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Bacterial Bioluminescence Regulates Expression of a Host
Cryptochrome Gene in the Squid-Vibrio Symbiosis

Elizabeth A. C. Heath-Heckman,a Suzanne M. Peyer,a Cheryl A. Whistler,b Michael A. Apicella,c William E. Goldman,d

Margaret J. McFall-Ngaia

Department of Medical Microbiology and Immunology, University of Wisconsin—Madison, Madison, Wisconsin, USAa; Molecular, Cellular, and Biomedical Sciences
Department, University of New Hampshire, Durham, New Hampshire, USAb; Department of Microbiology, University of Iowa, Iowa City, Iowa, USAc; Department of
Microbiology and Immunology, University of North Carolina, Chapel Hill, North Carolina, USAd

ABSTRACT The symbiosis between the squid Euprymna scolopes and its luminous symbiont, Vibrio fischeri, is characterized by
daily transcriptional rhythms in both partners and daily fluctuations in symbiont luminescence. In this study, we sought to de-
termine whether symbionts affect host transcriptional rhythms. We identified two transcripts in host tissues (E. scolopes cry1
[escry1] and escry2) that encode cryptochromes, proteins that influence circadian rhythms in other systems. Both genes cycled
daily in the head of the squid, with a pattern similar to that of other animals, in which expression of certain cry genes is entrained
by environmental light. In contrast, escry1 expression cycled in the symbiont-colonized light organ with 8-fold upregulation co-
incident with the rhythms of bacterial luminescence, which are offset from the day/night light regime. Colonization of the juve-
nile light organ by symbionts was required for induction of escry1 cycling. Further, analysis with a mutant strain defective in
light production showed that symbiont luminescence is essential for cycling of escry1; this defect could be complemented by pre-
sentation of exogenous blue light. However, blue-light exposure alone did not induce cycling in nonsymbiotic animals, but addi-
tion of molecules of the symbiont cell envelope to light-exposed animals did recover significant cycling activity, showing that
light acts in synergy with other symbiont features to induce cycling. While symbiont luminescence may be a character specific to
rhythms of the squid-vibrio association, resident microbial partners could similarly influence well-documented daily rhythms in
other systems, such as the mammalian gut.

IMPORTANCE In mammals, biological rhythms of the intestinal epithelium and the associated mucosal immune system regulate
such diverse processes as lipid trafficking and the immune response to pathogens. While these same processes are affected by the
diverse resident microbiota, the extent to which these microbial communities control or are controlled by these rhythms has not
been addressed. This study provides evidence that the presentation of three bacterial products (lipid A, peptidoglycan monomer,
and blue light) is required for cyclic expression of a cryptochrome gene in the symbiotic organ. The finding that bacteria can di-
rectly influence the transcription of a gene encoding a protein implicated in the entrainment of circadian rhythms provides the
first evidence for the role of bacterial symbionts in influencing, and perhaps driving, peripheral circadian oscillators in the host.
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Biologists have studied the role of endogenous circadian
rhythms in a wide array of biological processes. Although di-

rect evidence is not yet available, recent data hint that a host’s
bacterial partners may affect or be affected by these rhythms. For
example, numerous studies have demonstrated that immune
competence requires intact circadian rhythms (see, e.g., references
1 to 4), and recent discoveries have shown that the normal func-
tion of an animal’s immune system relies on interactions with the
microbiota (reviewed in reference 5). In addition, the gut, where
most bacterial partners reside, has strong circadian rhythms for an
array of processes from peristaltic activity to underlying molecular
mechanisms (6, 7). Transcriptomic data have shown that gene
expression patterns of cells of the mucosal immune system of the
gut and the epithelial cells that line the gut are strongly circadian
(8, 9). Since the gut microbes provide a principal and critical input

to this system, they likely impact and/or are impacted by the asso-
ciated rhythms. Further, disease states, such as obesity and diabe-
tes, have strong connections to both aberrant circadian rhythms of
the gut and imbalances of the gut microbiota—although possible
interactions between these two features have not been studied
(10–13). In this study, using the model association between the
Hawaiian squid Euprymna scolopes and the luminous symbiont
Vibrio fischeri (strain ES114) (Fig. 1A and B), we asked the follow-
ing: can microbial symbionts directly influence daily rhythms of a
host animal?

