, J. J., Sluse, F. E., Baguet, F., and Mallefet, J. (2001). Kinetics of light emis-

sion and oxygen consumption by bioluminescent bacteria. J. Bioenerg. Biomembr.

33, 353–363. doi: 10.1023/A:1010615508916

Bourret, R. B., and Stock, A. M. (2002). Molecular information process-

ing: lessons from bacterial chemotaxis. J. Biol. Chem. 277, 9625–9628. doi:

10.1074/jbc.R100066200

Bowman, L. A., Mclean, S., Poole, R. K., and Fukuto, J. M. (2011). The diversity of

microbial responses to nitric oxide and agents of nitrosative stress close cousins

but not identical twins. Adv. Microb. Physiol. 59, 135–219. doi: 10.1016/B978-0-

12-387661-4.00006-9

Brennan, C. A., Deloney-Marino, C. R., and Mandel, M. J. (2013a). Chemoreceptor

VfcA mediates amino acid chemotaxis in Vibrio fischeri. Appl. Environ. Microbiol.

79, 1889–1896. doi: 10.1128/AEM.03794-12

Brennan, C. A., Mandel, M. J., Gyllborg, M. C., Thomasgard, K. A., and Ruby, E.

G. (2013b). Genetic determinants of swimming motility in the squid light-organ

symbiont Vibrio fischeri. Microbiologyopen 2, 576–594. doi: 10.1002/mbo3.96

Carlson, H. K., Vance, R. E., and Marletta, M. A. (2010). H-NOX regulation of

c-di-GMP metabolism and biofilm formation in Legionella pneumophila. Mol.

Microbiol. 77, 930–942. doi: 10.1111/j.1365-2958.2010.07259.x

Chilcott, G. S., and Hughes, K. T. (2000). Coupling of flagellar gene expression to

flagellar assembly in Salmonella enterica serovar typhimurium and Escherichia

coli. Microbiol. Mol. Biol. Rev. 64, 694–708. doi: 10.1128/MMBR.64.4.694-

708.2000

Collins, A. J., Schleicher, T. R., Rader, B. A., and Nyholm, S. V. (2012). Understanding

the role of host hemocytes in a squid/vibrio symbiosis using transcriptomics and

proteomics. Front. Immunol. 3:91. doi: 10.3389/fimmu.2012.00091

Crane, B. R., Sudhamsu, J., and Patel, B. A. (2010). Bacterial nitric oxide synthases.

Annu. Rev. Biochem. 79, 445–470. doi: 10.1146/annurev-biochem-062608-

103436

Darnell, C. L., Hussa, E. A., and Visick, K. L. (2008). The putative hybrid sensor

kinase SypF coordinates biofilm formation in Vibrio fischeri by acting upstream

of two response regulators, SypG and VpsR. J. Bacteriol. 190, 4941–4950. doi:

10.1128/JB.00197-08

Davidson, S. K., Koropatnick, T. A., Kossmehl, R., Sycuro, L., and Mcfall-Ngai, M. J.

(2004). NO means ‘yes’ in the squid-vibrio symbiosis: nitric oxide (NO) during

the initial stages of a beneficial association. Cell. Microbiol. 6, 1139–1151. doi:

10.1111/j.1462-5822.2004.00429.x

Deloney-Marino, C. R., and Visick, K. L. (2012). Role for cheR of Vibrio fischeri in

the Vibrio-squid symbiosis. Can. J. Microbiol. 58, 29–38. doi: 10.1139/w11-107

DeLoney-Marino, C. R., Wolfe, A. J., and Visick, K. L. (2003). Chemoattraction

of Vibrio fischeri to serine, nucleosides and N-acetylneuraminic acid, a compo-

nent of squid light organ mucus. Appl. Environ. Microbiol. 69, 7527–7530. doi:

10.1128/AEM.69.12.7527-7530.2003

Dunn, A. K. (2012). Vibrio fischeri metabolism: symbiosis and beyond. Adv. Microb.

