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Abstract

Recent research on a wide variety of systems has demonstrated that animals generally coevolve
with their microbial symbionts. Although such relationships are most often established anew each
generation, the partners associate with fidelity, i.e., they form exclusive alliances within the
context of rich communities of non-symbiotic environmental microbes. The mechanisms by which
this exclusivity is achieved and maintained remain largely unknown. Studies of the model
symbiosis between the Hawaiian squid Euprymna scolopes and the marine luminous bacterium
Vibrio fischeri provide evidence that the interplay between evolutionarily conserved features of
the innate immune system, most notably MAMP/PRR interactions, and a specific feature of this
association, i.e., luminescence, are critical for development and maintenance of this association.
As such, in this partnership and perhaps others, symbiotic exclusivity is mediated by the
synergism between a general animal-microbe ‘language’ and a ‘secret language’ that is
decipherable only by the specific partners involved.
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1. Introduction

Biologists have long known that the immune system manages a significant portion of an
animal host’s response to the microbial world. The description of such responses has been
largely focused upon the elements associated with pathogenesis. Decades of research in this
area have identified a large number of molecules, pathways, and networks that are active
when the animal host’s homeostasis is under pathogen-induced stress. Likewise, in our study
of the microbes, research of the biology community has concentrated on the analysis of
virulence factors that induce these host responses to pathogens. In the last 10 years,
however, with the growing recognition of the prevalence of beneficial animal-microbe
interactions, it has been necessary to modify the current views to incorporate this new
knowledge into our concepts of the form and function of animal immune systems, as well as
the activity of microbes [1,2].
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One important discovery is that much of the cell and molecular biology of host-microbe
pathogen interactions is shared with beneficial or benign interactions (see below). But, what
might we be missing? Are there dedicated systems specific to the control of coevolved
beneficial symbioses that work in concert with the immune system, as a sort of ‘secret’
language of any given partnership? Or, might such systems be considered a yet
undiscovered arm of the immune system? If such systems do exist, one key role would be to
ensure that the specific coevolved symbioses are established and maintained each
generation. At this point in time, we have almost no understanding of the mechanisms
underlying recognition and specificity in coevolved beneficial animal-microbe associations.

Relatively simple symbiotic relationships, such as those alliances characteristic of many
invertebrates, can illustrate basic, conserved principles by which mutualisms are governed
[3]. In several of these associations, the exact products that are exchanged between host and
symbiont have been determined, i.e., the molecular basis of the mutualism is well
characterized (see e.g., [4]). The present contribution explores the specific symbiotic
language, i.e., luminescence, of one invertebrate-bacterial association, the squid-vibrio
system. While luminescence is an unusual character in animal symbioses, it is easily
measured and genetically manipulated and, thus, lends itself to experimental approaches.
Studies of luminescence in this system have demonstrated that light production by the
symbiont and its perception by the host are essential characters of the association, without
which the symbiosis does not persist. We discuss here what is known about how symbiont
light production works in concert with symbiont MAMPs to shape host development and
homeostasis.

2. The common language — MAMPs and PRRs in animal-microbe
interactions

‘Microbe-associated molecular patterns’ (MAMPS), a term coined by Koropatnick et al. [5]
as a variation of ‘pathogen-associated molecular patterns’ (PAMPS), and host pattern-
recognition receptors (PRRs) are well known, highly conserved mediators of animal-
microbe interactions. Studies of mutualistic symbioses in recent years have demonstrated
that these receptor-ligand dynamics can also be essential elements underlying the onset,
maturation, and persistence of mutualistic animal-microbe partnerships. For example, in a
benchmark 2004 contribution to Cell, Rakoff-Nahoum and coworkers [6] demonstrated that
exposure to the MAMP lipopolysaccharide (LPS) of the microbiota is essential for gut
homeostasis in mammals. Before this report, LPS (aka ‘endotoxin’) signaling to host cells
was thought to be restricted to its role as a PAMP; PAMPs typically interact with host
receptor molecules (e.g., Toll-like receptors, NOD (nucleotide-binding oligomerization
domain) -like receptors, etc.) and activate pathways associated with response to microbial
invasion of host tissues, such as the NF(nuclear-factor)-kappaB pathway (for reviews see
[7,8]). Similarly, analyses by Bouskra and coworkers [9] showed that peptidoglycan (PGN),
well studied for its role in pathogenesis, is critical for development of the gut-associated
lymphoid tissue of mammals. PGN is also critical for the homeostasis of the gut of
Drosophila melanogaster [10]. Taken together, these recent data indicate that it is the
context of MAMP/PRR interactions, i.e., when, where and with what partnership, that
determines the nature of the interaction (i.e., benign or pathogenic) and that the dynamic
between these molecules is widespread across the animal kingdom.

