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Abstract

Microorganisms shape, and are shaped by, their environment. In host—microbe associations, this environment is defined by tissue chemistry,
which reflects local and organism-wide physiology, as well as inflammatory status. We review how, in the squid—vibrio mutualism, both partners
shape tissue chemistry, revealing common themes governing tissue homeostasis in animal—microbe associations.
© 2015 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Animals and plants have evolved in a sea of microbes [43].
Some of these microbes form beneficial and co-evolved alli-
ances with specific host tissues, from which both partners may
derive benefits such as nutrient acquisition or defense [43]. In
recent years, it has become clear that the composition of an
organism's microbiota is structured by the host's tissue envi-
ronment [23]. Host-tissue chemistry reflects both underlying
physiological function and inflammatory status (for an in-
depth review of tissue homeostasis, refer to [9]). The bal-
ance of these two factors varies, even within tissues of the
same organ system. For example, the intestinal epithelium of
animals is much more tolerant of inflammation-inducing mi-
crobial products in the colon (a major site of immune matu-
ration), than in the ileum (the primary site of nutrient
absorption) [49]. Thus, tissue chemistry and physiology can
present significant selective pressures on the evolution of
mutualism. In turn, the interaction of the normal microbiota
with the innate immune system is a key mechanism that
shapes the tissue environment, and mediates the activation of
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adaptive immunity [32]. From this perspective, the relation-
ship between the innate immune response and the microbiota
is at the core of the acquisition, development, and maintenance
of microbial symbionts.

Invertebrate animal models have long been critical to the
study of innate immunity/microbe interactions, beginning in
the 1800's, when Metchnikoff first observed phagocytosis in
starfish larvae. Since this time, these invertebrate models have
provided a window into the mechanisms by which the innate
immune system maintains homeostasis, and have already
revealed cornerstones of the chemical dialogue that underlies
stability: for example, toll-like receptors, a major class of
sensors of bacterial products, were first discovered during
studies of the fruit fly [26]. It is likely that the strategies of
innate immune recognition used by other branches of inver-
tebrate phylogeny, such as annelids, nematodes, and mollusks,
have much to reveal about the conserved strategies of mutu-
alism [21,53]. In this review, we focus on the molluscan
branch of metazoan phylogeny and, specifically, on what the
squid Euprymna scolopes has revealed about how its innate
immune system and its co-evolved microbial symbiont, Vibrio
fischeri, orchestrate the initiation, development, and mainte-
nance of mutualism. A discussion of the mechanisms under-
lying these processes is not within the scope of the present
review; for that, we recommend recent articles on the immune
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systems of squids and other invertebrates [21,53,63]. We focus
instead on how the squid—vibrio mutualism has contributed to
our understanding of the chemical ‘language’ that forms the
negotiation between a microbial symbiont and its host's innate
immune response.

1.1. The squid—vibrio model

E. scolopes forms a specific association with the Gram-
negative, bioluminescent, marine gamma-proteobacterium V.
fischeri. The mutualism takes place in the epithelium-lined
crypts of a specialized anatomical structure of the squid
called the light organ [74] (Fig. 1A). The functional basis of
this mutualism is the bioluminescence provided by V. fischeri,
which is used for host behaviors. The light organ shares much
of the anatomical and physiological features of an eye: a lens
and reflector manipulate the intensity and direction of
bioluminescence (Fig. 1B), and the supporting epithelial
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Fig. 1. The anatomy of the juvenile squid—vibrio mutualism. A) The squid's
light organ is the anatomical structure that maintains the bioluminescent
symbiont V. fischeri and modulates light output. The organ is located under-
neath the mantle of the squid, just atop the funnel: a structure used to move
water into and out of the mantle cavity. The immature light organ (boxed in
red, and enlarged at right) has bilateral ciliated fields and appendages. At the
base of the appendages are pores, leading into the crypts of the light organ. B)
A cross-section of the light organ, boxed in blue in (A), shows that the sym-
biont (teal) is maintained in extracellular crypts lined with a polarized
epithelium that is photoreceptive. Structures surrounding the crypts, such as
the reflector (indicated in green dashed lines), ink sac, and lens manipulate the
light produced by the symbiont for host behaviors.

tissue is photoreceptive [44] and expresses genes involved in
eye development [58]. Unlike the eye, which collects and
perceives light from the environment, the light organ ma-
nipulates the bioluminescence of a dense (10° CFU/mature
light organ) population of V. fischeri [64]. Only V. fischeri can
colonize this tissue habitat, and a persistent, monospecific
population of the symbiont is maintained in the light organ
throughout the squid's ~9-month life. The squid's immune
response is orchestrated primarily by both a population of
circulating macrophage-like immune cells, called hemocytes
as well as humoral immune components, such as comple-
ment, and antimicrobial peptides, and tissue-specific re-
sponses to microbe-associated molecular patterns (MAMPs)
[45,63]. In the following sections, we review our current
understanding of the chemical selection for V. fischeri that
occurs during the initiation, development and maintenance of
mutualism.