Physiol. 61, 37–68. doi: 10.1016/B978-0-12-394423-8.00002-0

Egland, K. A., and Greenberg, E. P. (2000). Conversion of the Vibrio fischeri

transcriptional activator, LuxR, to a repressor. J. Bacteriol. 182, 805–811. doi:

10.1128/JB.182.3.805-811.2000

Fang, F. C. (2004). Antimicrobial reactive oxygen and nitrogen species: concepts and

controversies. Nat. Rev. Microbiol. 2, 820–832. doi: 10.1038/nrmicro1004

Fidopiastis, P. M., Miyamoto, C. M., Jobling, M. G., Meighen, E. A., and Ruby,

E. G. (2002). LitR, a new transcriptional activator in Vibrio fischeri, regulates

luminescence and symbiotic light organ colonization. Mol. Microbiol. 45, 131–

143. doi: 10.1046/j.1365-2958.2002.02996.x

Georgellis, D., Kwon, O., and Lin, E. C. (2001). Quinones as the redox signal

for the Arc two-component system of bacteria. Science 292, 2314–2316. doi:

10.1126/science.1059361

Georgellis, D., Lynch, A. S., and Lin, E. C. (1997). In vitro phosphorylation study of

the Arc two-component signal transduction system of Escherichia coli. J. Bacteriol.

179, 5429–5435.

Graf, J., Dunlap, P. V., and Ruby, E. G. (1994). Effect of transposon-induced motility

mutations on colonization of the host light organ by Vibrio fischeri. J. Bacteriol.

176, 6986–6991.

Graf, J., and Ruby, E. G. (2000). Novel effects of a transposon insertion in the

Vibrio fischeri glnD gene: defects in iron uptake and symbiotic persistence in

addition to nitrogen utilization. Mol. Microbiol. 37, 168–179. doi: 10.1046/j.1365-

2958.2000.01984.x
Gray, K. M., and Greenberg, E. P. (1992). Physical and functional maps of the lumi-

nescence gene cluster in an autoinducer-deficient Vibrio fischeri strain isolated

from a squid light organ. J. Bacteriol. 174, 4384–4390.
Halliwell, B., and Gutteridge, J. M. (1984). Role of iron in oxygen radical reactions.

Methods Enzymol. 105, 47–56. doi: 10.1016/S0076-6879(84)05007-2

Hastings, J. W., Riley, W. H., and Massa, J. (1965). The purification, properties,

and chemiluminescent quantum yield of bacterial luciferase. J. Biol. Chem. 240,

1473–1481.

Heath-Heckman, E. A., and McFall-Ngai, M. J. (2011). The occurrence of

chitin in the hemocytes of invertebrates. Zoology (Jena) 114, 191–198. doi:

10.1016/j.zool.2011.02.002

Heath-Heckman, E. A., Peyer, S. M., Whistler, C. A., Apicella, M. A., Goldman, W. E.,

and Mcfall-Ngai, M. J. (2013). Bacterial bioluminescence regulates expression of

a host cryptochrome gene in the squid-Vibrio symbiosis. MBio 4, e00167–00113.

doi: 10.1128/mBio.00167-13

Hess, J. F., Oosawa, K., Kaplan, N., and Simon, M. I. (1988). Phosphorylation of

three proteins in the signaling pathway of bacterial chemotaxis. Cell 53, 79–87.

doi: 10.1016/0092-8674(88)90489-8

www.frontiersin.org November 2013 | Volume 4 | Article 356 | 11

http://www.frontiersin.org/
http://www.frontiersin.org/Aquatic_Microbiology/archive


Norsworthy and Visick How V. fischeri navigates an animal

Hussa, E. A., Darnell, C. L., and Visick, K. L. (2008). RscS functions upstream of

SypG to control the syp locus and biofilm formation in Vibrio fischeri. J. Bacteriol.

190, 4576–4583. doi: 10.1128/JB.00130-08

Hussa, E. A., O’shea, T. M., Darnell, C. L., Ruby, E. G., and Visick, K. L. (2007). Two-

component response regulators of Vibrio fischeri: identification, mutagenesis, and

characterization. J. Bacteriol. 189, 5825–5838. doi: 10.1128/JB.00242-07

Iuchi, S., and Lin, E. C. (1992). Purification and phosphorylation of the Arc

regulatory components of Escherichia coli. J. Bacteriol. 174, 5617–5623.

Iuchi, S., Matsuda, Z., Fujiwara, T., and Lin, E. C. (1990). The arcB gene of Escherichia

coli encodes a sensor-regulator protein for anaerobic repression of the arc

modulon. Mol. Microbiol. 4, 715–727. doi: 10.1111/j.1365-2958.1990.tb00642.x

Jones, B. W., and Nishiguchi, M. K. (2004). Counterillumination in the Hawaiian

bobtail squid, Euprymna scolopes Berry (Mollusca: Cephalopoda). Mar. Biol. 144,

1151–1155. doi: 10.1007/s00227-003-1285-3

Kehry, M. R., Bond, M. W., Hunkapiller, M. W., and Dahlquist, F. W. (1983).

