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Glycans have emerged as critical determinants of immune matu-
ration, microbial nutrition, and host health in diverse symbioses. In
this study, we asked how cyclic delivery of a single host-derived
glycan contributes to the dynamic stability of the mutualism
between the squid Euprymna scolopes and its specific, biolumines-
cent symbiont, Vibrio fischeri. V. fischeri colonizes the crypts of a
host organ that is used for behavioral light production. E. scolopes
synthesizes the polymeric glycan chitin inmacrophage-like immune
cells called hemocytes. We show here that, just before dusk, hemo-
cytesmigrate from the vasculature into the symbiotic crypts, where
they lyse and release particulate chitin, a behavior that is estab-
lished only in the mature symbiosis. Diel transcriptional rhythms in
both partners further indicate that the chitin is provided and me-
tabolized only at night. A V. fischeri mutant defective in chitin
catabolism was able to maintain a normal symbiont population
level, but only until the symbiotic organ reached maturity (∼4 wk
after colonization); this result provided a direct link between chitin
utilization and symbiont persistence. Finally, catabolism of chitin
by the symbionts was also specifically required for a periodic acid-
ification of the adult crypts each night. This acidification, which
increases the level of oxygen available to the symbionts, enhances
their capacity to produce bioluminescence at night. We propose
that other animal hosts may similarly regulate the activities of
epithelium-associated microbial communities through the strategic
provision of specific nutrients, whose catabolism modulates condi-
tions like pH or anoxia in their symbionts’ habitat.
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Animals exist in a microbial world and are reliant on bene-
ficial associations with certain microbes for nutrition, de-

fense, development, or other fitness factors (1). In the case of
horizontally acquired symbioses, such as that in the gut, the suc-
cess of the association hinges on the ability of microbial symbionts
to colonize, be nourished by, and deliver a fitness advantage to the
host, while maintaining a détente with its immune system (2–4).
The negotiations underlying such mutually beneficial relation-
ships must initiate upon first contact and continue throughout the
period of association (5).
Three hallmarks of host–microbe interaction emerge from

studies of the complex microbial consortia of animals. First, the
provision of nutrients such as host-derived glycans contributes to
the microbial community structure and is a source of microbe-
derived metabolites such as short-chained fatty acids (SCFA)
that promote the maturation of local and systemic immune func-
tions (6–9). Second, the nutritional and environmental changes
that mark the developmental trajectory of an organism from its
juvenile to adult form are accompanied by distinct shifts in both the
composition and functions of the maturing host’s microbiota (10,
11). Finally, circadian rhythms coordinate much of the communi-
cation between a host and its microbiota, leading to the mainte-
nance of physiological homeostasis (12–14). Taken together, these
themes indicate that the terms of a protracted symbiotic negotia-
tion are subject to a dynamic equilibrium that encompasses nu-
tritional, immune, developmental, and circadian inputs.

Given this complexity, the specific costs incurred and benefits
derived from a long-term cooperation, as well as their underlying
mechanisms, are often difficult to establish, particularly in sym-
bioses where the microbial member provides nutrients to the
host. Natural invertebrate model systems that maintain one or
a few symbiotic microbial species, such as nematodes, medicinal
leeches, and squid (15), provide a window through which we can
discover themes conserved across the diversity of interactions of
animals with their coevolved microbiota, whether simple or com-
plex. In particular, the symbiosis of the bobtail squid Euprymna
scolopes and the luminous bacterium Vibrio fischeri, in which the
microbial symbiont can be manipulated without compromising
the health of the host, presents a rare opportunity to study the
chemical and immune dialogues of symbiotic partners at a cel-
lular and molecular level (16).
The squid–vibrio symbiosis occurs within the light-emitting

