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ABSTRACT In the hours to days following hatching, the
Hawaiian bobtail squid, Euprymna scolopes, obtains its
light-emitting symbiont, Vibrio fischeri, from the sur-
rounding environment and propagates the bacteria in the
epithelial crypts of a specialized light organ. Three-
dimensional analyses using confocal microscopy revealed
that each of the three crypts on either side of the juvenile
light organ is composed of four morphological regions.
Progressing from the lateral pore to the medial blind end
of each crypt, the regions consist of 1) a duct, 2) an ante-
chamber, 3) a bottleneck, and 4) a deep region. Only the
deep region houses a persistent bacterial population,
whereas the duct, antechamber, and bottleneck serve as
conduits through which the bacteria enter during initial
colonization and exit during diel venting, a behavior in
which �90% of the symbionts are expelled each dawn. Our
data suggest that, like the duct, the antechamber and
bottleneck may function to promote and maintain the
specificity of the symbiosis. Pronounced structural and
functional differences among the deep regions of the three
crypts, along with previously reported characterizations of
embryogenesis, suggest a continued developmental pro-
gression in the first few days after hatching. Taken to-
gether, the results of this study reveal a high degree of
complexity in the morphology of the crypts, as well as in
the extent to which the three crypts and their constituent
regions differ in function during the early stages of the
symbiosis. J. Morphol. 267:555–568, 2006.
© 2006 Wiley-Liss, Inc.
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A juvenile Euprymna scolopes squid (Cephalopo-
da:Sepiolidae) emerges from its egg poised to recruit
cells of its luminous bacterial symbiont, Vibrio fis-
cheri, from the surrounding seawater into nascent
light organ tissues (for review, see Nyholm and
McFall-Ngai, 2004). Although V. fischeri constitutes
less than 0.1% of the microbial population in ambi-
ent seawater, the hatchling squid acquire a mono-
specific culture of this species of luminous bacteria
in as little as 12 h (McFall-Ngai and Ruby, 1991;
Ruby and Lee, 1998). Even in the absence of the
symbiont, other environmental bacteria do not colo-
nize the light organ (McFall-Ngai and Ruby, 1991).

Once initiated, the squid will maintain the symbio-
sis with a high degree of specificity throughout its
life, apparently using the bacterial luminescence
for counterillumination defense against predation
(Moynihan, 1983). Each morning at dawn the squid
vents �90% of its symbionts, allowing the remain-
ing cells to grow up into a healthy, luminescent
culture by evening (Boettcher et al., 1996).

The biological mechanisms by which the squid
establishes and sustains symbiosis are remarkably
complex and highly localized (Nyholm and McFall-
Ngai, 2004). The single light organ in the center of
the hatchling squid’s body cavity (Fig. 1A) provides
the stage for the diverse and highly specialized func-
tions of symbiont collection, colonization, and prop-
agation, as well as the determination of specificity
and the control of bacterial luminescence. The tis-
sues that mediate these complex processes develop
both embryonically and postembryonically (Mont-
gomery and McFall-Ngai, 1998).

Embryogenesis creates a nascent light organ in
the hatchling that functions to ensure colonization
by the proper symbiont species (Montgomery and
McFall-Ngai, 1993; Nyholm et al., 2000; Nyholm et
al., 2002; Nyholm and McFall-Ngai, 2003). The bi-
lateral organ is roughly heart-shaped (Fig. 1B) and
its dimensions average 500–600 �m laterally and
400–500 �m along the anterior–posterior axis
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(Montgomery and McFall-Ngai, 1993). Superficially,
the most striking morphological features of the
hatchling light organ are lateral ridges of ciliated
epithelia and two ciliated epithelial appendages that

extend from each ridge (McFall-Ngai and Ruby,
1991; Montgomery and McFall-Ngai, 1993). The
ring-like shape created by each pair of appendages,
in conjunction with the ciliary currents they pro-

Fig. 1. Diagrammatic representations of the juvenile Euprymna scolopes light organ and its internal crypts to provide an
orientation for subsequent confocal images. A: Ventral dissection of a juvenile squid’s mantle (m) revealing the light organ in the
central body cavity, invested in the posterior opening of the funnel (f) and dorsal to the hindgut (hg, orange). The anterior appendage
(aa) and posterior appendage (pa) are laterally located projections of ciliated epithelium that arch over the three pores and assist in
the initial collection of symbiotic bacteria. The ink sac covers the dorsal surface of the light organ and the diverticula of the ink sac
(id) extend across the ventral surface of the organ at the anterior and posterior edges. The precise arrangement of these diverticula
varies from that shown to an extended position covering much of the ventral surface of the organ. The orientation in this panel and
all subsequent figures is anterior to the top, unless otherwise noted. B: A 3D rendering of the light organ after being dissected and
removed from the mantle cavity. The image illustrates the overall shape and relationship of external features, as well as the
progression of confocal serial sections through the organ, all of which were taken ventral to dorsal along the Z axis. C: A detailed view
of the internal components of one half of a representative juvenile light organ, illustrating the position and general morphology of the
internal crypts (area shown is that circumscribed by the box in A). The oldest to the most recently developed crypts, respectively, are
designated crypt 1 (yellow), crypt 2 (blue), and crypt 3 (green). The four morphological regions (duct, DT; antechamber, AT; bottleneck,
BN; and deep crypt, DC) shared by all three crypts are labeled only on crypt 1 for clarity.
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duce, promote the gathering of Vibrio fischeri from
the ambient seawater (Nyholm et al., 2000). Inside
the nascent light organ are six epithelial crypts that
are arranged in two groups of three (Fig. 1C), with
symmetry about the sagittal plane. On each side of
the light organ the three crypt spaces are designated
crypts 1, 2, and 3 to indicate the order in which they
develop during embryogenesis (Montgomery and
McFall-Ngai, 1993). Each crypt has a ciliated duct
leading to a pore at the surface of the light organ.
The outward beating of the duct cilia, along with the
presence of an oxidatively stressful environment in
the duct, suggest that this region plays a role in
controlling bacterial specificity (McFall-Ngai and
Ruby, 1998; Davidson et al., 2004).