2. Initiation: the winnowing process

Symbiosis is initiated in a multi-step process, beginning
when the newly hatched squid harvests V. fischeri cells from
the bacterioplankton. Ecological studies have demonstrated
that V. fischeri is enriched in the squid's habitat, but still
represents only a minor constituent of the total population
[40]. Therefore, the challenge for a juvenile squid is two-
fold: it must first sample sufficient seawater to encounter V.
fischeri, and then select cells of this specific symbiont from
among the many kinds of other microbes that have been
collected, in a process named ‘winnowing’ [56]. Winnowing
begins outside of the light organ, in bilateral ciliated fields
that are unique to the uncolonized, or aposymbiotic, state.
This complex, step-wise progression occurs over a distance
of only a hundred microns, highlighting the importance of
understanding the nanoscale structure of host-tissue micro-
environments. In this section, we review what is known of the
chemical exchange that takes place between the partners
during winnowing.

2.1. Making first contact

Upon hatching, ventilation of the mantle cavity brings
bacterioplankton-rich seawater in contact with the surface of
the light organ. Peptidoglycan (PGN) fragments of cell wall
released by these bacteria induce a non-specific shedding of
sialylated host mucus [52] (Fig. 2A). The acidic glycosyl-
ation of the mucins produces a matrix with a pH of ~6.3
[37], in which the bacterioplankton are entrapped. Host
antimicrobial peptides/proteins such as galaxin and pepti-
doglycan recognition-protein 2 (PGRP2), establish an early
negative selection against Gram-positive microbes in the
mucus [30,75]. Combined with other antimicrobial constit-
uents secreted into the mucus, such as the oxygen carrier
and phenoloxidase, hemocyanin [38] and, as yet, unchar-
acterized factors, the chemistry that defines this first site of
host contact results in the exclusion of many seawater
bacteria.
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Fig. 2. The winnowing of the symbiont. The events described in this figure take place in the external ciliated epithelium of the light organ (lower left, indicated by
red box). A) The first contact of host and symbiont is accompanied by the presentation of microbial products. Along the surface of the light organ's ciliated
epithelium, peptidoglycan (PGN), shed by seawater bacteria, induces mucus production (purple). V. fischeri bind to the cilia. The binding event may also promote
presentation to host tissues of lipopolysaccharide (LPS), which is released by V. fischeri during rotation of its sheathed flagella. B) The mucus is a site of chemical
selection. In addition to sialylated mucins (pH 6.3), antimicrobial peptides (AMP) and nitric oxide (NO) shape the chemistry of the mucus matrix. The mucus is an
environment that not only excludes Gram-positive microbes (G+), but also allows V. fischeri to out-compete any co-aggregating Gram-negative microbes such as
Vibrio parahaemolyticus. C) The mucus chemistry prepares V. fischeri for colonization. Contact with V. fischeri induces the expression of host enzymes that result
in the accumulation of chitin sugars (CS) in the mucus matrix. The exposure to CS, as well as to NO, primes V. fischeri for migration into, and survival within, the
light-organ crypts. Specifically, after CS priming, V. fischeri chemotaxes towards a gradient of the sugar that emanates from the pores (indicated at center of red

box), which serve as the entrance to the crypts.