organ of E. scolopes and is based on the bacterium’s production
of bioluminescence (17), which the host uses in its nocturnal
behaviors, such as foraging and camouflage. The symbionts are
obtained through horizontal transmission from the ambient
seawater by each generation of juvenile squid (18) and are cul-
tured in the epithelium-lined crypts of the light organ (Fig. 1A)
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throughout the animal’s ∼9-mo life. The symbiont induces post-
embryonic light-organ development (19), and the organ morphol-
ogy reaches maturity in 4 wk (20). Host-derived chitin, a polymeric
glycan of N-acetylglucosamine, is known to promote the species-
specific colonization of the squid by V. fischeri (21). Chitin is syn-
thesized by several types of squid tissue, including macrophage-like
immune cells called hemocytes (22) (Fig. 1A), and has also been
implicated, along with amino acids (23), as a nutrient provided to
the symbiont population. Specifically, transcription of V. fischeri
genes associated with the fermentation of chitin oligosaccharides
(COS) is elevated during the nocturnal, bioluminescent phase of
the symbiosis (24) (Fig. 1A). The importance of chitin in the
chemical dialogue between squid and vibrio is reminiscent of the
contribution of host glycans and structural polysaccharides to other
host–microbe interactions (9). For example, (i) the catabolism of
exoskeleton-derived chitin by Vibrio cholerae enhances trans-
mission from an invertebrate vector to a susceptible host (25), (ii)
pectin catabolism by the plant pathogenXylella fastidiosa promotes
transmission to leafhopper vectors (26), and (iii) foraging of
mammalian mucin-derived glycans, such as fucose and sialic acid,
forms a nutritional scaffold for the gut microbiota (27–29).
The squid–vibrio association is also characterized by daily

rhythms of symbiont growth and bioluminescence (30, 31). Each
morning at dawn, the host expels the contents of the light-organ
crypts, including 95% of the symbiont population, into the sur-
rounding seawater (Fig. 1A). The remaining symbiont cells repo-
pulate the light organ within hours, by growing on substrates
including amino acids and glycerophospholipids (23, 24), eventu-
ally providing the squid’s nocturnal bioluminescence. Light emis-
sion, which requires oxygen (32), is highest during the night (33).
In the fully developed light organ, where the symbionts are oxygen
limited (24, 33), the diel bioluminescent rhythm is potentiated
by an acidic crypt environment, which creates a Bohr effect that
releases oxygen from the carrier protein, hemocyanin (34). Here,
we demonstrate that, in this mature state of light-organ de-
velopment, the cyclic provision of COS to symbionts, combined
with their fermentation of this glycan, leads to the nightly acidi-
fication of the symbiont-containing extracellular crypts. The
combined nocturnal activities of host and symbiont thereby pro-
mote the diel cycle of bioluminescence: a rhythm critical to the
long-term stability of this association.

Results and Discussion
Hemocytes Deliver Chitin to the Light Organ. The diel transcription
of chitin-utilization genes by symbiotic V. fischeri (24), together
with the presence of chitin within the host’s macrophage-like
hemocytes (22), suggests that the hemocytes convey this nutrient
to the symbionts. To test this hypothesis, we first characterized
the distribution of chitin in the light organ’s central core. Two
major host cell types compose this tissue: the polarized micro-
villar epithelium that defines the symbiont-containing crypt
spaces and the hemocytes that migrate into them (Fig. 1A). We
collected samples of central core tissue at dusk [10 h postdawn
(hpd), Fig. 1A] and just before dawn (22 hpd, Fig. S1A) and
probed for the presence of particulate chitin. Fluorescently la-
beled chitin-binding protein (CBP) colocalized almost exclusively
with the hemocyte-specific, cytoplasmic marker, DNase-I (Fig.
1B). Importantly, although soluble COS molecules (which do not
bind CBP) may exist elsewhere, our observations support the idea
that hemocytes are the main cell type within the light organ that
contains particulate chitin.
Our previous observations of the contents of the light-organ

crypts suggested that both live and dead hemocytes are present
among the densely packed symbiotic bacteria (35). Thus, we
hypothesized that chitin particles are delivered to the symbiont
population by the death and lysis of chitin-containing hemocytes
that have migrated into the crypts. A more extensive examination
of crypt contents released at night (22 hpd) revealed two kinds of