While circadian rhythms can be entrained by many daily
events, the day/night cycle of environmental light is the most well-
documented cue, or zeitgeber (14). One family of proteins impli-
cated in the control of light entrainment of circadian rhythms in
animals is the group of blue-light receptors called cryptochromes.
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They occur as components of the central oscillator, which resides
in the animal brain, and in peripheral oscillators, such as in gut
tissues (14). Cryptochromes are evolutionarily derived from the
photolyases, which are DNA repair enzymes (Fig. 1D). Whereas
all vertebrate cryptochromes arose from the same evolutionary
event, invertebrate cryptochromes typically fall into one of two

clades, each of which is the product of an independent evolution-
ary derivation of photolyases (15, 16). Studies of these proteins
have demonstrated that members of one clade (Cry1) are light
responsive and lead to degradation of repressors of the core clock
machinery, and the others (Cry2) are light-independent tran-
scriptional repressors of the core clock genes (17). All crypto-
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FIG 1 The cryptochromes in the symbiotic organ of E. scolopes. (A) The juvenile animal. e, eyes; lo, light organ, seen through ventral mantle tissue. (B) A light
micrograph of a cross section of the juvenile light organ. The interior of the organ contains three epithelium-lined crypts (1–3), each harboring bacteria (b) in the
crypt lumen. Surrounding the light organ and controlling light emission from the organ into the environment are the ink sac (is) and reflector (r); hg, hindgut.
(C) Light cycles experienced by E. scolopes. The squid is exposed to bright exogenous light (Daylight) during its diurnal quiescent period and bacterial
luminescence of the light organ (Bioluminescence) during the night, when the host is active (not to scale). (D) Phylogenic relationships of E. scolopes crypto-
chromes. An unrooted, maximum-likelihood cladogram resolves the relative positions of the EsCry1 and EsCry2 proteins within the animal cryptochrome/6-4
photolyase radiation. Bootstrap values after 500 replicates are shown at each node. Relevant families of proteins are grouped by color; E. scolopes sequences are
highlighted in red. Other organism names are as follows: Nematostella vectensis, Xenopus laevis, Danio rerio, Drosophila melanogaster, Danaus plexippus,
Arabidopsis thaliana, Gallus gallus, Lottia gigantea, Capitella teleta, Aedes aegypti, Anopheles gambiae, Antheraea pernyi, Mus musculus, Bombus impatiens, Apis
mellifera, Tribolium castaneum, and Acropora millepora.
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chromes have the conserved amino acids critical for function, as
well as the characteristic domain structure of photolyases (18).
However, cryptochromes have a defining C-terminal extension
that does not occur in the photolyases. Whereas the role of cryp-
tochromes in circadian rhythms has been well studied for many
invertebrate groups (15, 19–24), the identification of cry gene se-
quences and in one case the expression pattern of a single crypto-
chrome (25) is the only information available for these genes in
the Lophotrochozoa, the superphylum of animals that contains
the squid host E. scolopes and its relatives.

V. fischeri occurs as an extracellular symbiont in deep crypt
spaces of the light organ of E. scolopes (Fig. 1B). The host animal
has strong rhythms in its behavior; as a nocturnal predator, it
remains buried in the sand during the day and emerges at night to
forage in the water column (Fig. 1C). Host and symbiont cells
within the adult light organ have rhythmic patterns of gene ex-
pression that underlie day/night activities of the partners in the
symbiosis (26). Some behavioral evidence suggests that the night-
active host animal uses the luminescence of the bacterial symbiont
as an antipredatory camouflage in a process known as counteril-
lumination (27). Studies of the juvenile light organ have shown
that the animal has molecular mechanisms by which to detect and
respond to the bacterial luminescence (28). Mutant symbionts
defective in light emission are incapable of sustaining a symbiosis
(29). Such mutants are also defective in inducing full light-organ
development (29), which is principally triggered by derivatives of
symbiont MAMPs (microbe-associated molecular patterns).
MAMPs are a class of molecules specific to microbes that trigger
host animal responses. In the development of the squid-vibrio
system, the lipid A moiety of lipopolysaccharide (LPS) and the
peptidoglycan monomer TCT (or tracheal cytotoxin) are the
MAMPs known to be active in inducing host light-organ morpho-
genesis (30). Further, transcriptomic studies of the juvenile light
organ revealed that colonization by luminous V. fischeri cells is
required for normal symbiont-induced changes in host gene ex-
pression (31). Particularly relevant here is the finding that the
luminescence output of the animal is on a daily rhythm (Fig. 1C),
which has key features of a circadian rhythm (32). In this rhythm,
luminescence peaks at night, when the animal is active. As such,
light presentation by symbionts in the organ occurs with timing
nearly opposite to that of the exogenous cues of environmental
light.