The receptor-ligand activities of MAMPs and their associated PRRs have been studied
extensively in the squid-vibrio symbiosis [11,12,13,14]. In this association, the Hawaiian
bobtail squid Euprymna scolopes harbors in its tissues luminous Vibrio fischeri cells and
uses this luminescence as an antipredatory strategy in its nocturnal behavior. The symbiont
cells occur extracellularly along the apical surfaces of epithelial cells in a complex structure,
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or light organ, in the center of the body cavity (Fig. 1) (for review see [15]). The epithelia-
lined crypt spaces, which are the blind-ended regions of the light organ that house the
symbionts, are not unlike those of the small intestine of mammals. This experimental model
is exploited to provide insight into the mechanisms underlying the onset and maintenance of
persistent colonization of epithelia by gram-negative bacteria, perhaps the most common
type of animal-bacterial interaction that occurs in nature. The principles gained by the study
of the squid-vibrio model are directly applicable to many invertebrate associations, where
binary symbioses or symbioses with few microbial partners are common. In the vertebrates,
where consortia of microbes are the ‘rule’, the model will not provide insight into how
consortia interact, but rather provide a valuable comparison for studies involving the
monoclonization of germ-free vertebrates.

Early studies of this symbiosis revealed that the symbiont V. fischeri is the exclusive partner
of the host squid in the light organ; i.e., in the absence of the symbiont, none of the other
hundreds of bacterial species in the surrounding seawater colonize host tissues [16]. In
addition, the bacteria drive development of the tissues with which they associate [17]. Once
the symbiosis is established, it is maintained in dynamic balance by a profound diel rhythm,
an activity that involves an expulsion of much of the resident symbiont population followed
by regrowth to fill the crypts [18]. The molecular dialog underlying these events is
dominated by derivatives of the two specific MAMPs mentioned above, LPS and PGN [11];
recent data provide evidence that at least a portion of the host response is mediated by
lipopolysaccharide-binding proteins (members of the LBP/BPI protein family) [19,14] and
peptidoglycan-recognition proteins (PGRPs) [12,13].

3. The secret language - luminescence

Luminescence is the principal product, or ‘currency’, provided by the bacterial symbionts to
the host in the squid-vibrio symbiosis; i.e., it is unlike most symbiotic associations, where
the microbial partner provides nutrients to the host. As discussed in detail below, we have
evidence for host detection of symbiont light production in two regions of the host light
organ: (1) in the cells of the superficial ciliated epithelium, where symbionts attach during
initial stages of the colonization process (Fig. 2A/B); and, (2) in the crypt spaces, where,
following colonization, the bacteria reside for the life of the host (Fig. 2C). The light
produced by V. fischeri results from the activity of the genes in the lux locus (Fig. 2D). This
bacterial species is one of the many that exhibit regulation through quorum sensing, i.e.,
expressing a specific phenotype only at high population density [20]. In this instance, the
quorum sensing results in induction of luminescence. An autoinducer molecule, the
synthesis of which is under the control of the luxI gene, is constitutively produced, so that
the lux operon is transcribed at low levels even in solitary V. fischeri cells. This activity
results in very low levels of light production by individual cells, such as those in the
bacterioplankton that would encounter host cilia during initial interactions with host tissues.
When V. fischeri achieves high population density in crypt spaces, the exported autoinducer
molecule concentration builds up and positively regulates, through the luxR gene, the
activity of the lux operon. As such, the bacteria become highly induced for luminescence,
which the animal uses in its behavior. This first induction of luminescence in the crypts
occurs at ~12 h following initial exposure to environmental V. fischeri. Thereafter the
luminescence is always induced, although the intensity follows a pronounced diel rhythm
[21].