Fig. 1. Light-organ crypts contain hemocyte-derived chitin. (A) Anatomy of
the mature light organ. (Top Left) The mature, bilobed light organ is located
ventrally, in the center of the mantle cavity (arrow). (Top Right) Schematic of
one lobe, indicating the light-organ lens (l), reflector (r), and ink sac (i), as
well as the bacteria-containing central-core tissue (cc) in the red box. Po-
larized epithelial cells form branched crypt spaces, in which the symbionts
(Vf) reside. (Bottom Left) Symbiotic V. fischeri cells occupy extracellular
crypts (purple), where they contact hemocytes (h) and the bordering epi-
thelial cells (e); the outlet (o) to the mantle cavity allows the host to expel
most of the crypt contents and symbionts every morning at dawn. (Bottom
Right) The diel cycle of the mature squid–vibrio symbiosis. Throughout the
animal’s life, about 95% of the symbiont population is expelled at dawn
(arrow), and the remaining cells repopulate the crypts during the day (or-
ange). At night (green), transcriptional evidence in the mature symbiosis
suggests that symbionts metabolize host-derived chitin oligosaccharides
(COS) (24) and produce luminescence. Numbers indicate hours post dawn
(hpd). (B) Confocal micrograph, showing colocalization of chitin (fluorescent
chitin-binding protein; green) and hemocytes (fluorescent DNase-I globular
actin-binding protein; red) in central-core tissue (fluorescent phalloidin,
a filamentous actin-binding protein; blue). Image is a 3D reconstruction of
40 1-μm confocal sections. Tissue was sampled just before nightfall (10 hpd).
(Top Right and Bottom Right) Close-up of hemocytes in white box, high-
lighting particulate-chitin staining. (C) Differential interference contrast
micrograph of crypt contents, sampled at the end of the night (22 hpd) and
stained with hematoxylin (chromatin; dark blue), and eosin (proteins; pink).
Two different morphologies of nucleated cells are seen in the crypt contents.
Inset (same magnification) shows the single type of hemocyte morphology
present in the hemolymph. Black arrow indicates extracellular material,
which includes bacterial cells. (D) Detection of free particulate chitin (white
arrows) and extracellular material (black arrows, here and in C) in the con-
tents of the light-organ crypt, sampled 22 hpd. Fluorescent staining is as in B.
Inset shows image of cytoplasmic particulate chitin within a hemocyte
extracted from the hemolymph.
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host cells: (i) compact 10-μm diameter cells and (ii) ∼20-μm var-
iable-diameter cells with diffuse DNA staining, ruptured acidic
vacuoles, and irregular membrane morphology (Fig. 1C and Fig.
S1B), consistent with living and moribund hemocytes, respectively.
The presence of the latter morphology in the nocturnal crypts
raised the question of whether exposure to the conditions present
in this environment (34) was sufficient to cause hemocyte damage.
When we suspended healthy hemocytes derived from hemo-

lymph (pH ∼7) for 1 h in crypt contents buffered at either pH 7.5
or the nocturnal crypt pH of 5.5 (34), the initially intact hemo-
cytes swelled, produced membrane blebs, and showed a loss of
integrity of their acidic vacuoles (Fig. S1C). If the crypt contents
were heat treated, they elicited the same effect. Thus, a heat-
resistant, neutral-pH active, component of the crypt contents can
trigger a change in hemocyte appearance that is consistent with
hemocyte damage. In addition, when crypt contents were col-
lected 2 h before dawn (22 hpd) and probed with CBP, we ob-
served healthy-looking cells that contained particles of chitin,
free chitin in the extracellular crypt matrix, and moribund cells
morphologically similar to those observed in the in vitro studies
described above (Fig. 1D). Collectively, the data are consistent
with a model wherein chitin particles within host hemocytes are
released into the crypts and become accessible to extracellular
hydrolysis by both host and symbiont chitinases (21, 24, 36).