2.2. Establishing dominance in the mucus

Aided by the PGN-triggered mucus, V. fischeri cells that are
drawn into the mantle cavity during ventilation adhere directly
to the cilia on the organ's surface [1] (Fig. 2A). As a result of
this adhesion [1], and perhaps the release of LPS during the
rotation of the symbiont's sheathed flagellum [7], the tran-
scription of additional antimicrobial factors such as lysozyme,
chitinase, legumin, ferritin, and peptidase is induced in light-
organ tissues [37]. A subset of these antimicrobials accumu-
lates in the mucus, and may represent another, symbiont-
induced, stage of winnowing (Fig. 2B). Those V. fischeri
cells that encode the gene rscS, a regulator of capsule for-
mation that is present only in certain squid-specific strains
[42,84], will adhere to each other, forming aggregates [76].
The mucus may also be a site of competition between the
small number of microbial species that can withstand its
particular chemistry: some other Gram-negative bacteria, like
Vibrio parahaemolyticus, also form aggregates, but only in the
absence of V. fischeri [55], suggesting a positive role of the
symbiont in driving specificity. Future characterization of both
mucus chemistry and the signaling between host and symbiont
will reveal the mechanisms by which this environment is
defined as the initial site of selection.

2.3. Preparing for colonization

While in the aggregate, exposure to host-derived nitric
oxide (NO), and chitin-derived sugars (CS) prepares, or

‘primes’, V. fischeri cells for the next steps of colonization
[37,79,80] (Fig. 2C). NO is present in the mucus at levels that
are below the lethal threshold for V. fischeri [15], yet suffi-
cient to induce a response that coordinates resistance to
subsequent exposure to NO and iron-linked oxidative stress
[19,70,79,80]. CS are derived from the host glycan chitin: a
polymer of beta-1,4-linked N-acetylglucosamine (GIcNAc)
residues. Hydrolysis of chitin by host enzymes creates a
chemotactic gradient that emanates from pores at the base of
the ciliated fields. This gradient primes the symbiont's
chemotactic migration from the ciliated fields to these pores,
and then into the light organ [41,37]. Thus, the mucus is both
a site of selection and a platform that coordinates the tran-
sition of symbionts from the seawater habitat to the host's
tissues.

2.4. How does the squid—vibrio association contribute
to our understanding of the initial selection for
cooperation?

The complexity of light-organ colonization highlights a
theme among co-evolved animal—microbe associations: the
host tailors its tissue chemistry to achieve specificity [12].
Other examples of this strategy include (i) secretion of
antimicrobial peptides on the epithelial surface of hydra,
which facilitates the colonization by a specific and robust
microbial community from the surrounding water [22], and
(ii) the pregnancy-driven changes in the tissue chemistry of
the mammalian gut and vaginal canal, which shift the
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composition of the maternal microbiota responsible for
neonatal colonization [23]. Moreover, the presentation of
MAMPs by the symbiont can induce changes in mucus
chemistry, creating a site of selection and priming for colo-
nization. Similar studies of the vaginal mucosa of mammals
[23], or the egg capsule of invertebrate larvae, may reveal
that both symbiont-induced changes in mucus chemistry and
priming of the symbiont for colonization are common stra-
tegies by which animal hosts select their initial microbial
colonizers.

3. Development: transitioning in the environment

Colonization, defined as the proliferation of symbiont cells
in the light-organ crypts, sets in motion an irreversible pro-
gram of host development and morphogenesis. The signal for
this transition is presented at dawn, following the first night of
colonization [16,35]. Whereas the transcriptional response to
first contact correlates with physiological changes that support
symbiont acquisition, a study profiling host transcription after
colonization (>18 h post inoculation) suggests both
bioluminescence-dependent and -independent morphological
responses [10]. For example, MAMPs presented in the crypts
by V. fischeri (e.g., PGN and lipopolysaccharide) induce an
irreversible morphogenesis of the light organ [35] that marks
the beginning of the symbiont's accommodation to the crypt
environment. Symbiont bioluminescence not only serves as
the functional basis of the mutualism [73,77], but also is
required for full morphogenesis [36]. In the following section,
we review the chemistry and physiology that characterize both
symbiont-induced host-tissue morphogenesis, and the selec-
tion for symbiont bioluminescence.

3.1. Creating barriers: symbionts induce irreversible
morphogenesis

Symbionts that successfully migrate into the light organ,
and present MAMPs there, attenuate the production of NO in
the crypts, and induce mucus shedding [15,52] (Fig. 3A). The
attenuation of NO by both PGN and lipopolysaccharide (LPS)
signaling is accompanied by the trafficking of hemocytes into
the ciliated-fields [2] (Fig. 3B). MAMP signaling from the
crypts orchestrates the subsequent apoptosis and regression of
these structures [34,45] (Fig. 3B). Although the crypts remain
open to the environment via the pores, the loss of the ciliated
fields creates a significant physical restriction to subsequent
colonization [74] (Fig. 3A). Moreover, the symbiont's presence
induces global changes in the protein composition of host
symbiotic tissues [17], and cues the secretion of the enzymes
galaxin [30], PGRP2 [75], and alkaline phosphatase [62] into
the crypts (Fig. 3B). Thus, MAMP signaling by V. fischeri re-
shapes light-organ anatomy to effectively ‘shut the door’
behind those few cells winnowed from the environment, as
well as shift the chemical composition of the crypts. It remains
to be seen whether this symbiont-induced chemical shift
contributes to the specificity and stability of colonization by V.
fischeri.