Transcriptional databases of the light organ (33) have revealed
the expression of two genes that encode proteins with high se-
quence similarity to the known invertebrate cryptochromes. This
finding offered the opportunity to investigate and compare the
role of cryptochromes in host squid rhythms in response to exog-
enous (environmental light) and endogenous (bioluminescence)
light cues. Of broader significance, the presence of cryptochromes
offered the opportunity to determine whether bacterial symbionts
and their luminescence can operate as critical features in the elab-
oration of host rhythms.

Here we characterize phylogenetic relationships of the two
cryptochrome genes identified in E. scolopes and activities of these
host genes in response to interactions with the bacterial partner.
Taken together, these data contribute to our understanding of the
extent to which bacterial partners can be integrated into the con-
trol of the biological rhythms of their animal hosts.

RESULTS
Two cryptochrome genes are expressed in the E. scolopes light
organ. We identified two candidate cryptochrome (cry) sequences
in existing transcriptional databases produced from the E. scolopes
light organ (33). Rapid amplification of cDNA ends (RACE) and
subsequent BLAST and alignment analyses showed that the two
transcripts are likely homologs of known cryptochromes (Fig. 1D;
see also Fig. S1 and S2 in the supplemental material). The derived
amino acid sequences of full-length transcripts have the typical
structure of cryptochrome (Cry) proteins, with photolyase and
flavin adenine dinucleotide (FAD)-binding domains characteris-
tic of members of this protein family (34). In addition, both pro-
tein sequences have the conserved tryptophan residues that coor-
dinate flavin binding (18) and conserved serine residues, whose
phosphorylation is implicated in protein-protein interactions
(35). Phylogenetic analyses placed the E. scolopes Cry proteins,
with high confidence, within the two major invertebrate crypto-
chrome clades (Fig. 1C). The data provide evidence that the light
organ expresses the same number of cryptochrome transcripts
and that the predicted proteins occur in phylogenetic relation-
ships characteristic of the cryptochromes of most invertebrate
species.

escry1 expression in the light organ is influenced by symbio-
sis. To characterize the regulation of expression of the E. scolopes
cry (escry) genes in the light organ, we performed real-time quan-
titative reverse transcriptase PCR (qRT-PCR) with symbiont-
colonized juvenile light organs, ~2 days posthatch, at four times
over the day/night cycle (Fig. 2). These points were chosen to
avoid the daily, noncircadian venting of symbionts that occurs
with a dawn light cue (36) and to capture the extremes of the
luminescence cycle of the light organs (32). To compare patterns
of cry expression in the light organ with those occurring in other
invertebrates (37), we also performed qRT-PCR on the heads of
the same juvenile animals, which contain tissues that typically
have cycling cry expression in animals. Whereas the patterns of
message levels for escry1 and escry2 showed statistically significant
variation over the day in the head, as observed in other systems
(37), i.e., in synchrony with environmental light, only escry1
mRNA levels varied over the day/night cycle in the light organ
(Fig. 2A). Further, peak mRNA levels in the light organ were ob-
served in periods of high light-organ luminescence, i.e., shifted
~6� h from that observed in the head (Fig. 2A) (32). Light organs
extracted in the field from mature wild-caught animals show an
expression profile similar to that of the lab-raised symbiotic juve-
niles, providing evidence that the pattern of escry1 expression is
neither life stage specific nor due to laboratory conditions
(Fig. 2B). To determine whether the induction of rhythms is de-
velopmentally regulated by the onset of symbiosis, we character-
ized diel patterns of mRNA abundance in uncolonized juvenile
squid. Animals that lacked symbionts did not show the same diel
variation in escry1 mRNA levels observed in symbiotic animals
(Fig. 2C), although the light organs did show an intriguing statis-
tically significant decrease in message at the time when lumines-
cence would be increasing if the animals had been colonized.
These data provide evidence that escry1 expression cycles in the
light organ in a manner consistent with induction by symbiosis.

Abundant EsCry1 localizes to the apical surfaces of light-
organ epithelial cells that are adjacent to the symbiont. To de-
termine if the EsCry1 protein was produced in close proximity to

Symbionts Influence a Daily Host Rhythm
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bacterial light in the light organ (Fig. 3A), we made an antibody to
a peptide sequence unique to EsCry1. In extracts of the light organ,
the antibody cross-reacted with a low-abundance protein species
in the soluble fraction (S) at a molecular mass of ~63 kDa, the size

of the predicted full length of EsCry1 (Fig. 3B) and similar to that
of Cry1 proteins in other invertebrates (25, 26); no cross-reactivity
was detected in the membrane fraction (M). The antibody also
detected another protein at a molecular mass of ~42 kDa, which is
consistent with a common breakdown product of invertebrate
Cry1 proteins detected in a Western blot (see, e.g., reference 38).