Symbiont-Dependent Hemocyte Trafficking into the Light Organ Is on
a Diel Cycle. For hemocytes to deliver COS to symbionts only
during the nocturnal phase of the diel cycle, some aspect of their
behavior must be rhythmic. We have previously reported a sym-
biosis-induced increase in the number of hemocytes associated
with the light organ in immature, 2-d-old squid (37). We extended
this observation by asking whether the increase in hemocytes was
dependent on the time of day and, thus, a symbiosis-dependent
diel migratory rhythm. Consistent with previous results (37), ap-
proximately four times more hemocytes were found in symbiotic
than in aposymbiotic light organs of 2-d-old squid at dusk (10 hpd,
Fig. 2A). However, we noted that this increase was transient: The
number of hemocytes in symbiotic light organs returned to apo-
symbiotic levels by the end of the night (22 hpd), and no accu-
mulation of hemocytes was noted in the crypts of the immature
light organs. This pattern of hemocyte migration recurred the
following day (Fig. S2A), demonstrating that the migration into
symbiotic light organs at dusk is likely a diel pattern, rather than
a single event in the trajectory of an immunological and/or de-
velopmentally triggered response to colonization. Thus, a symbi-
osis-dependent diel rhythm of hemocyte migration is established
within the first few days following light-organ colonization.
We next investigated whether a similar rhythm of hemocyte

migration occurred in mature light organs. At this stage of de-
velopment, transcription of the predicted E. scolopes chitotriosidase
gene eschit1 exhibits a diel periodicity, with expression highest
at night (24). This gene is also transcribed by hemocytes (22).
Western-blot analysis demonstrated that the chitotriosidase en-
zyme itself was present in central core tissue; i.e., the EsChit1
antibody (α-EsChit1) hybridized to a 50-kDa band (the molec-
ular mass predicted for EsChit1), as well as two smaller bands
in the soluble fraction of central-core proteins (Fig. 2B). This
multiband pattern is consistent with the posttranslational pro-
cessing that occurs during the activation of invertebrate chiti-
nases (38). In addition, fluorescence immunocytochemistry and
confocal microscopy of the central core localized the EsChit1
protein exclusively to the hemocytes found there (Fig. 2C). We
confirmed these observations by isolating hemocytes and probing
them directly for EsChit1: Cells from both mature and immature
animals exhibited α-EsChit1-positive puncta (Fig. 2D and Fig.
S2B), irrespective of symbiotic state. Thus, hemocytes express
the majority of EsChit1 in light organ tissue, and eschit1 tran-
script can be associated with the presence of hemocytes.

To determine whether the diel rhythm of eschit1 transcription
originally observed in mature central-core tissues occurred only
in the symbiotic state, we profiled the transcript levels of this
gene at three times of day, in both symbiotic and aposymbiotic
mature light organs, by quantitative real-time PCR. Consistent
with previous results (24), hemocyte-associated eschit1 transcript
levels increased significantly in mature symbiotic light organs just
before nightfall (10 hpd, Fig. 2E). This increase was not observed
in aposymbiotic light organs, although transcript levels were
comparable between the two groups, both in the morning and at
the end of the night (2 hpd and 22 hpd, respectively) (Fig. 2E).
Transcription of another, functionally distinct, hemocyte-associ-
ated E. scolopes gene, peptidoglycan-recognition protein 5 (espgrp5)
(39), displayed the same symbiont-dependent peak at dusk as
eschit1 (Fig. S2C). This pattern in hemocyte-associated tran-
scripts mirrors the transient, symbiosis-dependent increase in
hemocyte numbers observed in immature light organs and is
consistent with a nightly hemocyte migration into the crypts of
mature light organs, although it may also indicate a small sym-
biosis-dependent induction of these two genes as well. Although
we do not know whether this rhythmic migration has circadian