It is perhaps not surprising that the light, as the pivotal currency of the association, plays a
central role in the squid-vibrio symbiosis. The first indication that host tissues could
perceive the bacterial light came from studies of V. fischeri mutants defective in the luxA
gene, which encodes for one of the subunits of the bacterial luciferase [22]. Such mutants,
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while capable of initial colonization, are sanctioned as ‘cheaters’, i.e., excluded beginning at
about 48 h and eventually lost from the crypt spaces (Fig. 3, upper left). Similar results were
subsequently obtained by a deletion of the entire lux operon [23]. Studies of the host have
demonstrated that bacterial light production is essential for normal transcriptomic responses
(Fig. 3, upper right), and normal behavior of host cells associated with bacteria-induced
development (Fig 3; lower). Specifically, mutants defective in light production do not cause
the swelling of the host crypt epithelial cells, which is typically induced by wild-type
symbionts [22] (data not shown); and, they neither induce the hemocyte trafficking in (Fig.
3, lower left) nor signal the morphogenesis of the ciliated superficial epithelial tissue (Fig. 3,
lower right).

These studies of the influence of symbiont luminescence on host development have
provided evidence that light production acts in concert with V. fischeri MAMPs, specifically
the lipid A component of LPS and the peptidoglycan monomer TCT (‘tracheal cytotoxin®),
which are known morphogens in the system. Two of five annotated genes [19] with
expression profiles at 18 h that are affected by defects in the lux operon (a
lipopolysaccharide-binding protein, ESLBP1, and a peptidoglycan-recognition protein,
ESPGRP1) are orthologs of evolutionarily conserved MAMP receptors [14,24]. The host
cellular phenotypes of hemocyte trafficking and apoptosis-mediated morphogenesis,
processes that are largely induced by symbiont lipid A and TCT, also do not occur at normal
levels in animals colonized by symbionts defective in light production [25]. Taken together,
the evidence thus far suggests that light works synergistically with bacterial surface
molecules to trigger much of the bacteria-induced development of the light organ. We are
currently studying the mechanisms underlying the synergy of MAMPs and luminescence in
the induction of development.

Symbiont-induced hemocyte trafficking into the tissues of the ciliated surface of the juvenile
organ begins during harvesting of the symbionts from the environment, and can be induced
by TCT presented as a pharmacological agent [25]. A recent study has demonstrated that,
under these normal conditions of low symbiont inoculum (~5,000 symbiont cells/ml of
seawater), hemocyte trafficking is induced by 3-5 V. fischeri cells attaching to the cilia of
the epithelial surface of the organ (unpublished data). Although not yet tested, much of this
host phenotype is likely due to the constitutive production of TCT by the few attaching
symbiont cells. For the present contribution, we carried out experiments to determine
whether the light produced by wild-type V. fischeri cells in the bacterioplankton might act
synergistically with TCT to induce normal hemocyte trafficking during this period. We
found that mutants in the lux operon are not capable of inducing normal hemocyte
trafficking in an early stage of the symbiosis (Fig. 4, left). These data provide evidence that
even low levels of symbiont light produced by the wild-type cells are critical for normal host
responses and that the host is aware of interaction with a luminescence-defective mutant, or
cheater, at the very earliest stages of the onset of the association. These data were surprising,
although we already knew that the presentation of the V. fischeri MAMP TCT was important
to induce hemocyte trafficking. Our finding that light also signals this cell phenotype
prompted us to examine a double mutant, defective in both light production and TCT
transport, to determine whether these two signals might work synergistically. When the
tissues were examined at 24 h, a time when trafficking is at its peak, we found that the effect
was not additive (Fig. 4B), which suggests that these two signals, although both active,
likely operate through different mechanisms, or only one is necessary (i.e., they are
redundant). What still remains to be determined is the connection between host receptors of
symbiont MAMPs and the eventual behavior of hemocyte trafficking.

Finally, we also determined whether light production might affect the behavior of the host
molecules that interact with the bacterial MAMPs. An easily quantifiable response is the
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symbiont-induced secretion of ESPGRP2 into the crypt space [12]. Mutants defective in light
production are not capable of inducing normal levels of secretion of this molecule (Fig. 5).
Biochemical studies of purified ESPGRP2 have shown that it is capable of breaking down
TCT [12]. As V. fischeri cells export TCT constitutively, it is likely that this molecule is in
very high concentration in crypt spaces where the dense populations of the symbiont reside.
The export of ESPGRP2 into the crypt spaces is likely to ‘tame’ this perturbing MAMP [12].
The data on mutants in light production provide evidence that the dark bacterial phenotype
compromises the breakdown of the TCT molecule, a process that may be critical for
symbiont persistence. To determine whether this interpretation is valid will require further
research.