In analyses of light-organ tissues examined with confocal
immunocytochemistry, the EsCry1 antibody showed cross-
reactivity in the cells of the crypt epithelia that surround the sym-
biotic partner (Fig. 3C). The labeling occurred throughout these
cells but often showed concentration at the apical surfaces (Fig. 3C
and D). Comparisons of immune cross-reactivity revealed no de-
tectable differences in protein abundance or localization among
uncolonized animals and those colonized by wild-type or �lux V.
fischeri (Fig. 3D).

Peak expression of escry1 requires symbiont luminescence.
Because the escry1 mRNA levels reflected diel patterns of symbiont
luminescence and the Cry protein localized near the site where
symbionts reside in the light organ, we used V. fischeri mutants
(�lux) defective in light production (Fig. 4A) to determine
whether symbiont luminescence is critical for the entrainment of
escry1 mRNA cycling (37). At the time of highest escry1 expression
in symbiotic animals, i.e., 14 h past “dawn” (see Fig. 2A), expres-
sion of this gene in animals colonized by the �lux mutants was not
significantly different from that in uncolonized animals (Fig. 4C).
Genetic complementation of lux genes has been shown to restore
normal host responses (29), but here we sought to isolate the effect
of light exposure from other potential effects of luminescence,
particularly influences on the oxygen environment. Thus, to com-
plement the light defect phenotypically, we used exposure to ex-
ogenous blue light (Fig. 4B). mRNA levels of �lux mutant-
colonized animals complemented with exogenous blue light had a
fold change in escry1 mRNA levels similar to that of animals col-
onized with wild-type V. fischeri (Fig. 4D). At 2 days postcoloni-
zation, the density of �lux bacteria in the light organ was about
10% of that of the wild-type strains, similar to values previously
reported (Fig. 4F) (29). A lysine auxotroph (lysA::TnKan) that
colonizes the light organ to the same extent as the �lux mutant
(39) but exhibits per-cell luminescence similar to that of the wild
type also induced significantly higher escry1 expression than the
�lux bacteria (Fig. 4D), providing further evidence that the pres-
ence of bacterial light, not wild-type bacterial density, increases
escry1 expression. Finally, we characterized expression of escry1 in
the head and determined that it was not affected by colonization
state or strain (Fig. 4E), suggesting that the symbionts do not
induce a systemic host response that influences the behavior of the
genes in the head.

Symbiont MAMPs enable light to induce cry1 cycling in the
light organ. Because the data showed that bacterial luminescence
is essential for peak cry expression in the organ, we sought to
determine whether light alone was sufficient to induce the cycling
of escry1 expression. When we exposed the light organs of non-
symbiotic animals to a cycle of exogenous blue light of a wave-
length similar to that emitted by wild-type bacterial symbionts,
escry1 expression did not cycle (Fig. 5A). Exposure to exogenous
blue light and derivatives of symbiont MAMPs, specifically the
lipid A component of lipopolysaccharide (LPS) and the pepti-
doglycan monomer (tracheal cytotoxin [TCT]), however, did in-
duce cycling (Fig. 5B). However, treatment with only TCT or lipid
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FIG 2 Day/night cycle variation in E. scolopes cryptochrome expression. (A)
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represent the standard errors of the means. n � 2 to 6 biological replicates and
2 technical replicates per condition. †, ANOVA P value � 0.05. *, pairwise
comparison, P � 0.05; **, pairwise comparison, P � 0.01.
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A did not induce cycling of escry1 expression (see Fig. S3 in the
supplemental material).

DISCUSSION

The data presented in this study provide evidence that bacterial
symbionts in the E. scolopes light organ influence the expression of
a single cryptochrome gene and that luminescence of the symbi-
onts may therefore provide input to a circadian oscillator in the
host. In the larger context, these data suggest the possibility that
the microbial partners of a symbiosis can be integrated into the
biology of the host through an influence on daily rhythms.

The cephalopod E. scolopes belongs to the phylum Mollusca,
which occurs in the Lophotrochozoa, one of the three superphyla
of animals. No previous studies of the presence of cryptochromes
have been reported for other cephalopods, and while they have
been reported for other lophotrochozoans (25), none of these
identified transcripts have been characterized. The data presented
here, along with the identification of cryptochrome genes from
full-genome sequences from other species of this group, suggest
that the lophotrochozoans typically have two genes encoding

cryptochromes. However, because of the
small number of species examined thus
far, other members of this superphylum
may have fewer or more cry genes. Our
data for the phylogenetic relationships of
the E. scolopes cry genes inside and outside
the Lophotrochozoa agree with previous
studies on cryptochrome radiation (15,
16), showing support for two main cryp-
tochrome clades within the invertebrates.