Fig. 2. The diel migration of hemocytes to the light organ is symbiont de-
pendent. (A) Enumeration of hemocytes present during the day (10 hpd;
white box) and night (22 hpd; black box) in light-organ tissues of 2-d-old,
immature symbiotic (solid bars) or aposymbiotic (hatched bars) animals. n =
15 light organs, error bars indicate SEM, and data are representative of three
independent experiments. “a” and “b” indicate groups of statistically similar
means, determined with two-way ANOVA with post hoc Bonferroni T-tests.
(B) Western blot showing presence of EsChit1 in 25 μg of total soluble pro-
tein isolated from light-organ central cores. Total, total soluble protein; α,
anti-EsChit1 antibody; IgG, Ig control. (C) Confocal micrograph localizing
EsChit1 in whole adult (>4-wk-old) central cores at dusk (10 hpd). Inset
shows preimmune control. (D) Localization of EsChit1 in hemocytes extrac-
ted from adult symbiotic squid. (Bottom) Anti-EsChit1 signal alone; (Top)
anti-EsChit1 signal merged with rhodamine phalloidin (filamentous actin
specific) and TOTO-3 (DNA specific). Insets show preimmune control. (E) Diel
pattern of the transcription of host chitotriosidase (eschit1) in adult symbi-
otic (solid bars) and aposymbiotic (hatched bars) light organs; error bars
indicate SEM, n = 5; statistical tests are as described in A.
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underpinnings, in vertebrates, macrophages migrate into tissues as
part of a circadian cycle that is entrained by microbial cues (13).

Delivery of COS to the Symbionts Begins in the Mature Light Organ.
We next asked whether the symbionts metabolize COS and, if so,
what consequences it might have for the association. To inves-
tigate COS metabolism within the crypts, we constructed a mu-
tant strain of V. fischeri that would act as a biosensor. Catabolism
of chitin (Fig. 3A) is a general characteristic of the Vibrionaceae,
and this glycan is an important environmental nutrient and cue
for both beneficial and pathogenic species in this family (25). To
construct the COS biosensor, we deleted the V. fischeri nagB
gene, which encodes glucosamine deaminase: the final enzy-
matic step by which COS and other amino sugars enter the
central carbon metabolism of V. fischeri (36). Such a mutant
cannot grow on this group of sugars (Fig. 3A and Fig. S3A). As
with the homologous Escherichia coli mutant (40), in a complex
growth medium, V. fischeri ΔnagB was sensitive to 100 μM of the
COS monomer N-acetyl glucosamine (GlcNAc), a level even be-
low that required for significant growth (Fig. S3B). As expected,
this sensitivity was eliminated by genetically complementing the
ΔnagB strain in cis at the Tn7 site on the V. fischeri chromosome,
a neutral site for integration of DNA elements (41) (Fig. 3B). The
effect of COS on ΔnagB growth was also relieved by the presence of
a nongluconeogenic sugar of the pentose-phosphate pathway (e.g.,
fructose, glucose, or ribose; Fig. S3C), confirming that the growth-
arrest phenotype is attributable to substrate inhibition (40).
From these observations, we reasoned that V. fischeri ΔnagB

would have difficulty colonizing the squid light organ under two
conditions: (i) where COS is present at a level sufficient to support

wild-type growth or (ii) where there is even a small amount of
COS (e.g., ∼100 μM), but no ameliorating pentose-phosphate
pathway sugars. We compared colonization levels in light organs
populated by either wild-type or ΔnagB strains of V. fischeri during
the first 4 wk postcolonization to determine when symbionts
might encounter such environments (Fig. 3C). For at least 2 wk,
squid were colonized equally well by wild-type or ΔnagB cells;
however, by 4 wk, light organs colonized by the ΔnagB strain
contained <15% as many symbiont cells as those colonized by
either wild type or the in cis complemented strain (Fig. 3C). The
ΔnagB strain showed no decrease in fitness during cocolonization
with wild type throughout a 4-wk colonization (Fig. S3D), prob-
ably due to an effective lowering of the ambient COS concen-
tration by wild-type metabolism. Similarly, coculture of ΔnagB
and wild-type V. fischeri allowed growth of the mutant, even in the
presence of up to 2.5 mMGlcNAc (Fig. S3E), suggesting that the
concentration of COS available to symbionts in the light organ
never exceeds a few millimolar. Although we cannot rule out the
possibility that COS are present in the immature light-organ crypt
at a level below the sensitivity of our biosensor strain (i.e., 10–100
μM), our data do indicate that COS catabolism emerges as a
major metabolic strategy for symbiotic V. fischeri between 2 wk
and 4 wk posthatch. These data also indicate that the presence of
COS in the light-organ crypts is not directly linked to the squid’s
diet: The squid consumes a chitin-rich diet throughout the rearing
process. The developmental, diet-independent, regulation of
COS availability echoes the life stage-specific presentation of
surface sugars to glycan-foraging microbes during mammalian gut
development (27).