3.2. Establishing a colonization: bioluminescence
allows persistence in the crypts

The few cells that survive winnowing populate the crypt by
doubling approximately 15 times within the first 12 h of
colonization (i.e., ~1 generation per hour [64]). The resulting
increase in symbiont population density induces biolumines-
cence: an enzymatic process that consumes molecular oxygen
and chemical reducing equivalents [18]. The expression of the
bioluminescence-producing enzyme, luciferase, is transcrip-
tionally regulated by the population-density dependent accu-
mulation of quorum-signaling pheromones in V. fischeri ([6];
for a more in-depth review of the transcriptional regulation of
bioluminescence, consult reference [48]). This regulation is
subject to additional layers of transcriptional and post-
translational control that are linked to the metabolic state of
the symbiont [18,48]. In addition, the metabolic demands of
bioluminescence must be accommodated to those of growth to
maintain both a robust colonization and an appropriate level of
light production throughout the first days of symbiosis [73].
Symbionts that grow but do not produce sufficient biolumi-
nescence cannot maintain a stable colonization of the light
organ [73]. Thus, the balance between growth and biolumi-
nescence in the crypts is key to maintaining the stability of the
association.

The high energy cost of bioluminescence predicts that a
subset of symbiont cells might ‘cheat’ their neighbors by
shifting metabolic resources toward growth at the expense of
bioluminescence. However, this outcome is prevented by a
remarkable mechanism of host surveillance capable of
detecting the bioluminescent status of each cell within the
symbiont population [33]. There are essentially two mecha-
nisms by which a mutation could lead to the loss of biolu-
minescence: an altered production (/uxIR) or functionality
(luxAB) of luciferase, or the loss of its substrate, tetradecanal,
by mutation of luxC, D or E (Fig. 3C). The loss of luciferase
enzyme function would also alter the balance of oxygen
consumption by the symbiont. In the presence of free oxygen,
the host enzyme phenoloxidase/hemocyanin catalyzes the
production of the bactericidal melanin precursor dopaquinone
from tyrosine derivatives [38]. Thus, a symbiont unable to
consume oxygen at a typical rate might be detected and killed
by an ambient increase in phenoloxidase activity [38]
(Fig. 3C). Alternately, tetradecanal limitation leads to an
incomplete reduction of oxygen by luciferase to hydrogen
peroxide, rather than to water and a photon of light [27]. Not
only is hydrogen peroxide toxic, but it also is a substrate for
the host enzyme halide peroxidase, a dianisidine peroxidase
that catalyzes the formation of bacteriocidal hypochlorous
acid (HOCI) from hydrogen peroxide [72]. Halide peroxidase
is abundant in the crypt, and coats the outside of the symbionts
[81]. Thus, it is possible that aldehyde-underproducers would
be detected and killed by increased halide peroxidase substrate
availability (Fig. 3C). In support of this latter prediction, the
hydrogen-peroxide consuming enzyme catalase is required for
V. fischeri to maintain a stable colonization of the light organ
[78]. In addition, squid-specific strains of V. fischeri only
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Fig. 3. Accommodations of host and symbiont in the light-organ crypts. A) V. fischeri (Vf, green), attenuates host production of hypochlorous acid (HOCI, yellow),
and nitric oxide (NO, purple), upon transit into the crypts. The process of initial colonization occurs within the first 6 h after contact between host and symbiont.
Around 12 h post-colonization, the presentation of MAMPs (PGN & LPS) by the symbiont has delivered an irreversible morphogenic signal to light-organ tissues.
During subsequent development of the persistent association, the ciliated fields of the light organ regress, and the crypt structure becomes more complex. By 2
weeks the ducts leading to the crypts have condensed from three to one, and continued colonization by the symbiont has induced a physiological state in host
tissues that prevents secondary colonization. B) Symbiont-derived chemical cues orchestrate physiological and morphological changes in the light organ.
Bioluminescence (teal) induces swelling of the crypt epithelium. Peptidoglycan (PGN) induces release of mucus, and the secretion of antimicrobial factors (AMP,
red squares) into the crypts. Lipopolysaccharide (LPS), attenuates the local production of NO in the crypts, and induces the migration of hemocytes into the ciliated
appendages, which is followed by apoptosis and regression of these structures. C') V. fischeri luciferase is a mixed-function oxidase that produces light upon the
oxidation of FMNH, and an aliphatic aldehyde by oxygen. Oxygen is also a substrate of the dopaquinone-producing host enzyme phenoloxidase (PO). In the
absence of sufficient aliphatic aldehyde, the oxidation of FMNH, and reduction of oxygen produce toxic hydrogen peroxide (H,O,), but no light. Hydrogen
peroxide is a substrate of the toxic hypochlorous acid-producing host enzyme myeloperoxidase (MPO). Greater production of light by the symbiont may reduce the
host's production of antimicrobial compounds (red pathways), facilitating the persistence of the symbionts in the crypts.