Thus, key findings from the squid-vibrio system include: (1) symbiont luminescence is
required for normal host-tissue development, i.e., luminescence, in addition to conserved
MAMPs, acts as a morphogen; and, (2) the symbiont must be luminous to persist in host
tissues, i.e., if the symbiont is not ‘doing its job’, it is eliminated from the partnership. In
addition, variants of V. fischeri that are dim or dark have not thus far been identified among
the hundreds of strains isolated from the light organs. These findings suggest that
mechanisms are present by which host tissues perceive bacterial luminescence, and this
feature of V. fischeri is a sine qua non for its ability to be a symbiont.

4. Host sensing of symbiont luminescence — eyes, light organs, and
immune privilege

How does the host know that the symbiont is making light? The squid light organ contains
features, at multiple levels of biological organization, similar to those that are found in the
eye. At the morphological level, both organs have a lens and reflective tissue [26,27], and at
the molecular and biochemical levels, the light organ expresses the same genes and produces
the same proteins involved in phototransduction [28]. Among these proteins are opsin,
which activates phototransduction, and rhodopsin kinase and arrestin, which deactivate
phototransduction. We are also finding that both organs contain cryptochromes, which are
blue-light sensitive proteins known to set circadian rhythms (pers. obs). As described above
(section 2), light-organ tissues were found to perceive light. Such physiological perception
was validated with electroretinograms, which indicated a net hyperpolarization upon
simulation of the tissues [28]. Most recently, we are finding that the eye and light organ are
likely to develop under the same inductive signals, as both organs express genes that are
critical for eye formation, such as pax6 (paired box gene 6), eya (eyes absent), six (sine
oculis), and dac (dachshund).

Interestingly, the convergence of the eye and light organ may also extend beyond form,
function, and development to a phenomenon referred to as immune privilege. The phrase,
immune privilege, was first used in reference to the anterior segment of the vertebrate eye
(i.e., cornea), as such tissues are among the few within the body to accept donor grafts
[29,30]. In association with V. fischeri, light-organ tissues might be considered to have such
‘privilege’ in that the bacterial symbionts are somehow protected from clearance by the
squid immune system. However, that V. fischeri persists where no other bacterial species is
able to do so would beg the question: Why is the light organ not open to other bacterial
species? A key feature that renders vertebrate corneal tissues such immune protection is that
they are largely non-vascularized [30,31]. As such, these tissues are not subject to immune
system responses delivered through the circulatory system. As described above (section 3),
portions of the light organ, similar to the retina, are highly vascularized and the squid
circulatory system responds dramatically upon induction of symbiosis. However, other
portions of the light organ that are analogous to the vertebrate cornea, including the tissues
closely associated with the lens, are not well vascularized. Taken together, the dramatic
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convergence of eye and light organ appears to represent a striking example of ‘evolutionary
tinkering’, i.e., the creation of novelty (the light organ) by the use of pre-existing characters
(features that drive the form and function of the eye) [32,33]. In the case of the light organ,

evolutionary tinkering was driven by animal-bacterial interaction.

5. Concluding remarks and future challenges

Further study of the dynamics of beneficial host-microbe interactions will certainly begin to
reveal features that are unique to this type of symbiosis. While the squid-vibrio system
offers a dramatic case, we are rapidly gaining insight into other systems. For example, recent
research on Bacteroides fragilis, a constituent of the mammalian microbiota, has
demonstrated that a single molecular species, a particular zwitterionic polysaccharide (PSA),
dramatically impacts the development and function of the immune system [34].

In light of these new findings, biologists, particularly immunologists, may be expanding
their view of the immune system under a larger umbrella. For example, as symbiont
luminescence is critical to the host recognition of and response to the bacterial partner in the
squid-vibrio system, it might be considered a MAMP. Similarly the light-responsive host
elements, such as components of the visual transduction cascade or cryptochromes, might be
considered PRRs (although this interpretation may broaden the definition of PRR beyond
what is acceptable by most biologists). Might PSA of B. fragilis also be considered a
MAMP?

Defining the “secret’ language of mutualistic symbioses, particularly those that involve
multiple partners, such as in the vertebrate gut, will be challenging. The genomics age has
allowed biologists a glimpse into the diversity of the microbiota of animals. Much insight
into how the microbiota shapes the biology of a given animal is also likely to come from
further host and symbiont genomic (e.g., the orphan genes) and transcriptomic (hypothetical
genes whose expression is shared among mutualistic associations) signatures. As such, the
study of mutualisms offers a remarkably fertile frontier for the field of biology.

Abbreviations

LPS lipopolysaccharide

MAMP microbe-associated molecular pattern

PAMP pathogen-associated molecular pattern

PGN peptidoglycan

PGRP peptidoglycan-recognition protein

PRR pattern-recognition receptor

TCT the peptidoglycan monomer, ‘tracheal cytotoxin’
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Fig. 1.