Enzymatic deamidation of methyl-accepting chemotaxis proteins in Escherichia

coli catalyzed by the cheB gene product. Proc. Natl. Acad. Sci. U.S.A. 80, 3599–

3603. doi: 10.1073/pnas.80.12.3599

Kremer, N., Philipp, E. E., Carpentier, M. C., Brennan, C. A., Kraemer, L., Altura, M.

A., et al. (2013). Initial symbiont contact orchestrates host-organ-wide transcrip-

tional changes that prime tissue colonization. Cell Host Microbe 14, 183–194. doi:

10.1016/j.chom.2013.07.006

Lacal, J., Garcia-Fontana, C., Munoz-Martinez, F., Ramos, J. L., and Krell, T. (2010).

Sensing of environmental signals: classification of chemoreceptors according to

the size of their ligand binding regions. Environ. Microbiol. 12, 2873–2884. doi:

10.1111/j.1462-2920.2010.02325.x

Lee, K. H., and Ruby, E. G. (1994). Effect of the squid host on the abundance and

distribution of symbiotic Vibrio fischeri in nature. Appl. Environ. Microbiol. 60,

1565–1571.

Lupp, C., and Ruby, E. G. (2004). Vibrio fischeri LuxS and AinS: comparative study of

two signal synthases. J. Bacteriol. 186, 3873–3881. doi: 10.1128/JB.186.12.3873-

3881.2004

Lupp, C., and Ruby, E. G. (2005). Vibrio fischeri uses two quorum-sensing systems for

the regulation of early and late colonization factors. J. Bacteriol. 187, 3620–3629.

doi: 10.1128/JB.187.11.3620-3629.2005

Lupp, C., Urbanowski, M., Greenberg, E. P., and Ruby, E. G. (2003). The Vibrio fis-

cheri quorum-sensing systems ain and lux sequentially induce luminescence gene

expression and are important for persistence in the squid host. Mol. Microbiol.

50, 319–331. doi: 10.1046/j.1365-2958.2003.t01-1-03585.x

Lyell, N. L., Dunn, A. K., Bose, J. L., and Stabb, E. V. (2010). Bright mutants of Vib-

rio fischeri ES114 reveal conditions and regulators that control bioluminescence

and expression of the lux operon. J. Bacteriol. 192, 5103–5114. doi: 10.1128/JB.

00524-10

Lyell, N. L., and Stabb, E. V. (2013). Symbiotic characterization of Vibrio fischeri

ES114 mutants that display enhanced luminescence in culture. Appl. Environ.

Microbiol. 79, 2480–2483. doi: 10.1128/AEM.03111-12

Malpica, R., Sandoval, G. R., Rodriguez, C., Franco, B., and Georgellis, D. (2006).

Signaling by the Arc two-component system provides a link between the redox

state of the quinone pool and gene expression. Antioxid. Redox Signal. 8, 781–795.

doi: 10.1089/ars.2006.8.781

Mandel, M. J., Schaefer, A. L., Brennan, C. A., Heath-Heckman, E. A., Deloney-

Marino, C. R., Mcfall-Ngai, M. J., et al. (2012). Squid-derived chitin oligosaccha-

rides are a chemotactic signal during colonization by Vibrio fischeri. Appl. Environ.

Microbiol. 78, 4620–4626. doi: 10.1128/AEM.00377-12

Mandel, M. J., Wollenberg, M. S., Stabb, E. V., Visick, K. L., and Ruby, E. G. (2009).

A single regulatory gene is sufficient to alter bacterial host range. Nature 458,

215–218. doi: 10.1038/nature07660

Manson, M. D., Armitage, J. P., Hoch, J. A., and Macnab, R. M. (1998). Bacterial

locomotion and signal transduction. J. Bacteriol. 180, 1009–1022.

McCarter, L. L. (2001). Polar flagellar motility of the Vibrionaceae. Microbiol. Mol.

Biol. Rev. 65, 445–462. doi: 10.1128/MMBR.65.3.445-462.2001

McCormick, M. L., Buettner, G. R., and Britigan, B. E. (1998). Endogenous super-

oxide dismutase levels regulate iron-dependent hydroxyl radical formation in

Escherichia coli exposed to hydrogen peroxide. J. Bacteriol. 180, 622–625.