produce sufficient aldehyde to support bioluminescence in
symbiosis [5], and non-squid specific strains of V. fischeri that
produce abundant aldehyde in culture can be evolved by
passage through the squid reduce their aldehyde level to one
resembling that of symbiotic isolates [68]. We predict that
further investigation will reveal how phenoloxidase, halide
peroxidase, or other host enzymes detect within the population
dark cells that arise from either class of mutations.

3.3. Constructing the environment: symbionts create a
functional tissue physiology

The bioluminescence and growth of the symbiont popula-
tion also induces reversible physiological/morphological
changes in the crypt epithelium, such as cell swelling [77], and
an increase in the density of microvilli at epithelial surfaces in
contact with symbionts [39]. The function of these physio-
logical changes is not fully understood, but they may be evi-
dence of the host's provision of nutrients to the symbiont.
Among the carbon sources provided in the crypts are (i) amino
acids [25], (ii) glycerophospholipids [82], and (iii) chitin-
derived sugars (CS) [69]. The crypt matrix contains milli-
molar levels of several amino acids and peptides, which are
used by the symbiont to support growth. Because certain
amino-acid auxotrophs of V. fischeri fail to colonize the crypts
to normal levels [25], it appears that these nutrients are not
provided in a growth-balanced proportion. While the signifi-
cance of the composition of amino acids provided to the

symbionts is not known, perhaps it is designed to support
specific metabolic functions of the symbionts.

Symbionts also incorporate host lipids into their mem-
branes [82], leading to an unusual enrichment of long-chain
unsaturated aliphatic acids. A similar incorporation of
eukaryotic lipids into Vibrio cholerae [24,60], and Entero-
coccus faecalis [65] provides protection from host-associated
stressors, suggesting that this modification might also confer
stress resistance to symbiotic V. fischeri. Finally, as the light
organ matures, chitin-associated sugars (CS) become avail-
able [69]. Host-derived CS have profound consequences on
the metabolism and physiology of the crypt, which will be
discussed in Section 4, below. However, in the immature
crypts, the stability of colonization is positively correlated
with the strength of the transcriptional regulator NagC,
whose repression is relieved by symbiont CS catabolism [47].
Thus, the host selects for symbionts that do not respond to CS
during the initial phase of symbiosis, but subsequently re-
quires CS catabolism in the mature association. The host's
provision of CS shifts the metabolism of the symbiont, fa-
voring fermentation [58]. Fermentative catabolism of CS
promotes acidification, and decreases respiratory oxygen
consumption, both of which are predicted to increase the
production of bioluminescence in the symbiotic environment
[38,58,68]. Efforts are currently underway to understand how
CS catabolism contributes to the ability of the symbiont to
persist in the light organ during the transition between
developmental states.
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3.4. Making an indelible first impression: the
development of a host refractory state