With the finding that symbiont lumi-
nescence entrains host rhythms, this
study expands the known roles for cryp-
tochrome proteins with the finding both
that bacterial symbionts entrain rhythms
and that luminescence is the critical fea-
ture. As in E. scolopes, the different cryp-
tochrome genes of an animal species of-
ten have different expression patterns in
response to external stimuli (34). For ex-
ample, only one of two cryptochromes is
regulated by the cycles of the moon in
moonlight-responsive corals (40). Also,
in migrating monarch butterflies, only
the expression of one of two crypto-
chromes (cry2) is regulated during sun
compass orientation (41), and the regula-
tion and biochemistry behind these dif-
ferences in input response are currently
being studied in this system (19, 42, 43).
In E. scolopes, both cry genes cycle with
environmental light in the head, and both
cry genes are expressed in the light organ,
but only escry1 cycles in response to bio-
luminescence. Thus, further study in the
squid-vibrio system is needed to deter-
mine the mechanism of function and
downstream effects of these proteins on
central and peripheral oscillators.

The data presented here suggest the
possibility that EsCry1 localizes specifically to the apical surfaces
of cells interacting directly with symbionts and that presentation
of symbiont MAMPs enables cry responses to luminescence. The
mechanism by which MAMP presentation primes the light-organ
crypt cells to interact with light remains to be determined, but the
system apparently ensures that the crypt cells respond solely to
light presented in the context of the bacterial symbiont and not to
environmental light presented on the day/night cycle.

The data presented here suggest a number of areas for future
research efforts in the squid-vibrio system. A likely fruitful area
will be to determine the extent to which escry1 influences the var-
ious daily rhythms that have been described. In addition to the
early studies of rhythms of bioluminescence (32), recent analyses
of the transcriptomes of the symbiont and its supporting host
epithelium at several points over the day/night cycle revealed a
profound daily rhythm of gene expression in both partners (26).
The data showed that 9.6% of the total available host transcrip-
tome is regulated over the day-night cycle, similar to the propor-
tion (~8%) of the total transcriptome controlled by the circadian
clock in the tissues of other animals (1, 44). The transcriptomic
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FIG 3 EsCry1 protein production in the light organ. (A) Light micrograph of a cross section of the
E. scolopes light organ, shown in Fig. 1B. The purple box denotes the placement of crypt 1, which is
comprised of an epithelial cell layer (e) surrounding a population of V. fischeri bacteria in the crypt
lumen (c). (B) Western blot showing the immunoreactivity of the anti-EsCry1 antibody. Both aqueous
soluble (S) and membrane (M) protein extracts from whole squid were run on SDS-PAGE gels and
either stained with Coomassie blue (Coomassie) or transferred to a membrane and exposed to an
anti-EsCry1 antibody (Anti-EsCry1). An arrowhead shows a major band at the predicted molecular
mass of 62.3 kDa. Standards to the left (std) are shown in kDa. (C) Confocal micrograph of a colonized
light organ stained with the anti-EsCry1 antibody. (D) Confocal micrograph showing an uncolonized
light-organ crypt stained with the anti-EsCry1 antibody. The inset contains a negative control where the
light organ was stained only with a secondary antibody (2° Only). In panels C and D, anti-EsCry1 is in
green, V. fischeri cells are in red, and filamentous actin is blue. e, crypt epithelium; c, crypt lumen.
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rhythms in the squid-vibrio system reflected cyclic changes in the
ultrastructure of crypt epithelial cells and in symbiont metabolism
(26). Finally, the cryptochromes are not the only blue-light recep-
tors in the host light organ. An earlier study of the system demon-
strated that the light organ expresses the genes encoding rhodop-
sin as well as other key members of the visual transduction cascade
and that the light organ has the physiological potential to respond
to light similarly to the eye (28). How light perception by rhodop-
sin and cryptochrome function and are integrated in the same
organ remains to be determined.