McFall-Ngai, M., Hadfield, M. G., Bosch, T. C., Carey, H. V., Domazet-Loso,

T., Douglas, A. E., et al. (2013). Animals in a bacterial world, a new imper-

ative for the life sciences. Proc. Natl. Acad. Sci. U.S.A. 110, 3229–3236. doi:

10.1073/pnas.1218525110

McFall-Ngai, M., Heath-Heckman, E. A., Gillette, A. A., Peyer, S. M., and Harvie,

E. A. (2012). The secret languages of coevolved symbioses: insights from the

Euprymna scolopes-Vibrio fischeri symbiosis. Semin. Immunol. 24, 3–8. doi:

10.1016/j.smim.2011.11.006

McFall-Ngai, M., and Montgomery, M. K. (1990). The anatomy and morphology

of the adult bacterial light organ of Euprymna scolopes Berry (Cephalopoda:

Sepiolidae). Biol. Bull. 179, 332–339. doi: 10.2307/1542325

McFall-Ngai, M., Nyholm, S. V., and Castillo, M. G. (2010). The role of the immune

system in the initiation and persistence of the Euprymna scolopes--Vibrio fischeri

symbiosis. Semin. Immunol. 22, 48–53. doi: 10.1016/j.smim.2009.11.003

McFall-Ngai, M. J., and Ruby, E. G. (1991). Symbiont recognition and subsequent

morphogenesis as early events in an animal-bacterial mutualism. Science 254,

1491–1494. doi: 10.1126/science.1962208

McFall-Ngai, M. J., and Ruby, N. G. (1998). Squids and vibrios: when they first

meet. Bioscience 48, 257–265. doi: 10.2307/1313352

Millikan, D. S., and Ruby, E. G. (2002). Alterations in Vibrio fischeri motility cor-

relate with a delay in symbiosis initiation and are associated with additional

symbiotic colonization defects. Appl. Environ. Microbiol. 68, 2519–2528. doi:

10.1128/AEM.68.5.2519-2528.2002

Millikan, D. S., and Ruby, E. G. (2003). FlrA, a sigma54-dependent transcriptional

activator in Vibrio fischeri, is required for motility and symbiotic light-organ col-

onization. J. Bacteriol. 185, 3547–3557. doi: 10.1128/JB.185.12.3547-3557.2003

Millikan, D. S., and Ruby, E. G. (2004). Vibrio fischeri flagellin A is essential

for normal motility and for symbiotic competence during initial squid light

organ colonization. J. Bacteriol. 186, 4315–4325. doi: 10.1128/JB.186.13.4315-

4325.2004

Mishra, S., and Imlay, J. (2012). Why do bacteria use so many enzymes to

scavenge hydrogen peroxide? Arch. Biochem. Biophys. 525, 145–160. doi:

10.1016/j.abb.2012.04.014

Miyashiro, T., Wollenberg, M. S., Cao, X., Oehlert, D., and Ruby, E. G. (2010).

A single qrr gene is necessary and sufficient for LuxO-mediated regulation in

Vibrio fischeri. Mol. Microbiol. 77, 1556–1567. doi: 10.1111/j.1365-2958.2010.

07309.x

Morris, A. R., Darnell, C. L., and Visick, K. L. (2011). Inactivation of a novel response

regulator is necessary for biofilm formation and host colonization by Vibrio

fischeri. Mol. Microbiol. 82, 114–130. doi: 10.1111/j.1365-2958.2011.07800.x

Morris, A. R., andVisick, K. L. (2010). Control of biofilm formation and colonization

in Vibrio fischeri: a role for partner switching? Environ. Microbiol. 12, 2051–2059.

doi: 10.1111/j.1462-2920.2010.02269.x

Morris, A. R., and Visick, K. L. (2013). The response regulator SypE controls

biofilm formation and colonization through phosphorylation of the syp-

encoded regulator SypA in Vibrio fischeri. Mol. Microbiol. 87, 509–525. doi:

10.1111/mmi.12109

Ng, W. L., and Bassler, B. L. (2009). Bacterial quorum-sensing network architectures.

Annu. Rev. Genet. 43, 197–222. doi: 10.1146/annurev-genet-102108-134304

Nyholm, S. V., and Graf, J. (2012). Knowing your friends: invertebrate innate immu-

nity fosters beneficial bacterial symbioses. Nat. Rev. Microbiol. 10, 815–827. doi:

10.1038/nrmicro2894

Nyholm, S. V., and McFall-Ngai, M. J. (2003). Dominance of Vibrio fischeri

in secreted mucus outside the light organ of Euprymna scolopes: the first

site of symbiont specificity. Appl. Environ. Microbiol. 69, 3932–3937. doi:

10.1128/AEM.69.7.3932-3937.2003

Nyholm, S. V., and McFall-Ngai, M. J. (2004). The winnowing: establishing the

squid-Vibrio symbiosis. Nat. Rev. Microbiol. 2, 632–642. doi: 10.1038/nrmicro957

Nyholm, S. V., Stabb, E. V., Ruby, E. G., and Mcfall-Ngai, M. J. (2000).