A key transition point in development is reached ~2 weeks
after the host—symbiont interaction is initiated: if a non-
bioluminescent strain of V. fischeri has been present in the
crypts, it will have been eliminated by the host [33].
Conversely, the persistent colonization of the light organ with
normal, bioluminescent symbionts leaves an ‘imprint’;
experimental curing after at least 5 days of colonization re-
veals that bioluminescent V. fischeri cells induce a physio-
logical state in the light organ that is refractory to immediate
re-colonization [33]. In addition, while adult hemocytes within
the crypt can contain engulfed V. fischeri cells (S. Nyholm,
personal communication), the continual exposure to V. fischeri
apparently ‘educates’ the circulating population of these im-
mune cells. Interestingly, symbiosis-dependent differences are
apparent in the proteome of hemocytes derived from adult
(>4-week old) animals [67]. In addition, protracted interaction
with V. fischeri expressing the major outer membrane porin
OmpU decreases the binding to, and phagocytosis of the
symbiont [57], suggesting that symbiont physiology may also
play a role. Notably, the V. cholerae ompU homolog is induced
in a low-pH environment, leading to an increased acidic-bile
resistance in this enteric pathogen [61]. Further study of the
mechanisms of hemocyte education, as well as the physio-
logical characteristics of bacteria recognized by educated he-
mocytes, may reveal just how the symbiont modulates the
activity of the host's circulating immune cells.

3.5. How does the squid—vibrio partnership contribute
to our understanding of the development of mutualism?

The squid—vibrio association was one of the first examples
of MAMP-directed tissue morphogenesis [35], and subsequent
studies in this system have reinforced the theme that microbial
metabolites can direct normal host-tissue maturation. Work
with mammals provides many examples of how initial, even
transient, dysbiosis of the microbiota during development can
have lasting detrimental consequences on host health, due to
mis-regulation of pattern-recognition and microbe-dependent
tissue development. For example, antibiotic exposure at birth
affects ileal immunity in mice, leading to inflammation,
metabolic imbalances and increased adiposity [13]. In this
context, the resilience of the symbiont to the constraints of
episodic changes in the host environment is a key determinant
of stability. The squid—vibrio association has revealed that the
metabolic and physiological accommodations of the symbiont
make it resilient to the host-tissue environment and, perhaps,
tailor the immune defenses. This discovery is echoed by the
resistance of the intestinal symbiont Bacteroides thetaiotao-
micron to host antimicrobial peptides, which contributes to the
resilience of this abundant member of the gut microbiota in the
intestinal lumen [14]. Squid-derived nutrition also structures
the development of symbiont metabolism, much like the
changing profile of mammalian mucin glycans selects for
microbes that are able to metabolize plant starches, even

before these starches have entered the infant diet. The resil-
ience of V. fischeri is linked to its metabolic repertoire: the
host's selection initially favors those symbionts that repress
CS-responsive genes during the early stages of symbiosis;
then, it depends on the ability of the symbiont to express these
genes in the mature association. Perhaps genetic manipulation
of primary colonizers of the gut will reveal that an expanded
metabolic repertoire promotes symbiont resilience over the
course of host development.

4. Persistence: daily and circadian rhythms

Once established in a morphologically mature light organ,
the symbiont population is maintained in a dynamic, daily
cycle for the life of the host [4]. This period of ‘persistence’
constitutes 90% of the lifetime of the squid [33]. Remarkably,
the host maintains a monospecific colonization of V. fischeri
throughout this period, and does so while preventing the loss
of bioluminescence over approximately 3000 microbial gen-
erations [83]. From the first day, the light organ is subject to a
diel biological rhythm, in which photoreceptive tissues
perceive the dawn light cue, and cause expulsion of the crypt
contents, including the majority of the symbiont population [4]
(Fig. 4). The remaining symbionts rapidly repopulate the
crypts, and the majority of the resulting culture is expelled
anew the following morning [64]. After a bioluminescent
population has been established, it will be maintained
throughout subsequent host maturation: a process that occurs
over several weeks, and during which time the anatomical
features of the light organ develop and the crypts increase in
morphological complexity [46].

The establishment and maintenance of the mature symbi-
otic state is driven both by the host's daily response to envi-
ronmental cues, as well as by circadian rhythms (Fig. 4). In
animals like squid, the circadian rhythm is orchestrated by
the central nervous system, which coordinates the peripheral
oscillatory circuits, or clocks, of individual organ systems [3].
The circadian clock is entrained by both transcriptional
and redox-responsive post-translational regulation [20,31]. In
this section, we review the development of daily and
entrained rhythms in the squid—vibrio symbiosis, and the
consequences of these rhythms on tissue physiology and
biochemistry.