Almost immediately after successful colonization
by the proper symbiont, the early postembryonic
light organ develops anatomically and morphologi-
cally into the mature light organ that will support a
persistent Vibrio fischeri infection throughout the
life of the squid. Within 12 h of entering the crypts
the bacterial symbionts deliver a signal that induces
the loss over the subsequent 5 days of both the
superficial ciliated field and the appendages (Mont-
gomery and McFall-Ngai, 1994; Doino and McFall-
Ngai, 1995). Other aspects of superficial light-organ
morphology that change dramatically in the first
several days to weeks following hatching are
symbiosis-independent, or “preprogrammed,” and
occur even in aposymbiotic (uncolonized) animals.
Notably, the ink sac, which is located immediately
dorsal to the light organ, extends diverticula around
the light organ (first anteriorly and posteriorly, and
then laterally) to form retractable iris-like struc-
tures over the ventral surface that control the
amount of light emitted (Montgomery and McFall-
Ngai, 1998). Further, the tissues comprising the re-
flectors, lenses, and yellow filters mature and begin
to function in modulating light emission, and the
morphology of the light organ itself changes into the
bilobed structure characteristic of the adult squid
(Montgomery and McFall-Ngai, 1998).

Examples of both symbiosis-specific and prepro-
grammed morphological development also take
place in the crypts. Two changes occurring within
the first 24 h of colonization are symbiosis-
dependent, and can be reversed by antibiotic treat-
ment that eliminates the bacteria: 1) a change in
crypt epithelial cell morphology from columnar to
cuboidal (Montgomery and McFall-Ngai, 1994;
Visick et al., 2000); and 2) the induction of an in-
crease in the abundance of microvilli along the api-
cal surface of the crypt epithelia (Montgomery and
McFall-Ngai, 1994; Lamarcq and McFall-Ngai,
1998). In combination, these alterations result in a
greater degree of physical contact between host ep-
ithelial cells and the bacterial symbionts that fill the
crypt spaces. The subsequent development of the
crypts is preprogrammed and consists of an increase
in both the volume of the crypts and the extent of

crypt branching (Montgomery and McFall-Ngai,
1998; Claes and Dunlap, 2000). Additionally, the
three pores and three ducts on each lateral side of
the organ coalesce into a single pore and single duct,
irrespective of whether colonization has occurred
(Montgomery and McFall-Ngai, 1998).

In this study we used confocal microscopy to de-
rive an in-depth characterization of the morphology
and anatomy of the three-dimensionally complex
postembryonic light organ. Our analyses reveal new
internal features of the organ that appear to serve
critical functions in the symbiosis. In addition, we
provide new information about the role of symbiosis
in the developmental events that transform the or-
gan from a structure that promotes colonization to
one that fosters persistence of the beneficial associ-
ation.

MATERIALS AND METHODS
General Procedures

Adult Euprymna scolopes (Cephalopoda:Sepioli-
dae) were collected from shallow sand flats on the
south shore of Oahu, HI. The animals were housed
in running seawater aquaria and females were
mated once a week. The resulting egg clutches were
transferred to a 23°C recirculating aquarium with a
12h:12h light/dark cycle in which they were main-
tained until hatching.

Newly hatched juveniles were immediately re-
moved from the egg tanks and placed in Vibrio
fischeri-free seawater (WSW; i.e., seawater that con-
tains a variety of bacteria at a concentration of
�105–106 cells/ml, but does not contain detectable
levels of V. fischeri). Unless otherwise noted, only
squid on or after developmental Stage A30 (Arnold
et al., 1972), i.e., when all three crypts are present,
were used in these experiments. To produce symbi-
otic juveniles, a subset of hatchlings were inoculated
with cultures of the wildtype V. fischeri strain
ES114 that had been grown at 28°C to mid-
logarithmic phase in a seawater-based tryptone me-
dium (SWT) (Boettcher and Ruby, 1990). For exper-
iments in which the bacterial symbionts were to be
observed with confocal microscopy, the V. fischeri
cells carried the multicopy plasmid pKV111, which
encodes both the gene for a red-shifted GFP derivative
and a chloramphenicol (CM) antibiotic-resistance
marker (Nyholm et al., 2000). The plasmid was
maintained by adding CM (5 �g/ml) to the SWT
culture medium and to the WSW containing the
symbiotic squid (1 �g/ml); previous studies have
shown that CM at these levels does not markedly
alter the colonization process (unpubl. data). A fresh
culture of V. fischeri was diluted in WSW to a final
concentration of 103–104 colony-forming units (CFU)
per ml and newly hatched squids were placed in
individual scintillation vials containing 4 ml of this
inoculum for a period of 3 or 12 h. The animals were
then transferred into fresh V. fischeri-free WSW and
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each day thereafter for the duration of the experi-
ment. After 24 h the luminescence output of each
squid was measured with a Turner 20/20 luminom-
eter (Turner Designs, Sunnyvale, CA) to confirm
that it was either symbiotic or aposymbiotic.