Establishment of an animal-bacterial association: recruiting symbiotic vibrios

from the environment. Proc. Natl. Acad. Sci. U.S.A. 97, 10231–10235. doi:

10.1073/pnas.97.18.10231

O’Shea, T. M., Deloney-Marino, C. R., Shibata, S., Aizawa, S., Wolfe, A. J., and Visick,

K. L. (2005). Magnesium promotes flagellation of Vibrio fischeri. J. Bacteriol. 187,

2058–2065. doi: 10.1128/JB.187.6.2058-2065.2005

Orcutt, B. N., Sylvan, J. B., Knab, N. J., and Edwards, K. J. (2011). Microbial ecology

of the dark ocean above, at, and below the seafloor. Microbiol. Mol. Biol. Rev. 75,

361–422. doi: 10.1128/MMBR.00039-10

Pena-Sandoval, G. R., Kwon, O., and Georgellis, D. (2005). Requirement of

the receiver and phosphotransfer domains of ArcB for efficient dephospho-

rylation of phosphorylated ArcA in vivo. J. Bacteriol. 187, 3267–3272. doi:

10.1128/JB.187.9.3267-3272.2005

Frontiers in Microbiology | Aquatic Microbiology November 2013 | Volume 4 | Article 356 | 12

http://www.frontiersin.org/Aquatic_Microbiology/
http://www.frontiersin.org/Aquatic_Microbiology/archive


Norsworthy and Visick How V. fischeri navigates an animal

Price, M. S., Chao, L. Y., and Marletta, M. A. (2007). Shewanella oneidensis MR-1

H-NOX regulation of a histidine kinase by nitric oxide. Biochemistry 46, 13677–

13683. doi: 10.1021/bi7019035

Prouty, M. G., Correa, N. E., and Klose, K. E. (2001). The novel sigma54- and

sigma28-dependent flagellar gene transcription hierarchy of Vibrio cholerae. Mol.

Microbiol. 39, 1595–1609. doi: 10.1046/j.1365-2958.2001.02348.x

Ray, V. A., Eddy, J. L., Hussa, E. A., Misale, M., and Visick, K. L. (2013). The

syp enhancer sequence plays a key role in transcriptional activation by the

σ54-dependent response regulator SypG and in biofilm formation and host

colonization by Vibrio fischeri. J. Bacteriol. 195, 5402–5412. doi: 10.1128/JB.

00689-13

Ray, V. A., and Visick, K. L. (2012). LuxU connects quorum sensing to biofilm

formation in Vibrio fischeri. Mol. Microbiol. 86, 954–970. doi: 10.1111/mmi.

12035

Richardson, A. R., Dunman, P. M., and Fang, F. C. (2006). The nitrosative stress

response of Staphylococcus aureus is required for resistance to innate immunity.

Mol. Microbiol. 61, 927–939. doi: 10.1111/j.1365-2958.2006.05290.x

Rodionov, D. A., Dubchak, I. L., Arkin, A. P., Alm, E. J., and Gelfand, M.

S. (2005). Dissimilatory metabolism of nitrogen oxides in bacteria: compara-

tive reconstruction of transcriptional networks. PLoS Comput. Biol. 1:e55. doi:

10.1371/journal.pcbi.0010055

Ruby, E. G. (1996). Lessons from a cooperative, bacterial-animal association: the

Vibrio fischeri-Euprymna scolopes light organ symbiosis. Annu. Rev. Microbiol. 50,

591–624. doi: 10.1146/annurev.micro.50.1.591

Ruby, E. G., and Asato, L. M. (1993). Growth and flagellation of Vibrio fischeri

during initiation of the sepiolid squid light organ symbiosis. Arch. Microbiol. 159,

160–167. doi: 10.1007/BF00250277

Ruby, E. G., and McFall-Ngai, M. J. (1999). Oxygen-utilizing reactions and symbiotic

colonization of the squid light organ by Vibrio fischeri. Trends Microbiol. 7, 414–

420. doi: 10.1016/S0966-842X(99)01588-7

Ruby, E. G., Urbanowski, M., Campbell, J., Dunn, A., Faini, M., Gunsalus, R., et al.