The light organ system of Euprymna scolopes. Left, a ventral view of a juvenile animal
showing the location of the light organ in the mantle cavity (white arrow). Symbiont-
containing tissue is surrounded by the ink sac, diverticula of which serve to modulate
symbiont light emission from the animal. Right, the external (left half) and internal (right
half) features of the juvenile light organ. The surface of the organ is covered by a ciliated
field (cf), which overlies the ink sac (is), at the base of which are three pores (p), the sites of
symbiont entry into host tissues during initial inoculation of the organ. Right, small numbers
of symbiont cells enter the three pores and travel into three independent blind-ended crypt
spaces (red, blue, yellow), where they grow out and begin to luminesce. Association of the
symbiont cells with host tissues induces hemocyte (brown spheres) trafficking into the blood
sinus of the ciliated field. hg, hindgut.
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Fig. 2.

Host tissues and bacterial light production. Light is produced at and perceived by two
regions of the organ, the ciliated field and the crypt spaces. A. The ciliated epithelial field
where symbiont cells first associate with host tissues. The epithelium is a single layer
overlying a blood sinus (b). B. Symbiont cells (Vf) closely associate with host cilia (red
arrows). C. Following migration from the cilia into the pores (p), the bacterial population
grows out and luminesces in the crypts (bright blue). D. The lux operon. The regulatory
genes operate to sense symbiont cell density in the phenomenon called quorum sensing.
When the population grows to high enough density, the transcription of the structural genes,
which encode substrates and enzymes of the light reaction, is induced. is, ink sac; hg,
hindgut.
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Fig. 3.

The importance of light production to normal symbiosis. Upper left, mutants defective in
light production (4lux, ‘dark mutant’) fail to persist in the host organ. No defect occurs with
colonization, as these mutants colonize to wild-type levels at 24 h, but by 48 h, the
population has diminished several fold and the colonization of these mutants is entirely lost
within days. Upper right, dark mutants are defective in inducing normal symbiosis-induced
changes in the expression of several genes. A heat map (upper) analysis shows that the
absence of symbiont luminescence dramatically affects the overall patterns of the
transcriptome. Most notable is the defect in changes in expression of genes encoding the
MAMPs-interacting proteins, ESLBP1 and ESPGRP1. Lower left, dark mutants are defective
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in inducing normal activities of host cells, including hemocyte trafficking into the blood

sinus. Lower right, dark mutants are also defective in normal development, i.e., in the
symbiosis-induced loss of the ciliated field.
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Fig. 4.

Host responses to V. fischeri cells uninduced and induced for light production, and the
interplay with MAMPs. Animals are exposed to bacteria-rich seawater in the absence (apo)
or presence of V. fischeri, either wild-type (wt) or mutant. Left graphs, perception of the
small amount of light produced by uninduced V. fischeri cells. As early as 3 h, when bacteria
are attaching to the cilia (left graph), a statistically significant (*) increase in hemocyte
trafficking into the appendages of the ciliated fields can be observed in animals exposed to
wild-type symbionts. Mutants defective in light production (hv-) show less, although not
statistically significant, induced trafficking than wild-type (wt). By 6 h, when symbionts are
moving through the ducts and into the crypts, both apo and mutants defective in light
production are statistically significantly different (*) from wild-type. Right graph, responses
at 24 hto V. fischeri cells in the crypts, which are induced for luminescence. Mutants
defective in light continue to be defective in hemocyte trafficking. Mutants defective in
transport of TCT (tct-), the principal inducer of this host phenotype, also show a defect, but
the double mutant (hv-/tct-) does not show synergy of these two signals. N = 25-36 animals
for each condition. Significance was determined by calculated Poissonian p-values for the
comparisons examined.
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Fig. 5.

The effect of normal light production on ESPGRP?2 into the crypts. Confocal images of
immunocytochemistry of the host light organ at 24 h: antiEsPGRP2 (rabbit polyclonal),
green; nuclei (TOTO3; Invitrogen), blue; actin cytoskeleton (rhodamine phalloidin), red.
Left, colonization by wild-type (wt) V. fischeri induces strong transport of ESPGRP2 into the
crypt spaces, which is attenuated in colonization by mutants defective in light production
(hv-); control, preimmune serum alone. Graph right, quantification of fluorescence (n = 11—
14 crypts for each treatment) * = p < 0.05 by a Student’s t-test for unequal variance.
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