Confocal Microscopy

When possible, the light organ was fixed and per-
meabilized prior to fluorochome staining because
this pretreatment promoted a relatively uniform
stain penetration, even in the deeper portions of the
crypts. At appropriate timepoints, squid were anes-
thetized in a solution of 2% ethanol in seawater that
had been passed through a 0.2-�m pore-sized filter
(FSW). The mantle and funnel tissues were dis-
sected away and the animal was placed for 1 h at
room temperature in marine phosphate-buffered sa-
line (mPBS; 0.45 M NaCl in a 50 mM sodium phos-
phate buffer, pH 7.4) containing 4% formaldehyde.
The squid were washed in mPBS before the light
organs were isolated by dissection and the ink sac
was pierced on the dorsal side to facilitate the drain-
ing of ink. The dissected light organs were then
rinsed in mPBS again and permeabilized in a solu-
tion of 1% Triton X-100 for 20 min. Light organs
were then stained with BODIPY-FL paclitaxel
and/or rhodamine phalloidin. Paclitaxel, which
stains tubulin, was used at a concentration of 20
�g/ml in mPBS to which 0.5% Triton X-100 had been
added. Phalloidin, which stains F-actin, was used at
�165 nM, also in mPBS containing 0.5% Triton
X-100. For each stain the light organs were incu-
bated in the dark for 20 min, followed by two washes
in mPBS. The light organs were mounted individu-
ally on flat slides in a medium consisting of 95%
glycerol, 5% mPBS, and 5 mg/ml paraphenylenedi-
amine, a reagent that slows the fading of fluoro-
chromes. All fluorochromes were purchased from In-
vitrogen (Carlsbad, CA) unless otherwise noted.

Some confocal analyses of crypt morphology and
bacterial localization were conducted using live an-
imals. For studies of early stages of colonization,
juvenile squid were incubated in WSW containing
0.001% CellTracker Orange for 15–30 min. For later
timepoints, the incubation time in 0.001% Cell-
Tracker Orange was 12–24 h, beginning 12 h after
colonization. After staining, the squid were rinsed in
WSW and anesthetized in FSW containing 2% eth-
anol. The mantle and funnel were dissected away to
expose the underlying light organ (Fig. 1A) and the
animal was mounted on a depression slide.

The squid, or their dissected light organs, were
mounted ventral side up and oriented anterior to the
top. All confocal Z-series images were taken in a
ventral-to-dorsal sequence (Fig. 1B). A Zeiss (Thorn-
wood, NY) LSM510 laser-scanning confocal micro-
scope was used to collect digital images, which were
processed using Zeiss software and Adobe Photo-
shop (San Jose, CA) Elements.

Measurements

All quantitative measurements were taken using
the Zeiss LSM510 software. Measurements of the
light organ or crypt regions taken along the X, Y,
and Z axes were designated length, width, and
depth, respectively (Fig. 1B). The cross-sectional
area of each crypt region was approximated by de-
termining the maximal length (x) and width (y) mea-
surements, and using these values to calculate the
area of an ellipse: areaellipse � (0.5x)(0.5y)(�).

All quantitative studies of individual epithelial
cells were conducted using both fluorescein-
conjugated paclitaxel for cytoplasmic staining and
rhodamine phalloidin to stain the actin cytoskele-
ton; the cell nuclei were unstained. The precise lo-
cation of the cell membrane could not be resolved, so
cell width measurements were made along the api-
cal surface (brush border), which stained vividly
with rhodamine phalloidin, applying the assump-
tion that the membrane border between two cells
was situated halfway between their nuclei. Cell
height measurements were taken from the tip of the
red-staining apical brush border to the basal edge of
the bright-green-staining cytoplasm.

RESULTS
Crypt Morphology

While the three epithelial crypts on either side of
the juvenile Euprymna scolopes light organ do not
appear identical, they each have the same four mor-
phological regions: 1) duct (DT), 2) antechamber
(AC), 3) bottleneck (BN), and 4) deep crypt (DC)
(Figs. 1C, 2, 3). These four crypt regions were ap-
parent in all (n � 100) juvenile squid observed in
this study, regardless of whether they were colo-
nized with symbionts. The following is a brief de-
scription of the morphology of each region in newly
hatched animals. We provide detailed descriptions
of crypt 1, the largest and most structurally com-
plex, and crypt 3, the smallest and most rudimen-
tary; both the size and the morphology of crypt 2 are
intermediate to the other two crypts. The reported
measurements were purposely combined from squid
that had hatched from several different clutches, but
in all cases the animals were less than 3 h posthatch
(for each measurement, n � 10). Live and fixed
animals showed similar crypt dimensions and mor-
phologies.

Duct. As described in a previous publication
(Montgomery and McFall-Ngai, 1993), the most lat-
eral segment of each crypt is a tube-like, ciliated
duct that extends medially from the superficial pore
(Figs. 1C, 2). The duct of crypt 1 (DT1) has the
largest cross-sectional area (average � 163 � 21
�m2 standard error of the mean, SEM), and is the
shortest in length (average � 27 � 3.3 �m SEM). It
connects to the most ventral antechamber. Con-
versely, DT3 has the smallest cross-sectional area
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Fig. 2. Three-dimensional relationships of the regions of the crypts. A confocal series through the Z axis of the light organ of a
typical juvenile Euprymna scolopes, showing the relationship of the four crypt regions for each of the three crypts. To illustrate these
features and provide details of cell size and shape, the organ of a 48-h aposymbiotic (i.e., uncolonized) animal was stained with
rhodamine phalloidin, which labels filamentous actin (red), and BODIPY-FL paclitaxel, which labels tubulin in the cytoskeleton
(green). Digital images of sections at 3.9-�m intervals, beginning at the ventral surface (see Fig. 1B), are arrayed in sequence in
A–J. aa, anterior appendage of superficial ciliated field; AC1, AC2, AC3, antechamber of crypt 1, 2, 3; BN1, BN2, BN3, bottleneck of
crypt 1, 2, 3; DC1, DC2, DC3, deep crypt 1, 2, 3; DT1, DT2, DT3, duct of crypt 1, 2, 3; id, ink sac diverticulum; pa, posterior appendage
of superficial ciliated field.
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(average � 64 � 6.9 �m2 SEM), and longest length
(average � 36 � 5.0 �m SEM), connecting to the
most dorsal antechamber.