(2005). Complete genome sequence of Vibrio fischeri: a symbiotic bacterium

with pathogenic congeners. Proc. Natl. Acad. Sci. U.S.A. 102, 3004–3009. doi:

10.1073/pnas.0409900102

Salzman, N. H. (2011). Microbiota–immune system interaction: an uneasy alliance.

Curr. Opin. Microbiol. 14, 99–105. doi: 10.1016/j.mib.2010.09.018

Schaefer, A. L., Hanzelka, B. L., Eberhard, A., and Greenberg, E. P. (1996). Quo-

rum sensing in Vibrio fischeri: probing autoinducer–LuxR interactions with

autoinducer analogs. J. Bacteriol. 178, 2897–2901.

Schleicher, T. R., and Nyholm, S. V. (2011). Characterizing the host and sym-

biont proteomes in the association between the Bobtail squid, Euprymna scolopes,

and the bacterium, Vibrio fischeri. PLoS ONE 6:e25649. doi: 10.1371/jour-

nal.pone.0025649

Schuster, B. M., Perry, L. A., Cooper, V. S., and Whistler, C. A. (2010). Breaking the

language barrier: experimental evolution of non-native Vibrio fischeri in squid

tailors luminescence to the host. Symbiosis 51, 85–96. doi: 10.1007/s13199-010-

0074-2

Semsey, S., Andersson, A. M., Krishna, S., Jensen, M. H., Masse, E., and Sneppen, K.

(2006). Genetic regulation of fluxes: iron homeostasis of Escherichia coli. Nucleic

Acids Res. 34, 4960–4967. doi: 10.1093/nar/gkl627

Septer, A. N., Lyell, N. L., and Stabb, E. V. (2013). The iron-dependent regula-

tor Fur controls pheromone signaling systems and luminescence in the squid

symbiont Vibrio fischeri ES114. Appl. Environ. Microbiol. 79, 1826–1834. doi:

10.1128/AEM.03079-12

Septer, A. N., and Stabb, E. V. (2012). Coordination of the Arc regulatory system

and pheromone-mediated positive feedback in controlling the Vibrio fischeri lux

operon. PLoS ONE 7:e49590. doi: 10.1371/journal.pone.0049590

Septer, A. N., Wang, Y., Ruby, E. G., Stabb, E. V., and Dunn, A. K. (2011). The

haem-uptake gene cluster in Vibrio fischeri is regulated by Fur and contributes to

symbiotic colonization. Environ. Microbiol. 13, 2855–2864. doi: 10.1111/j.1462-

2920.2011.02558.x

Shibata, S., Yip, E. S., Quirke, K. P., Ondrey, J. M., and Visick, K. L. (2012). Roles of

the structural symbiosis polysaccharide (syp) genes in host colonization, biofilm

formation and polysaccharide biosynthesis in Vibrio fischeri. J. Bacteriol. 194,

6736–6747. doi: 10.1128/JB.00707-12

Small, A., and McFall-Ngai, M. (1999). Halide peroxidase in tissues that interact

with bacteria in the host squid Euprymna scolopes. J. Cell. Biochem. 72, 445–457.

doi: 10.1002/(SICI)1097-4644(19990315)72:4<445::AID-JCB1>3.0.CO;2-P

Sourjik, V., and Wingreen, N. S. (2012). Responding to chemical gradients: bacterial

chemotaxis. Curr. Opin. Cell Biol. 24, 262–268. doi: 10.1016/j.ceb.2011.11.008

Spiro, S. (2007). Regulators of bacterial responses to nitric oxide. FEMS Microbiol.

Rev. 31, 193–211. doi: 10.1111/j.1574-6976.2006.00061.x

Springer, W. R., and Koshland, D. E. Jr. (1977). Identification of a protein methyl-

transferase as the cheR gene product in the bacterial sensing system. Proc. Natl.

Acad. Sci. U.S.A. 74, 533–537. doi: 10.1073/pnas.74.2.533

Stabb, E. V., Butler, M. S., and Adin, D. M. (2004). Correlation between osmolarity

and luminescence of symbiotic Vibrio fischeri strain ES114. J. Bacteriol. 186,

2906–2908. doi: 10.1128/JB.186.9.2906-2908.2004

Stabb, E. V., Reich, K. A., and Ruby, E. G. (2001). Vibrio fischeri genes hvnA and

hvnB encode secreted NAD(+)-glycohydrolases. J. Bacteriol. 183, 309–317. doi:

10.1128/JB.183.1.309-317.2001

Stabb, E. V., Schaefer, A., Bose, J. L., and Ruby, E. G. (2008). “Quorum signaling

and symbiosis in the marine luminous bacterium Vibrio fischeri,” in Chemical

Communication Among Microbes, eds S. C. Winans and B. L. Bassler (Washington,

DC: ASM Press), 233–250.