Catabolism of COS by the Symbionts Drives a Diel Cycle of Crypt
Acidification. To determine whether the delivery of E. scolopes
chitin, like that of mammalian glycans (27), shapes the ecology of
the mature state of symbiosis, we asked whether the appearance
of COS in the light-organ crypts induced any changes in symbiont
physiology and/or the crypt environment. Catabolism of COS
produces acetic acid in culture; thus, we performed a compara-
tive study of COS catabolism, and associated acetate production,
under aerobic culture conditions in four strains (Table S1):
V. fischeri ES114 (the wild-type squid symbiont used in this study),
V. fischeri MJ11 (a fish light-organ symbiont), Vibrio harveyi (a
nonsymbiotic seawater isolate), and E. coli K-12 (an enteric
strain found in the mammalian gut). When grown on either
N-acetylglucosamine or glucose, the three Vibrio strains produced
two to three times more acetate per unit growth, and more acetate
per mole substrate, than did E. coli, suggesting that the aerobic
catabolism of glycolytic substrates by Vibrio spp. relies more on
substrate-level phosphorylation for energy generation than E. coli
does. This excretion of acetate during aerobic growth is consistent
with a metabolic imbalance called the Crabtree effect (42). In the
context of the light-organ environment, the Crabtree effect would
lead to the excretion of SCFA like acetate during growth on COS,
thereby acidifying the crypt lumen and enhancing the allocation
of ambient oxygen toward bioluminescence (34).
We reasoned that if SCFA accumulate as an excreted product

of symbiont COS catabolism, they might cause acidification of the
light-organ crypts. In a number of bacteria, including V. fischeri
(Fig. S4A), exposure to low pH induces an acid-tolerance response
(ATR) that mitigates a potentially lethal collapse of the cell’s
proton motive force by protonated weak acids like SCFA (43). As
expected (Table S1), during COS catabolism in unbuffered media,
wild-type V. fischeri excreted sufficient acetate to acidify the cul-
ture supernatant to pH 5.5, inducing an ATR; however, when the
COS medium was strongly buffered at pH 7.5, there was no ATR
(Fig. 4A). The ΔnagB mutant, which is impaired in COS metab-
olism, did not acidify even an unbuffered COS medium and, thus,
failed to induce an ATR. In contrast, when grown on glucose, a
NagB-independent, acid-generating source of carbon, this mutant

Fig. 3. Symbionts sense chitin oligosaccharides (COS) only in the mature
light organ. (A) Catabolism of COS in the genus Vibrio. COS are derivatives of
amino di- and monosaccharides that represent enzymatic products of chitin
hydrolysis (green box). After the COS are transported into the cell as the
phosphorylated form, the acetyl and amino groups are removed from the
hexose core before it enters glycolysis. The last common step in COS ca-
tabolism is the deamination of glucosamine-P by the enzyme NagB. To de-
fine amino sugar and COS catabolism in V. fischeri, we tested the ability of
the ΔnagB mutant to grow on several sugars as a sole source of carbon (data
shown in Fig. S3A). GlcNAc, N-acetyl glucosamine; (GlcNAc)2, N-acetylchito-
biose; GlcN, glucosamine; out, extracellular or periplasmic space; in, in-
tracellular space. (B) Growth of a ΔnagB V. fischeri mutant in seawater–
tryptone medium (SWTO), either without (−) or with (+) the addition of 20 mM
GlcNAc at the arrow. Error bars indicate SEM, n = 4. (C) Extent of coloni-
zation of the squid light organ at immature and mature stages of host de-
velopment by wild type, ΔnagB, and an in cis complemented (ΔnagB Tn7::
nagB) strain. cfu, colony-forming units; error bars indicate SEM, n = 12;
statistical tests on log-transformed data are as described in Fig. 2.
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did reduce the pH and induce a robust ATR (Fig. S4B). Thus, we
reasoned that the failure of the ΔnagB mutant to induce an ATR
when COS is present was due to its inability to catabolize COS to
acetate (Fig. 3A), rather than to causing a defect in the ATR
mechanism itself.
We next used the ATR as a reporter to indicate whether sym-