Antechamber. Medial to the duct is a large com-
partment that we have named the antechamber.
The antechamber of crypt 1 (AC1) begins as a grad-
ual widening of the duct and eventually opens into a
stomach-shaped cavity that is often ciliated. This
main compartment of AC1 has a large cross-
sectional area averaging 1,380 � 150 �m2 SEM
(Figs. 1C, 2), but is very shallow, with a narrow
dorsal out-pocketing that extends several microme-
ters. In contrast to AC1, AC3 is little more than a
widening of the duct, with the largest portion mea-
suring, on average, only 510 � 64 �m2 SEM in
cross-sectional area.

Bottleneck. The bottleneck is a short and narrow
connector between the antechamber and the deep
crypt region (Figs. 1C, 4B,C). The bottleneck of crypt
1 (BN1) in a hatchling squid is 8.9 � 0.6 �m SEM in
width and 32 � 1.6 �m SEM in length. BN3 is
smaller, measuring only 5.4 � 0.3 �m SEM in width

and 16 � 1.4 �m SEM in length. Cilia were never
observed on the cells of this region.

Deep crypt. Farthest from the pore, the blind-
ended deep-crypt region is the most voluminous por-
tion of the crypt (Fig. 1C). Among the three deep
crypts, deep crypt 1 (DC1) is the largest and has the
most structural complexity. DC1 is also the most
medial of the deep crypts and the only one that
extends ventrally from the bottleneck, almost reach-
ing the ventral surface of the light organ (Figs. 2,
3D). DC1 first opens up into one large compartment,
which usually splits into three primary diverticula
(Fig. 1C). These diverticula have irregular morphol-
ogies with many branches and out-pocketings, but at
the medial axis they reconnect into a single space.
Due to the convoluted structure of DC1, it was not
possible to estimate its volume, but we determined
that its length, from the bottleneck to the medial
axis, averages 175 � 8.5 �m SEM. By comparison,
DC3 is less complex in the hatchling, usually occur-
ring as a single round or ellipsoidal compartment

Fig. 3. The deep crypt regions, where the symbionts persistently reside. Three-dimensional projections of a confocal series taken
at 1.4-�m intervals through the Z axis of the deep crypts of a 48-h symbiotic juvenile Euprymna scolopes colonized by GFP-labeled
Vibrio fischeri, revealing the sizes, shapes, and relative positions of the deep crypt lumina. A,B: Images of the GFP-labeled V. fischeri
filling the deep crypt lumina. A: Projection looking through the Z axis, ventral to dorsal. B: Image of A rotated around the Y-axis �90°
and reoriented so ventral is to the top. Perspective is looking through the X axis, lateral to medial. C,D: The projections in A and
B viewed in stereo, and false-colored to differentiate the three crypt spaces; crypt 1, yellow; crypt 2, blue; crypt 3, green.
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Fig. 4. The location of Vibrio fischeri cells over the first 72 h following inoculation of the juvenile host. Light organs of juvenile
Euprymna scolopes were counterstained with either rhodamine phalloidin or CellTracker Orange to visualize the relationship of host
tissues (red) to GFP-labeled V. fischeri cells (green). A: As previously described (Nyholm et al., 2000), between 0–4 h bacteria were
observed in large aggregates above the light organ pores, as well as in the ducts (inset). B: Between 4–8 h symbiont populations were
often observed in crypt antechambers and bottlenecks, sometimes passing through these structures in large numbers, while at other
times numbering only a few bacterial cells at a time (inset). C: By 17 h, populations of symbiont cells had migrated to the deep crypts
and grown to fill the deep crypt lumina, with large populations of bacteria extending laterally to the bottleneck and medially through
the deep crypt diverticula to the medial axis (inset). D: The light organ locations of symbiotic bacteria in the evening, at which time
they were confined to the deep crypts. Higher magnification of the blind ends of the opposing DC1 regions that meet, but do not join,
at the medial plane (inset). E: During diel venting at dawn, the bacteria could be seen reentering the antechambers through the
bottlenecks. Bacterial populations were subsequently observed exiting the pores into the mantle cavity (inset). F: Immediately
following venting, small populations of V. fischeri cells remained in the most mature crypt (DC1; inset, upper right), but often large
populations remained in the least mature of the crypts (DC3; inset, lower right). aa, anterior appendage of superficial ciliated field;
AC1, AC2, AC3, antechamber of crypt 1, 2, 3; BN1, BN2, BN3, bottleneck of crypt 1, 2, 3; DC1, DC2, DC3, deep crypt 1, 2, 3; DT, ducts;
DT2, DT3, duct of crypt 2, 3; ma, medial plane of the light organ; P, pores.
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that averages only 16 � 3.6 �m SEM in length (Fig.
3D).