Stabb, E. V., and Visick, K. L. (2013). “Vibrio fischeri: a bioluminescent light-organ

symbiont of the bobtail squid Euprymna scolopes,” in The Prokaryotes, 4th Edn,

eds E. Rosenberg, E. F. Delong, E. Stackebrand, S. Lory, and F. Thompson (Berlin:

Springer-Verlag), 497–532.

Stock, A. M., Robinson, V. L., and Goudreau, P. N. (2000). Two-

component signal transduction. Annu. Rev. Biochem. 69, 183–215. doi:

10.1146/annurev.biochem.69.1.183

Stock, J. B., and Koshland, D. E. Jr. (1978). A protein methylesterase involved

in bacterial sensing. Proc. Natl. Acad. Sci. U.S.A. 75, 3659–3663. doi:

10.1073/pnas.75.8.3659

Studer, S. V., Mandel, M. J., and Ruby, E. G. (2008). AinS quorum sensing

regulates the Vibrio fischeri acetate switch. J. Bacteriol. 190, 5915–5923. doi:

10.1128/JB.00148-08

Tomarev, S. I., Zinovieva, R. D., Weis, V. M., Chepelinsky, A. B., Piatigorsky, J., and

Mcfall-Ngai, M. J. (1993). Abundant mRNAs in the squid light organ encode

proteins with a high similarity to mammalian peroxidases. Gene 132, 219–226.

doi: 10.1016/0378-1119(93)90199-D

Tong, D., Rozas, N. S., Oakley, T. H., Mitchell, J., Colley, N. J., and Mcfall-Ngai, M. J.

(2009). Evidence for light perception in a bioluminescent organ. Proc. Natl. Acad.

Sci. U.S.A. 106, 9836–9841. doi: 10.1073/pnas.0904571106

Touati, D. (2000). Iron and oxidative stress in bacteria. Arch. Biochem. Biophys. 373,

1–6. doi: 10.1006/abbi.1999.1518

Troll, J. V., Bent, E. H., Pacquette, N., Wier, A. M., Goldman, W. E., Silverman, N.,

et al. (2010). Taming the symbiont for coexistence: a host PGRP neutralizes a

bacterial symbiont toxin. Environ. Microbiol. 12, 2190–2203.

Tucker, N. P., Le Brun, N. E., Dixon, R., and Hutchings, M. I. (2010). There’s NO

stopping NsrR, a global regulator of the bacterial NO stress response. Trends

Microbiol. 18, 149–156. doi: 10.1016/j.tim.2009.12.009

Visick, K. L. (2009). An intricate network of regulators controls biofilm for-

mation and colonization by Vibrio fischeri. Mol. Microbiol. 74, 782–789. doi:

10.1111/j.1365-2958.2009.06899.x

Visick, K. L., Foster, J., Doino, J., Mcfall-Ngai, M., and Ruby, E. G. (2000). Vibrio

fischeri lux genes play an important role in colonization and development of

the host light organ. J. Bacteriol. 182, 4578–4586. doi: 10.1128/JB.182.16.4578-

4586.2000

Visick, K. L., and Ruby, E. G. (1998). The periplasmic, group III catalase of Vibrio

fischeri is required for normal symbiotic competence and is induced both by

oxidative stress and by approach to stationary phase. J. Bacteriol. 180, 2087–

2092.

Visick, K. L., and Ruby, E. G. (2006). Vibrio fischeri and its host: it takes two to tango.

Curr. Opin. Microbiol. 9, 632–638. doi: 10.1016/j.mib.2006.10.001

Visick, K. L., and Skoufos, L. M. (2001). Two-component sensor required for normal

symbiotic colonization of Euprymna scolopes by Vibrio fischeri. J. Bacteriol. 183,

835–842. doi: 10.1128/JB.183.3.835-842.2001

Wadhams, G. H., and Armitage, J. P. (2004). Making sense of it all: bac-

terial chemotaxis. Nat. Rev. Mol. Cell Biol. 5, 1024–1037. doi: 10.1038/

nrm1524

Wang, Y., Dufour, Y. S., Carlson, H. K., Donohue, T. J., Marletta, M. A., and

Ruby, E. G. (2010a). H-NOX-mediated nitric oxide sensing modulates symbiotic

colonization by Vibrio fischeri. Proc. Natl. Acad. Sci. U.S.A. 107, 8375–8380. doi:

10.1073/pnas.1003571107

www.frontiersin.org November 2013 | Volume 4 | Article 356 | 13

http://www.frontiersin.org/
http://www.frontiersin.org/Aquatic_Microbiology/archive


Norsworthy and Visick How V. fischeri navigates an animal

Wang, Y., Dunn, A. K., Wilneff, J., Mcfall-Ngai, M. J., Spiro, S., and Ruby, E.