biont catabolism of COS acidifies the light-organ crypts; specifi-
cally, we released V. fischeri cells from the light organ and im-
mediately determined whether they had recently induced an
ATR.Wild-type symbionts exhibited an ATR when released from
the light organs of mature squid at night (18 hpd and 23 hpd, Fig.
4B and Fig. S4C), consistent with the acidic pH measured in crypt
contents at night (34). In contrast, symbionts released in the
morning (3 hpd) showed no evidence of ATR induction, even
though they were physiologically capable of inducing this re-
sponse if they were exposed to acidic conditions before the assay
(Fig. 4B). In contrast, the ΔnagB strain of V. fischeri failed to
exhibit an ATR when released from the mature light organ at
night, indicating it had not experienced a low pH in the crypts
(Fig. 4C and Fig. S4C). Wild-type symbionts released from im-
mature (2-d-old) light organs, even at night, also showed no

evidence of an ATR (Fig. 4B and Fig. S4D), consistent with the
notion that the immature host does not provide its symbionts
sufficient COS (or other fermentable carbon sources) to promote
acidification.
To estimate the amount of symbiont acid production that

would be needed to reduce the pH of the crypts to an ATR-
inducing 5.5, we measured the buffering capacity of freshly iso-
lated squid hemolymph. Hemolymph, which is the major con-
stituent of the crypt environment (34), required the addition of
∼7.5 mM acetic acid to reach a pH of 5.5 (Fig. S4E). The in-
complete oxidation of a molecule ofN-acetyl glucosamine produces
at least one molecule of acetate (Table S1) and could stoichio-
metrically produce as many as three. Thus, a nightly catabolism by
the symbiont population of a few millimolar COS would be suffi-
cient to create the level of acidification measured in the adult light-
organ crypts (SI Calculations).

Conclusions
Collectively, the data presented here support the hypothesis that
(i) a nocturnal release of chitin from hemocytes in the light-
organ crypts characterizes the mature diel cycle of the squid–vibrio
symbiosis, (ii) symbiont catabolism of COS acidifies the crypt
environment and induces the V. fischeri ATR at night, and (iii)
this cycle is not active in the immature association, but develops
only as the host matures (Fig. 4D). Previous work has shown that
an acidic crypt pH potentiates the release of oxygen from he-
mocyanin (34) at the time when the symbiont’s nocturnal light
production increases (33). Thus, the host’s cyclic provision of
chitin, coupled with the symbionts’ physiological responses to
this rhythm, regulates the output of bioluminescence, the central
product of the association (17). To acidify the light-organ crypts
to their nighttime pH of ∼5.5 (34) would require an amount of
acetate released by catabolism of 11 μg of COS; we estimate that
this amount of substrate could be transported into the crypts by
∼2,000 hemocytes or 5% of the total circulating population (SI
Calculations) (35, 44). The nightly sacrifice of this number of
immune cells may appear to be a costly strategy for the host, and
we cannot be certain that other, complementary mechanisms of
COS delivery do not exist. However, 5% is less than the reported
percentage of circulating hemocytes normally replaced by mol-
lusks every few days (44), suggesting that the accumulation of
a fraction of hemocytes in the crypt may be one strategy by which
senescent cells are efficiently repurposed. Whether or not this
strategy of delivering a specific glycan is costly to the host, if
immune-cell derived chitin is the key that unlocks a nocturnal
cycle of symbiont bioluminescence, then the sacrifice of a small
fraction of its hemocytes may be a viable strategy for maintaining
a stable, cooperative association.
pH homeostasis is emerging as a factor that regulates not only