An influence of bacterial symbionts on host rhythms is unlikely
to be unique to the squid-vibrio system. The conservation of both
bacterium-epithelium interactions and circadian gene regulation
across the metazoa suggests that symbiont-induced circadian
rhythms may be widespread. For example, although such influ-
ences have not been studied directly as yet, evidence is mounting
that the microbiome of mammals is critical to host rhythms. For
example, in the epithelium-immune-microbiota axis of the gut,
the transcriptomes of both immune and epithelial components of
the gut (1, 8, 9) are on a profound circadian rhythm controlled by
the clock genes (e.g., cry [10, 45]). It would be surprising if these
critical oscillations of gut function had no impact on the activity of
the microbiota, and perhaps, as in the squid-vibrio system, the
microbiota are actually essential for normal entrainment of bio-
logical rhythms. An early suggestion of this connection was that
the gut-associated circadian clocks are entrained by food (46, 47),
and the microbiota are essential for the speed and efficiency of
digestion (13). Most recently, certain disease states, such as diabe-
tes (48), obesity (49), depression (50), and sleep disorders (51),
have become linked not only to perturbations in the circadian

rhythms but, significantly, to imbalances in the microbiota (52).
An emerging hypothesis is that the host and its microbiota work
together to develop and maintain biological rhythms that are es-
sential to the homeostasis of the symbiosis. The complexity of the
mammalian systems presents a significant challenge to the study
of their rhythms. The study of simpler systems, such as the squid-
vibrio system and the Drosophila gut community, may provide
valuable insight into the rules governing symbiont influence on
host rhythms.

MATERIALS AND METHODS
General methods. Adult Euprymna scolopes squid were collected and
maintained as previously described (53). Juveniles from this breeding
colony were collected within 15 min of hatching and placed in filter-
sterilized Instant Ocean solution (FSIO) (Aquarium Systems, Mentor,
OH). For all experiments, animals were maintained on a 12-h light-dark
cycle. Uncolonized juveniles were maintained in FSIO. Symbiotic juve-
niles were exposed to 5,000 V. fischeri cells per ml of FSIO overnight.
Colonization of the host animals by the wild-type strain was monitored by
taking luminescence readings using a TD 20/20 luminometer (Turner
Designs, Sunnyvale, CA); uncolonized animals and animals colonized
with the �lux mutant were also checked with the luminometer to ensure
that the light organs had not been colonized by wild-type strains. To
determine CFU per light organ, tissues were homogenized in FSIO and
dilutions of the homogenate were plated on LBS medium (LB agar con-
taining 2% [wt/vol] NaCl) (35). Strains that were used include the wild-
type strain ES114 (54), the light-deficient mutant EVS102 (55) (�lux),
and the lysine auxotroph VCW3F6 (39) (lysA::TnKan). All reagents were
obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.

Exogenous blue-light and MAMP stimuli. To determine whether the
decrease in escry1 expression seen in �lux-colonized animals was due to
the lack of bacterial luminescence and not another consequence of delet-

FIG 4 The effect of bacterial light on escry1 expression. (A) Organization of the V. fischeri lux genes. Regulatory genes are in red, genes encoding luciferase
enzyme subunits are in blue, and genes encoding substrate subunits are in green. The dotted line denotes the genes deleted in the �lux mutant used in this study.
(B) Experimental setup for complementation of the �lux mutant. Briefly, squid were placed above a blue LED array with a heat-dissipating Plexiglas shield, with
the overhead and LED light schedule as shown. (C) Expression of escry1 at 14 h in the light organs of animals colonized by ES114 (ES114), no bacteria (Non-sym),
or the �lux mutant (�lux) as measured by qRT-PCR. (D) Expression of escry1 at 14 h in the light organs of animals colonized with �lux bacteria (�lux) or
colonized with �lux bacteria and exposed to exogenous blue light (Comp). To the right of the dotted line, expression in animals at 14 h colonized by the �lux
mutant (�lux) or a lysine auxotroph (lysA) is shown. (E) Expression of escry1 in the eyes of animals whose light organs were analyzed in panel A. Data within each
expression graph were normalized to the condition of lowest expression within each separate experiment. Error bars are the standard errors of the means; n �
3 to 4 biological replicates per condition for each experiment. (F) Number of bacteria per light organ of squid colonized with ES114 (ES114), the �lux mutant
(�lux), or the lysA mutant (lysA) at 14 h; n � 10 animals per condition. For all graphs: *, P � 0.05; **, P � 0.01; ***, P � 0.001 by an ANOVA, followed by a
posthoc Tukey’s pairwise comparison.
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ing the lux operon (e.g., change in oxygen utilization by the symbionts),
the ventral surfaces of the animals colonized by �lux bacteria were ex-
posed to exogenous blue light to mimic exposure of the tissues to bacterial
luminescence (56). The animals were placed directly above 470-nm blue
light-emitting diode (LED) light arrays (SuperBright LEDs, St. Louis,
MO) on ring stands, with 2 mm Plexiglas heat shields to maintain the
water temperature throughout the experiment at ~23°C. The blue LEDs
were turned on at 6 h past dawn to mimic induction of blue-light produc-
tion following a light cue-induced expulsion of the bacteria and then

turned off at 22 h past dawn to mimic the decrease in luminescence seen in
animals before dawn (32). The ambient day/night light cycle was main-
tained as in other experiments. In experiments to determine whether non-
symbiotic animals would respond to the blue LED light, with the excep-
tion of not being exposed to V. fischeri cells, the animals were treated
similarly to those that were colonized by �lux mutants. Lipid A and the
peptidoglycan monomer were prepared as described previously (30, 57).
For experiments where MAMPs were added, they were introduced di-
rectly into the seawater.