Localization of Vibrio fischeri Within the
Crypts During Primary Colonization and
Early Persistence

While primary colonization of the juvenile light
organ crypts has a very high success rate, many
aspects of the process are variable. In a typical
newly hatched animal there is no particular order in
which the six crypts become colonized, nor does the
sequence of events over the first hours to days follow
a rigid timeline. As previously reported (Nyholm et
al., 2000), during the first 4 h of exposure to Vibrio
fischeri the bacteria are predominately outside the
light organ, aggregating in groupings of various cell
numbers in the mucus shed by the cells of the su-
perficial ciliated field (Fig. 4A). Using GFP-labeled
V. fischeri we could observe the bacteria entering the
ducts as early as 2 h after inoculation (Fig. 4A,
inset), and first entering the antechamber, bottle-
neck, and deep-crypt regions between 4 and 8 h after
inoculation. In some instances, large populations of
bacteria migrate en masse through the antechamber
and bottleneck (Fig. 4B), but at other times the
bacteria appear to colonize in smaller groups of 2–20
cells (Fig. 4B, inset). In either case, the bacteria
negotiate the duct, antechamber, and bottleneck,
apparently without any detectable delay or accumu-
lation in the antechamber. On occasion, we observed
bacteria streaming straight through the antecham-
ber to the bottleneck. By 17 h postinoculation many
light organs are fully colonized, i.e., all six deep
crypts contain large numbers of bacteria, while oth-
ers are still undergoing colonization in one or sev-
eral crypts. The deep crypts that do contain bacteria
at 17 h are usually full, while their corresponding
antechambers and bottlenecks have become devoid
of bacteria (Fig. 4C).

Under our experimental conditions, essentially
100% of inoculated squid were colonized by 24 h.
After this time the spatial pattern of the symbiont
population becomes dominated by the host’s diel
expulsion behavior. Each evening (i.e., at 24, 48, and
72 h postinoculation), large populations of symbiotic
bacteria can be found exclusively in the deep regions
(Fig. 4D); when bacteria are observed in the duct,
antechamber, or bottleneck, they generally number
fewer than 10 cells. Just before dawn (i.e., immedi-
ately preceding the environmental light cue that
results in the expulsion of most of the symbiont
population), the distribution of bacteria within the
crypts is identical to that of the preceding evening.
However, between 10 and 40 min after light expo-
sure and expulsion, the bacteria are typically seen in
large quantities throughout all four crypt regions
(Fig. 4E), and are spilling out of the light organ
through the pores (Fig. 4E, inset). At least a few
bacteria are generally seen in the duct region of each

crypt, indicating that all of the deep crypts expel
their symbionts. However, the extent to which ex-
pulsion clears this region varies; typically, DC1 is
nearly emptied, DC2 expels the majority of its bac-
teria, but not as much as DC1, while DC3 expels
very few cells and still appears essentially full (Fig.
4F). Within 4–5 h following expulsion the remaining
symbionts have rapidly proliferated in the deep re-
gions and bacterial cells can no longer be detected in
the ducts, antechambers, or bottlenecks.

Symbiont-Induced Changes in the
Morphology and Anatomy of the Crypt
Region

The morphological responses of the ducts to inter-
actions with Vibrio fischeri, including a symbiosis-
induced constriction, have been previously reported
(Kimbell and McFall-Ngai, 2004); thus, an analysis
of this region is not covered here. In contrast, our
examination of the antechambers revealed no de-
tectable morphological or anatomical differences in
response to symbiosis or development during the
first 72 h posthatch. The minimum diameter of the
bottleneck, however, decreases during the first 72 h
after hatching. While some narrowing occurs in bot-
tlenecks 1 and 2 of aposymbiotic animals, the bot-
tlenecks of all three crypts constrict significantly
(P � 0.01) in symbiotic animals, measuring only 2–4
�m in diameter by 48 h (Fig. 5). The length of the
bottleneck does not change significantly either with
time or with symbiotic state (data not shown).

Our discovery that the deep region is the only part
of each crypt in which host epithelial cells continu-
ally interact with Vibrio fischeri led us to investigate
whether the reversible, symbiosis-induced change in
epithelial cell morphology (Montgomery and McFall-
Ngai, 1994; Visick et al., 2000) is restricted to the
deep region and, if it is, whether the change is
equally apparent in all crypts. In three replicate
experiments we visually and quantitatively ob-
served the typical columnar to cuboidal change in
cell morphology in symbiotically colonized DC1 epi-
thelia at 48 h (Fig. 6). In contrast, no detectable
change in the dimensions of the epithelial cells lin-
ing either the antechamber or the bottleneck was
induced by symbiosis (data not shown). In similar
experiments with DC2, no alteration in epithelial
cell morphology was detected in two out of three
experiments. In the third experiment, the height-to-
width ratio of the symbiotic DC2 epithelial cells was
�1.5, suggesting that these cells were in the process
of changing from columnar to cuboidal. Finally, in
fully colonized DC3 the epithelial cells were colum-
nar, i.e., indistinguishable from those of aposymbi-
otic animals. Thus, we conclude that, in this early
stage of the symbiosis, the DC regions respond dif-
ferently to the presence of bacterial symbionts, de-
pending on their developmental maturity.
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Developmental Morphology of Deep Crypts
2 and 3