the phylogenetic composition of complex microbial communities
in the oral cavity and gut, but also immune maturation and host
health (45–47). In the squid–vibrio symbiosis, the diel acidification
of the host tissue environment by bacterial metabolism is likely to
affect activities beyond the bioluminescence phenotype of this
association. The squid encodes homologs of zebrafish enzymes
that inactivate immunogenic microbe-associated molecular pat-
tern (MAMP) molecules. These enzymes lose activity at a low pH
(48–51), suggesting that diel tissue acidification might lead to
a local or systemic increase in MAMP levels at night. MAMPs
promote the establishment of symbiosis by signaling pattern rec-
ognition receptors (PRRs) (8); thus, it is possible that acidification
underlies a daily activation of PRR signal cascades. In addition,
induction of bacterial acid tolerance has been associated with
cross-protection and attenuation of immune-related antimicrobial
compounds (52, 53). Consequently, an understanding of the mech-
anisms by which bacteria, whether beneficial or pathogenic, modu-
late the pH of colonized tissues is of critical importance to
deciphering the molecular basis of these interactions.

Fig. 4. Acidification due to COS catabolism is sufficient to induce the
V. fischeri acid tolerance response in symbiosis. V. fischeri was exposed to
different conditions before challenge with 40 mM short-chained fatty acid
(SCFA) medium at pH 4.5. Survival (induction of an acid tolerance response,
ATR) was evaluated after 20 min. ANOVAs with post hoc Bonferroni T-tests
were performed on log-transformed data; error bars, SEM; dashed line, limit
of detection; n.s., no significance, *P < 0.05, **P < 0.01, ***P < 0.01. (A)
Wild-type and ΔnagB V. fischeri were grown with 40 mM GlcNAc in either
unbuffered or buffered medium (final culture pHs are indicated above bars)
(n = 6). (B) Symbiotic wild-type V. fischeri was released from mature light
organs during either the day (3 hpd) or the night (23 hpd). Alternately,
symbionts were released from six individual pools of 20 2-d-old light organs
at night (23 hpd). Released symbionts were assayed immediately for ATR
(open bars) or after a period of preexposure to 30 mM SCFA medium at pH
5.5 (hatched bars) as a positive control (n = 5). (C) ΔnagB or wild-type
V. fischeri were released from mature light organs at night (23 hpd). Sym-
bionts were assayed for ATR either immediately following release (open
bars), or after preexposure for 1 h (hatched bars) as in B, before acid killing
(n = 6). (D) Model of diel metabolic cross-talk between the adult host and its
symbionts. During the day, growth of symbionts on host-derived nutrients
(peptides and phospholipids) in the crypt spaces (circles) is pH neutral (24). At
dusk, hemocytes (red) migrate into the light-organ crypt lumen, lyse, and
release chitin oligosaccharides (COS, green). The COS are catabolized by
symbionts to produce SCFA, which acidify the crypt lumen and promote
oxygen release (34). Oxygen fuels the enzymatic production of light by
symbiont luciferase, the functional basis of the squid–vibrio mutualism.
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Materials and Methods
See SI Materials and Methods for additional experimental details, including
strains (Table S2) and primers (Table S3) used in this study, and the full se-
quence of EsChit1 (Fig. S5).

ATR Assays. The induction of the V. fischeri ATR was monitored by assaying
resistance to killing by exposure to a pH 4.5 mixture of SCFA for 20 min (54).
To obtain symbiotic V. fischeri for the ATR assay, we collected a homogenate
of either central-core tissues from individual adult (>4-wk-old) squid light
organs or 50 whole juvenile (2-d-old) squid; both preparations were sus-
pended at ∼107 cfu/mL.

Detection of Chitin, and Immunocytochemistry. Chitin was detected in hemo-
cytes and light-organ tissues, using commercially available FITC- or TRITC-

conjugated CBP (New England Biolabs) (22). Light-organ tissues and hemo-
cytes from the hemolymph of >4-wk-old squid, or whole tissue from 2-d-old
light organs, were collected and prepared for immunocytochemistry (ICC)
and confocal microscopy, using standard procedures (22, 48).
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