4.1. Initial rhythms

Beginning with the onset of the association, the daily
expulsion and subsequent re-growth of the symbiont popula-
tion establish a biological thythm [4]. The expulsion process
occurs even in the absence of the symbiont, but is triggered
only by a light stimulus to the squid's eyes [54]. These factors
indicate that expulsion is a rhythmic, but not a light-entrained,
or circadian, function. In contrast to expulsion, other
symbiosis-dependent rhythms in the initial light-organ tissues
show signs of circadian underpinnings. For example, the
microvilli at the apical surfaces of the crypt epithelium are
shed just before dawn [82] (Fig. 4). Cytoskeletal remodeling
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Fig. 4. Biological rhythms in the host and symbiont. The daily cycle of
symbiosis is characterized by 4 stages (I—IV). The physiological and behav-
ioral attributes of this rhythm are a combination of development-independent
(grey/black), and development-dependent (colored) events, depicted as the
temporal change in the interface between the crypt epithelium and the sym-
bionts. Development-dependent events are established by 4 weeks of persistent
colonization. (I) Just before dawn, the microvilli at the apical surfaces of the
epithelial cells efface. (II) With the dawn light cue, the contents of the light-
organ crypts are expelled. If an animal is colonized, this event clears the crypts
of ~95% of the symbiont population. (III) The host microvilli reappear and the
remaining symbionts re-populate during the day: a period of behavioral
quiescence for the squid. Host-derived nutrients, including amino acids and
phospholipids (P-lipids) support this bacterial proliferation. Just before dusk,
several events take place: lipopolysaccharide (LPS) levels in the crypt are
predicted to increase due to a decrease in LPS-degrading, host alkaline
phosphatase production; in addition, chitin sugar (CS)-bearing hemocytes
migrate into symbiont-colonized light organ tissues. (IV) At dusk, the sym-
biont population ferments CS, producing acid, and releasing oxygen from the
host carrier-protein, hemocyanin. The oxygen released from hemocyanin fuels
bioluminescence, while the acidification of the crypts may lead to an increase
in PGN levels due to its ability to decrease peptidoglycan recognition-protein 2
activity. The host is active in the water column during this night phase, and
uses symbiont bioluminescence in its behaviors.

genes are also subject to a daily transcriptional rhythm,
reflecting in part the daily effacement and renewal of the
microvilli [82]. These initial light-dependent rhythms define
the physiology upon which the symbiosis is established and,
thus, the baseline from which the symbiont population can
shift tissue homeostasis.

The symbiont adds to the existing rhythms of the light
organ by bioluminescence-dependent and -independent pro-
cesses. Symbiont bioluminescence entrains a tissue-specific
circadian oscillation of the clock gene escryl [29]. The reg-
ulatory targets of the bioluminescence-entrained light-organ

clock have yet to be identified, but may include genes tran-
scribed in response to bacterial bioluminescence, such as the
eye specification genes eya, six, pac6 and dac [59], and genes
encoding a predicted vasoconstrictor, octopressin, a matrix
metalloprotease, and hemocyanin [10]. The two MAMPs, LPS
and PGN, orchestrate a rhythm of alkaline phosphatase
enzymatic activity [62], and may be required for the symbiont-
dependent daily rhythm of immune-cell migration [69].
Further study of the light organ's rhythmic biology may well
reveal general physiological parameters that define tissue
homeostasis.

4.2. The mature daily rhythm

The initial biological rhythms of the light organ take on an
additional metabolic and physiological complexity during
post-embryonic development [4,69]. In parallel with the
development of the symbiotic rhythm, the host's behavior
shifts: the squid begins to bury in the daytime, and emerge
only at night to hunt in the open water [71]. It is not known to
what extent this behavioral transition influences the physi-
ology of the light organ, or the animal as a whole; however, it
is likely that the daily burying behavior is accompanied by a
period of metabolic quiescence, as the animal reduces its
respiratory ventilation while buried. Along with the estab-
lishment of this behavioral rhythm, light-organ structures such
as the lens, ink sac, reflector and crypt epithelium undergo a
period of morphogenesis [46]. Behavioral and morphological
development is complete at ~4 weeks, marking the onset of the
mature symbiotic state [11,33].

Coincident with light-organ maturation, the symbiont's
metabolism of carbon develops a daily rhythm. Reflecting this
rhythm, transcripts related to host-associated chitin synthesis
and breakdown, as well to symbiont CS catabolism, increase
in abundance in light-organ tissues at night [82]. CS are pro-
vided to the symbiont through the migratory rhythm of he-
mocytes [69], which carry granules of chitin, a polymeric
‘storage’ form of CS, and enzymes required to hydrolyze the
chitin into soluble fragments [28]. The provision of CS is
positively correlated with the nocturnal migration of hemo-
cytes: a behavior that begins in the first days of symbiosis [69].
However, in the immature crypts, the symbiont neither senses
nor catabolizes CS, suggesting that crypt maturation, or
perhaps education of the hemocytes, is required for the
nocturnal delivery of CS to the symbiont.