Identification of cryptochrome sequences from transcriptional da-
tabases. A Cry2-like sequence was identified by a tBLASTn search against
the expressed sequence tag (EST) database of the juvenile-host light organ
(33) using Drosophila Cry (see Table S1 in the supplemental material).
Sequence for Cry1 was identified in transcriptional libraries of the host
light organ by a tBLASTn search using Drosophila Cry (see Table S1).
These sequences were used for primer design for subsequent sequence
analysis.

RACE. Preparation of RNA for 5= and 3= rapid amplification of cDNA
ends (RACE) was performed using the GeneRacer kit (Life Technologies,
Grand Island, NY). Reverse transcription for RACE was performed using
the SuperScript III RT kit, and RACE reactions were carried out using
platinum Taq DNA polymerase according to the manufacturer’s instruc-
tions (Life Technologies, Grand Island, NY) using gene-specific primers
found in Table S2 in the supplemental material. PCR products of interest
were separated by gel electrophoresis, excised from the gel, and purified
using the Qiaex II gel extraction kit (Qiagen, Valencia, CA). The purified
PCR products were cloned using the Topo TA Cloning kit for sequencing
and transformed into TOP10 chemically competent Escherichia coli cells
(Life Technologies, Grand Island, NY). The resulting transformants were
prepared for sequencing with the QIAprep spin miniprep kit (Qiagen,
Valencia, CA) and screened for the correct insert by plasmid digestion
with EcoRI (Fermentas, Glen Burnie, MD). Plasmid inserts were se-
quenced using the M13F and -R primers (Life Technologies, Grand Is-
land, NY).

Protein alignment and phylogenetic analysis. Sequences obtained by
RACE were assembled into contigs using the CAP3 sequence assembly
program (http://pbil.univ-lyon1.fr/cap3.php). The resulting sequences
were analyzed by BLAST searches of GenBank using the default parame-
ters (58). The cDNA sequence was translated using the ExPASy Translate
tool (http://web.expasy.org/translate/). Protein translation of the cDNA
sequence was analyzed for domain structure using the Pfam website (http:
//pfam.sanger.ac.uk/). Alignments of cryptochrome sequences were gen-
erated using the software program MUSCLE (59) and the CLC sequence
viewer (http://www.clcbio.com/index.php?id�28). Specific, unambigu-
ously aligned regions were selected for tree reconstruction to ensure that
only evolutionarily conserved sequences were used to reconstruct the tree.
With the full data set, we then performed maximum-likelihood analysis in
the software program PhyML 3.0 (60) with the WAG model.

RNA and cDNA preparation. Whole juvenile animals were stored in
RNAlater RNA stabilization reagent (Qiagen, Valencia, CA) for 24 h at
4°C and then at �80°C until ready for RNA extraction. RNA was extracted
from light organs, whole heads, or eyes using the RNeasy fibrous tissue
minikit (Qiagen, Valencia, CA) after homogenizing tissues in a TissueLy-
ser LT instrument (Qiagen, Valencia, CA). Three to six biological repli-
cates were used per condition per experiment. The samples were treated
with the Ambion Turbo DNA-free kit (Life Technologies, Grand Island,
NY) to remove any contaminating DNA. The samples were then quanti-
fied using a Qubit 2.0 fluorometer (Life Technologies, Grand Island, NY),
and 5 �l was separated on a 1% agarose gel to ensure the quality of the
RNA. If not used immediately, samples were aliquoted and then stored at
�80°C. cDNA synthesis was performed using SMART Moloney murine
leukemia virus (MMLV) reverse transcriptase (Clontech, Mountain View,
CA) according to the manufacturer’s instructions, and then reaction mix-
tures were diluted to a concentration of 2.08 ng/�l using nuclease-free
water and stored at 4°C.