Differences in the development of the deep crypts
were examined in symbiotic and aposymbiotic ani-
mals imaged at 24-h intervals from hatching
through 72 h. The shape of the deep-crypt lumen
was outlined by counterstaining with either rhoda-
mine phalloidin or CellTracker Orange. To maxi-
mize the range of developmental differences possible
for posthatch animals during the relatively short
72-h time frame, we collected data from animals
hatched from four independent clutches. Of the four
clutches analyzed in this experiment, two hatched
before Stage A30, i.e., somewhat premature and af-
ter crypt 3 had just begun formation, and two were
from clutches that were at or beyond A30, i.e., at a
developmental stage typical of the normal hatchling
(Arnold et al., 1972; Montgomery and McFall-Ngai,
1993). No progressive developmental pattern was
observed in the morphology or size (length and
width) of DC1 in the first 72 h, nor was there any
detectable change induced by symbiosis. However,
there was a developmental progression in the ob-
served morphologies of DC2 and DC3 that consisted
of four identifiable stages (Fig. 7). Overall, most
juvenile squid are in either Stage 2 or Stage 3 during
the first 72 h after hatching. Stage 1 is seldom en-
countered, but when observed, it is nearly always in
a newly hatched animal, suggesting that this stage
is a morphological characteristic of an earlier period
of development. Similarly, when Stage 4 is observed
the animal is always 48 h posthatch, suggesting that
it represents a more advanced developmental stage.
Throughout the progression, DC2 is larger and es-
sentially one stage ahead of DC3. Like DC1, DC2 is
also readily colonized by Vibrio fischeri regardless of
its developmental stage at hatching. DC3, on the
other hand, is usually not colonized if it is still at
Stage 1, but always becomes colonized if it has pro-
gressed to a later developmental stage. In general,
symbiosis appears to have little if any impact on the
developmental morphology of DC2 and DC3; how-
ever, they were significantly larger in cross-sectional
area (P � 0.02) in symbiotic animals than in apo-
symbiotic animals of the same age (data not shown).

Fig. 5. Developmental and symbiosis-induced changes in the
crypt bottleneck. A: A representative bottleneck of a newly
hatched animal. B: Bottleneck of a 48-h symbiotic juvenile Eu-
prymna scolopes from the same clutch, colonized with GFP-
labeled Vibrio fischeri. In both images the actin-rich epithelial
brush border lining the crypt lumen was visualized with rhoda-
mine phalloidin. C: Bottleneck widths (mean � SEM) in hatch-
ling, 48-h aposymbiotic, and 48-h symbiotic animals, revealing
both developmental and symbiosis-induced narrowing of this fea-
ture. Data shown represent 14–22 animals for each timepoint
under each symbiotic condition, as all three bottlenecks could not
always be clearly visualized in every animal. AC1, antechamber
of crypt 1; BN1, BN2, BN3, bottleneck of crypt 1, 2, 3; DC1, deep
crypt 1.
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DISCUSSION

The results of this study reveal a hitherto un-
known degree of structural complexity in the light
organ crypts of juvenile Euprymna scolopes. Previ-
ous studies, using light microscopy and transmis-

sion electron microscopy (TEM), were able to resolve
only two major divisions of each crypt: the ciliated
duct, which terminates laterally at the pore that
opens into the mantle cavity, and the medial blind-
ended lumen, lined by nonciliated cells, where the
bacterial symbionts were reported to colonize (Mont-
gomery and McFall-Ngai, 1993, 1994). Viewing the
light organs with confocal microscopy has revealed
two additional features. Located immediately me-
dial to the duct is a region we termed the “antecham-
ber,” which is more cavernous than the duct, but,
like the duct, appears to be ciliated. Connecting the
medial end of the antechamber to the deep crypt
region is another tube-like feature that we desig-
nated the “bottleneck” because of its strikingly nar-
row diameter. Examination of the deep crypt areas
also revealed a greater morphological complexity
than had been previously observed. In summary,
each crypt is now known to consist of four regions:
duct, antechamber, bottleneck, and deep crypt. In
addition, the present study provides a more precise
view of the differences among the trio of crypts
found on each side of the juvenile light organ, as well
as the influence of the bacterial symbionts on the
development of the crypt morphology and anatomy.

Insights Into Crypt Function

The new understanding of crypt structure pro-
vided by confocal microscopy suggests several new
questions about how the crypts function in the early
stages of the symbiosis. Among these questions are:
what role, if any, does the antechamber play in
bacterial colonization and/or persistence? Despite its
significant volume, once the light organ is colonized
the antechamber remains devoid of bacteria, except
around the time of the daily dawn venting process. A
recent study (Davidson et al., 2004) that was in-
formed by this new understanding of crypt anatomy
revealed that the duct and antechamber, but not the
bottleneck or deep crypts, of hatchling and aposym-
biotic animals produce high levels of nitric oxide
(NO), a potent microbicide. Thus, with their ciliary
activity (McFall-Ngai and Ruby, 1998) and NO pro-
duction, these data suggest that the ducts and an-
techambers present both a biomechanical and a bio-
chemical barrier through which Vibrio fischeri cells
must pass before they can colonize the deep crypts.
As such, these regions may play a major role in
determining symbiont specificity by creating an en-
vironment that is permissive only to V. fischeri. Al-
ternatively, these impediments to bacterial coloni-
zation could function to control the location and/or
level of symbiont proliferation. Previous studies
have shown that the onset of deep-crypt colonization
by V. fischeri results in a significant attenuation of
NO production in the more-laterally located duct
and antechamber regions (Davidson et al., 2004).
Thus, the ability of V. fischeri to not only move
through, but also persist within, the crypts may be

Fig. 6. Symbiosis-induced shape change in deep-crypt epithe-
lial cells. Filamentous actin and cytoskeletal tubulin were stained
with rhodamine phalloidin and BODIPY-FL paclitaxel, respec-
tively, to visualize the crypt epithelial cells. A: Deep crypt 1 of a
48-h aposymbiotic animal. B: Deep crypt 1 of a 48-h symbiotic
juvenile Euprymna scolopes colonized with GFP-labeled Vibrio
fischeri. C: Deep crypt 3 of a 48-h aposymbiotic animal. D: Deep
crypt 3 of a 48-h symbiotic animal colonized with GFP-labeled V.
fischeri. E: Cell shape, characterized by the ratio of height to
width (height/width or H/W), was either cuboidal (H/W �1) or
columnar (H/W �2). Data are the means � SEM from one of three
replicate cell morphology experiments performed. The data sum-
marize measurements from 3–4 aposymbiotic and symbiotic an-
imals from a single clutch (DC1 n � 30 cells/animal, DC2/3 n � 5
cells/animal).
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due, at least in part, to its ability to attenuate NO
production in the ducts and antechambers. It is im-
portant to note that the antechamber may have ad-
ditional but as yet unknown functions in the early
stages of light organ development, a possibility sup-
ported by the size and distinct morphology of this
structure.