G. (2010b). Vibrio fischeri flavohaemoglobin protects against nitric oxide dur-

ing initiation of the squid-Vibrio symbiosis. Mol. Microbiol. 78, 903–915. doi:

10.1111/j.1365-2958.2010.07376.x

Wei, S. L., and Young, R. E. (1989). Development of symbiotic bacterial biolumi-

nescence in a nearshore cephalopod, Euprymna scolopes. Mar. Biol. 103, 541–546.

doi: 10.1007/BF00399586

Weis, V. M., Small, A. L., and Mcfall-Ngai, M. J. (1996). A peroxidase related

to the mammalian antimicrobial protein myeloperoxidase in the Euprymna-

Vibrio mutualism. Proc. Natl. Acad. Sci. U.S.A. 93, 13683–13688. doi:

10.1073/pnas.93.24.13683

Wier, A. M., Nyholm, S. V., Mandel, M. J., Massengo-Tiasse, R. P., Schae-

fer, A. L., Koroleva, I., et al. (2010). Transcriptional patterns in both host

and bacterium underlie a daily rhythm of anatomical and metabolic change

in a beneficial symbiosis. Proc. Natl. Acad. Sci. U.S.A. 107, 2259–2264. doi:

10.1073/pnas.0909712107

Wolfe, A. J., Millikan, D. S., Campbell, J. M., and Visick, K. L. (2004). Vibrio fischeri

sigma54 controls motility, biofilm formation, luminescence, and colonization.

Appl. Environ. Microbiol. 70, 2520–2524. doi: 10.1128/AEM.70.4.2520-2524.2004

Yip, E. S., Geszvain, K., Deloney-Marino, C. R., and Visick, K. L. (2006). The

symbiosis regulator RscS controls the syp gene locus, biofilm formation and

symbiotic aggregation by Vibrio fischeri. Mol. Microbiol. 62, 1586–1600. doi:

10.1111/j.1365-2958.2006.05475.x

Yip, E. S., Grublesky, B. T., Hussa, E. A., and Visick, K. L. (2005). A novel, conserved

cluster of genes promotes symbiotic colonization and sigma54-dependent biofilm

formation by Vibrio fischeri. Mol. Microbiol. 57, 1485–1498. doi: 10.1111/j.1365-

2958.2005.04784.x

Conflict of Interest Statement: The authors declare that the research was conducted

in the absence of any commercial or financial relationships that could be construed

as a potential conflict of interest.

Received: 04 September 2013; paper pending published: 20 September 2013; accepted:

09 November 2013; published online: 29 November 2013.

Citation: Norsworthy AN and Visick KL (2013) Gimme shelter: how Vibrio fischeri

successfully navigates an animal’s multiple environments. Front. Microbiol. 4:356. doi:

10.3389/fmicb.2013.00356

This article was submitted to Aquatic Microbiology, a section of the journal Frontiers

in Microbiology.

Copyright © 2013 Norsworthy and Visick. This is an open-access article dis-

tributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided

the original author(s) or licensor are credited and that the original publica-

tion in this journal is cited, in accordance with accepted academic practice. No

use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Microbiology | Aquatic Microbiology November 2013 | Volume 4 | Article 356 | 14

http://dx.doi.org/10.3389/fmicb.2013.00356
http://dx.doi.org/10.3389/fmicb.2013.00356
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Aquatic_Microbiology/
http://www.frontiersin.org/Aquatic_Microbiology/archive

	Gimme shelter: how vibrio fischeri successfully navigates an animal's multiple environments
	Introduction
	Initiating the symbiosis: biofilm formation
	Traversing the terrain of the squid: motility and chemotaxis
	Motility
	Chemotaxis

	On the defense: combating antimicrobials
	Nitric oxide
	Reactive oxygen species
	Other antimicrobials

	Light in a dark place: bioluminescence
	Lux and quorum sensing
	Additional regulators of bioluminescence

	Conclusion
	Acknowledgments
	References