FIG 5 The effect of MAMPs on escry1 expression. (A) Expression of escry1 in
the light organs of uncolonized animals exposed to exogenous blue light at
four time points over the day/night cycle. (B) escry1 light-organ expression in
animals exposed to exogenous blue light, 10 �M peptidoglycan monomer, and
10 ng/ml V. fischeri lipid A in seawater. Graphs indicate the relative expression
of escry1 as measured by qRT-PCR. Yellow and black bars denote the cycle of
exogenous white (overhead) light, and the blue and black bars show the sched-
ule of blue LED light presentation. All data were normalized to the time point
of lowest expression in each graph. Error bars represent the standard errors of
the means; n � 3 to 6 biological replicates and 2 technical replicates per con-
dition. †, ANOVA P value � 0.05; *, pairwise comparison, P � 0.05; **, pair-
wise comparison, P � 0.01.
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Quantitative reverse transcriptase PCR. All qRT-PCR assays were
performed in compliance with the MIQE guidelines (61). Gene-specific
primers were designed for escry1 and escry2, and the Euprymna scolopes
40S ribosomal RNA sequence was used as a control for equal well loading
(see Table S2 in the supplemental material). For each experiment, nega-
tive controls were run without a template and with cDNA reactions run
with no reverse transcriptase to ensure the absence of chromosomal DNA
in the reaction wells. The efficiencies of all qRT-PCR primer sets were
between 95 and 100%. Data were analyzed using the Comparative Cq
(��Cq) method (62). qRT-PCR was performed on E. scolopes cDNA us-
ing iQSYBR green supermix or SsoAdvanced SYBR green supermix (Bio-
Rad, Hercules, CA) in an iCycler thermal cycler or a CFX Connect real-
time system (Bio-Rad, Hercules, CA). Amplification was performed
under the following conditions: 95°C for 5 min, followed by 45 cycles of
95°C for 15 s, 60°C for 15 s, and 72°C for 15 s. Each reaction was carried
out in duplicate, and each reaction mixture contained 0.2 �M primers
and 10.4 ng cDNA. To determine whether a single amplicon resulted from
the PCR reactions, the presence of one optimal dissociation temperature
for each PCR reaction was assayed by incrementally increasing the tem-
perature every 10 s from 60 to 89.5°C. Each reaction in this study had a
single dissociation peak. Standard curves were created using a 10-fold
dilution series of the PCR product with each primer set.

Western blotting. A polyclonal antibody to EsCry1 was produced in
rabbit (GenScript, Piscataway, NJ) to two unique peptides within the
EsCry1 sequence (CFGIEPECEEQKKPI and CGSCLPNHQENPELL),
chosen for their predicted antigenicity and lack of similarity to other
E. scolopes or V. fischeri proteins. Protein samples for Western blotting
were prepared as described previously (63). Protein concentrations of the
samples were then determined using a Qubit 2.0 fluorometer (Life Tech-
nologies, Grand Island, NY). The proteins were separated on a 10% SDS-
PAGE gel with 40 �g of protein per lane and then transferred to a nitro-
cellulose membrane with a Mini Trans-Blot electrophoretic transfer cell
(Bio-Rad, Hercules, CA) per the manufacturer’s instructions. The mem-
brane was blocked overnight at room temperature as previously described
(63). The antibody was diluted 1:250 in blocking solution and incubated
with the membrane for 3 h at room temperature. The blot was then ex-
posed to secondary antibody, washed, and developed as previously de-
scribed (63).

Immunocytochemistry. Light organs were fixed, permeabilized, and
blocked as described previously (64). The light organs were then incu-
bated with a 1:250 dilution of the anti-EsCry1 antibody in blocking solu-
tion for 8 days at 4°C and then rinsed four times for 1 h (each) in 1%
Triton X-100 in marine phosphate-buffered saline (PBS) and incubated
overnight in blocking solution at 4°C. Samples were then incubated with
a 1:50 dilution of fluorescein-conjugated goat anti-rabbit secondary anti-
body (Jackson ImmunoResearch Laboratories, West Grove, PA) in block-
ing solution in the dark at 4°C overnight. Samples were then counter-
stained with rhodamine or Alexa 633 phalloidin (Life Technologies,
Grand Island, NY) as described previously (64) and mounted for confocal
microscopy. Samples were analyzed on a Zeiss LSM 510 microscope.

Statistics. All experimental data were log transformed to provide a
normally distributed data set and then analyzed in the R software envi-
ronment (version 2.12.1; R Foundation for Statistical Computing, Vi-
enna, Austria [http://www.R-project.org]) by one-way analysis of vari-
ance (ANOVA) followed by Tukey’s pairwise comparison. Shapiro-Wilk
and Levene tests were used to ensure the normal distribution and ho-
moscedasticity of the residuals, respectively.

Nucleotide sequence accession numbers. Nucleotide sequence acces-
sion numbers are as follows: for escry1, KC261598; for escry2, KC261599
(NCBI GenBank).
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