The newly defined bottleneck region of the crypt is
of particular structural interest because it forms a
constricted passageway that separates the uncolo-
nized duct/antechamber region from the colonized
deep-crypt lumen. Its dimensions suggest that the
bottleneck serves as a physical obstacle to bacteria
or other materials trying to enter the deep crypt. In
our observations of primary colonization, while the
bottleneck certainly appeared to limit the rate at
which large bacterial populations passed from the
antechamber to the deep crypt, individual symbi-
onts were in no way blocked, and could move
through the passageway in a column several cells
wide. However, as a result of colonization the bot-
tleneck further narrows to nearly the width of a
single bacterial cell (Fig. 5), thereby presenting a
more substantial physical barrier to bacteria both
entering and leaving the deep crypt. Thus, the bot-
tleneck may facilitate the containment of Vibrio fis-
cheri cells in the deep crypts at times of day other
than venting. In addition, because the pores remain

open to the external environment throughout the
life of the host, this narrow passageway may also
limit subsequent colonization by additional V. fisch-
eri strains or nonsymbiotic bacterial species. One
additional issue that will require further investiga-
tion is how the bacteria overcome the obstacle of the
bottleneck so rapidly during venting. Are they sim-
ply forced through the narrow passage by the pow-
erful light-organ musculature (Nyholm and McFall-
Ngai, 1998), or does the width of the bottleneck
change with a diel rhythm?

Juvenile Crypt Development

Although the four morphological regions are iden-
tifiable within all of the six juvenile crypts, their
relative sizes and precise morphologies differ be-
tween the three pairs (Fig. 7). Studies of the adult
squid reported that the mature crypts differ slightly
in size, with crypt 1 being the largest and crypt 3 the
smallest; nevertheless, they all share a similar
branching structure (Montgomery and McFall-Ngai,
1998). Thus, maturation of the crypt spaces appears
to involve continued growth and ramification of all
three crypts that results in DC2 and DC3 following
the progression of increasing size and complexity
first displayed by DC1. We observed that DC2 and
DC3 were, on average, slightly but significantly

Fig. 7. Variation in, and developmental progression of, deep crypts 2 and 3 during the first 72 h postcolonization. Diagrams of the
observed morphologies (Stages 1–4, from least to most developed), illustrating variations in the relative size and degree of complexity
of deep crypts 2 (DC2) and 3 (DC3). The micrographs below each diagram provide examples of each developmental stage and
morphology as observed by confocal microscopy. The GFP-labeled symbionts were observed colonizing these two deep crypt regions
only in their more developed stages. Euprymna scolopes tissues are stained with rhodamine phalloidin or CellTracker Orange. The
tables (bottom) present the frequency with which a given morphology was observed at a specific timepoint. The highlighted box (yellow)
indicates the timepoint at which a particular morphology was most frequently seen. Table data were derived by counting the observed
morphologies in symbiotic animals from four clutches (n � 10–16 animals/timepoint). DC1, DC2, DC3, deep crypts 1, 2, 3.
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larger in colonized animals. Because the rates of
crypt cell proliferation in aposymbiotic and symbi-
otic animals do not differ (Montgomery and McFall-
Ngai, 1994), we hypothesize that this symbiosis-
associated increase in size results from a stretching
of the crypt spaces imposed by the growing popula-
tion of symbionts. Our studies of early deep-crypt
development indicated that DC2 and DC3 continue
to grow and branch toward the mid-line of the organ.
Eventually, however, the continued growth of the
crypts must be primarily in the anterior and poste-
rior directions, as histological sections studies of the
adult organ have shown that the mature crypts are
elongated along this axis (Montgomery and McFall-
Ngai, 1998).

Unlike the deep crypt regions, a significant pre-
programmed developmental progression was not ob-
served for the antechamber and bottleneck regions
in the first 72 h after hatching (Fig. 7). More specif-
ically, no change in cross-sectional size or shape of
the antechambers was measurable over the first
72 h; i.e., AC3 did not begin to assume the stomach-
like shape of AC1 and AC2. Although the eventual
fate of the antechamber is not readily discernable by
examination of the adult light organ, one possible
fate of AC1 and AC2 is that they may develop into
the two yellow-pigmented diverticula of the adult
crypts, which are positioned just medial to the single
adult duct, and have the same general shape as the
antechambers (Montgomery and McFall-Ngai,
1998). These yellow pads of tissue in the adult organ
occur over the ventral surface of the crypt region and
are of unknown function. Results from a previous
study (Weis et al., 1993) links the antechambers
with these pigmented areas. Specifically, high levels
of the enzyme aldehyde dehydrogenase are produced
in these regions in adults, and the first developmen-
tal signs of this biochemical signature occur at the
crypt–duct interface in juvenile animals, i.e., in the
same location as the area now known to be the
antechamber (Weis et al., 1993). In addition to find-
ing no marked development changes in the ante-
chambers, although symbiosis-induced bottleneck
constriction was noted during this time, we did not
detect significant elongation of the bottleneck dur-
ing the first 72 h after hatching. However, histolog-
ical sections of adult light organs suggest that the
bottlenecks later elongate into narrow passages of
up to 250 �m in length that connect the deep crypts
with the duct region of the crypts (Montgomery and
McFall-Ngai, 1998).