4.3. Biochemical cycling in the mature symbiosis

The consequence of the symbiont's metabolic thythm is a
nocturnal acidification of the crypts of adult animals (Fig. 4).
Fermentation of CS at night is sufficient to acidify the crypt
(nocturnal pH ~5.7) [38,69]. In vitro work has demonstrated
that this acidification decreases the activities of two secreted
immunity proteins, alkaline phosphatase and PGRP2 [62,75].
Typically, alkaline phosphatase dephosphorylates LPS, while
PGRP2 degrades PGN, decreasing the ability of these MAMPs
to signal animal cells; thus, acidification may lead to an
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increase in MAMP stability and, thus, signaling in the crypt. In
support of this hypothesis, proteomic studies of the crypt
contents also indicate an abundance of oxidative stress-
associated host and symbiont enzymes [66], possibly a
marker of tissue inflammation. Alternately, oxidative stress in
the crypt may reflect the partitioning of oxygen between
symbiont luciferase and reactive-oxygen producing host en-
zymes [38,72]. Supporting the latter hypothesis, the affinity of
the host's oxygen carrier-protein, hemocyanin, is negatively
correlated with acidification [38], potentiating the delivery of
oxygen to the symbiont at night (Fig. 4). Further character-
ization of the source of reactive-oxygen species in the crypts
promises to inform our understanding of the mechanisms by
which the host selects for nocturnal bioluminescence, and also
identify additional rhythmic attributes of host-tissue
chemistry.

4.4. What does the squid—vibrio symbiosis reveal about
biological rhythms and mutualism?

Biological rhythms are a ubiquitous characteristic of ani-
mals. Underlying these rhythms are the light-entrained oscil-
lation of circadian clocks, as well as multiple light-cued
behaviors. In the squid-vibrio mutualism, rhythmic changes in
tissue chemistry and immune signaling define the daily bio-
logical cycle. The contribution of circadian oscillatiors
entrained by bioluminescence and ambient light to the regu-
lation of this complex physiological rhythm remains an open
question. Increasingly, light-independent physiological inputs,
such as the cellular redox state [20], and microbiota-dependent
immune rhythms [50], have been tied to the regulation of the
circadian clock. Further study of the squid-vibrio mutualism
will reveal whether non-light entrained circadian oscillations
contribute to the profound daily rhythm, and perhaps uncover
novel physiological inputs into circadian circuitry. More
broadly, biological rhythms are emerging as a theme in
beneficial host-microbe associations, and it remains to be seen
how many of the mechanisms emerging to describe the
microbe-dependent maintenance of tissue homeostasis, such
as the modulation of gut-associated macrophage function by
n-butyrate [8], or the regulation of dendritic-cell antigen pre-
sentation by the skin microbiota [51], are coordinated by diel
or circadian biological rhythms.

5. Concluding remarks

When interpreted as a negotiation between host and sym-
biont, the squid—vibrio mutualism reveals a chemical lan-
guage that is selective, dynamic, and rhythmic. From the host's
perspective, the squid has demonstrated chemical strategies to
select for the acquisition and maintenance of a beneficial
microbe that are conserved throughout the metazoans, such as
the immune-dependent structuring of the environment by
antimicrobial peptides, NO, and host-associated glycans.
Future studies of immune-system signaling in the squid could
reveal novel strategies evolved by animals to maintain tissue
homeostasis and prevent inflammation via induction of these

conserved chemical responses. From the perspective of the
microbe, V. fischeri provides an example of how regulation of
metabolic functions, in addition to MAMP signaling, tailors
tissue chemistry and immune function to support a highly
specific and stable colonization. For example, the regulation of
CS catabolism is central to the acquisition, development and
maintenance of bioluminescent V. fischeri in the squid light
organ. As studies of gut tract and other microbiota shift from
the descriptive to the mechanistic, application of a broad
perspective, encompassing studies of invertebrate model sys-
tems such as the squid, will help decipher the reciprocal and
interconnected nature of symbiont stability and host tissue
homeostasis.
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