Role of the Symbionts in Light-Organ
Morphology

Our investigation unexpectedly revealed func-
tional variation among the three deep-crypt areas
that sheds new light on this region’s dynamic role in
the symbiosis. Two unanticipated observations were
1) the incomplete venting of bacteria from DC2 and

DC3, and 2) the failure of colonization to induce an
expected morphological change in the epithelial cells
lining DC2 and DC3. In both cases the development
of these deep-crypt regions failed to duplicate the
patterns that were first described for DC1, which
had been assumed to be emblematic of normal sym-
biotic function (Graf and Ruby, 1998; Visick et al.,
2000). Do these different cellular responses to the
symbionts reflect distinct functionality among the
different crypts, or are the differing cell morpholo-
gies simply a consequence of the relative develop-
mental immaturity of DC2 and DC3?

The diel venting of �90% of the crypt’s contents
each morning is believed to enable the squid to fos-
ter the regrowth of a fresh, metabolically robust,
symbiont population that will efficiently luminesce
through the coming night (Graf and Ruby, 1998). It
was initially assumed that this behavior was char-
acteristic of all of the crypts, but the present study
has revealed that the three pairs of crypts are un-
equal in the extent to which they vent (e.g., Fig. 4F).
Because all three crypts were capable of at least
partial expulsion, and their relative extent of vent-
ing coincided with the order in which they developed
(i.e., DC1 � DC2 � DC3), a parsimonious explana-
tion would be that the observed differences are due
to a developmental immaturity of the contractile
tissues around the younger crypts. Similarly, differ-
ences in the extent of venting could also be a conse-
quence of position; DC3 is the most lateral, DC1 is
the most medial, and DC2 is in between (Fig. 1C). It
is possible that, because it is most laterally located
relative to the medial musculature of the light organ
and ink sac, the juvenile DC3 vents poorly due to the
lack of direct contractile force (Nyholm and McFall-
Ngai, 1998). Measurements of the extent of venting
behavior in the crypts of more mature squid, coupled
with a better understanding of the biomechanics of
venting, will help discriminate between these hy-
potheses. In any case, an accessible population of
crypt-grown, nonvented symbionts in DC3 provides
an opportunity to better understand the reason for
the venting behavior itself.

While a previous study reported that the epithelia
lining the deep portion of crypt 3 were not signifi-
cantly different between aposymbiotic and symbiotic
animals at 3 days posthatch, crypt 3 had not become
colonized by that time (Montgomery and McFall-
Ngai, 1994). Because swelling of the deep crypt ep-
ithelia, and the associated change from a columnar
to a cuboidal cell shape, apparently require the pres-
ence of colonizing symbionts (Visick et al., 2000), it
is possible to explain the failure of the epithelium to
respond in that study by the absence of colonizing
bacteria in that particular crypt. In contrast, in our
experiments, performed with a different population
of Euprymna scolopes than the earlier study (Kim-
bell et al., 2002), crypt 3 was nearly always mature
enough to become colonized immediately after
hatching and continually support a dense popula-
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tion of symbiotic bacteria (Fig. 3). Nevertheless, as
late as 48 h posthatch the epithelial cells of DC3,
and often DC2 as well, had not changed to a cuboidal
shape observed in the cells of DC1.

The absence of this response in DC2 and DC3 is
significant because it has been suggested that the
cell swelling underlying this change in morphology
reflects the stress imposed by metabolic and oxida-
tive activity of the symbiont population (Ruby and
McFall-Ngai, 1999). Why then do the epithelial cells
of DC2 and DC3, which are in contact with a large
number of apparently active symbionts, not show
this morphological response? We hypothesize that
the ability to initiate this response develops some-
what after the capacity to support a symbiotic pop-
ulation. Only the more mature and possibly fully
differentiated epithelia of DC1 reliably express this
response, whereas the comparatively immature and
still dividing epithelia of DC2 and DC3 (Montgomery
and McFall-Ngai, 1994) are incapable. Our observa-
tion of a partial degree of swelling in DC2 in one
experiment (Fig. 6), as well as a previous report of the
DC3 epithelia appearing cuboidal in an older juvenile
(Montgomery and McFall-Ngai, 1994), supports this
notion. However, further investigation will be needed
to test whether, upon reaching a more advanced state
of maturity, the epithelia of DC2 and DC3 become able
to fully respond to the colonizing symbionts.

The application of confocal microscopy not only
allowed us to better view the 3D complexity of the
symbiotic light organ of Euprymna scolopes, but also
to compare the sizes of structures and the relation-
ships of tissues in both living and fixed specimens.
This capability was critical to determining whether
the fixation process itself was introducing morpho-
logical artifacts. Our data revealed that, under con-
focal microscopy, fixation did not markedly perturb
the tissue or affect our conclusions. Such compara-
tive analyses of living and fixed tissues have not
been possible with the light and electron microscopy
studies of squid light organs that have been previ-
ously reported (Herring et al., 1981; Montgomery
and McFall-Ngai, 1993, 1994, 1998; Nishiguchi et
al., 2004). In addition, previously reported TEM-
based, 3D reconstructions of the juvenile light organ
(Montgomery and McFall-Ngai, 1993) did not reveal
the narrow bottleneck, a critical component of the
crypt anatomy described here using confocal analy-
ses. We predict that the application of confocal micros-
copy, in conjunction with light and electron micros-
copy, will continue to uncover the true relationship of
the tissues of the squid light organ, producing an in-
valuable framework in which to study developmental
and functional aspects of this symbiosis.
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