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Bacteria exert a variety of influences on the morphology and physiology of animal cells whether they are
pathogens or cooperative partners. The association between the luminous bacterium Vibrio fischeri and the
sepiolid squid Euprymna scolopes provides an experimental model for the study of the influence of extracellular
bacteria on the development of host epithelia. In this study, we analyzed bacterium-induced changes in the
brush borders of the light organ crypt epithelia during the initial hours following colonization of this tissue.
Transmission electron microscopy of the brush border morphology in colonized and uncolonized hosts revealed
that the bacteria effect a fourfold increase in microvillar density over the first 4 days of the association.
Estimates of the proportions of bacterial cells in contact with host microvilli showed that the intimacy of the
bacterial cells with animal cell surfaces increases significantly during this time. Antibiotic curing of the organ
following colonization showed that sustained interaction with bacteria is essential for the retention of the
induced morphological changes. Bacteria that are defective in either light production or colonization efficiency
produced changes similar to those by the parent strain. Conventional fluorescence and confocal scanning laser
microscopy revealed that the brush border is supported by abundant filamentous actin. However, in situ
hybridization with b-actin probes did not show marked bacterium-induced increases in b-actin gene expres-
sion. These experiments demonstrate that the E. scolopes-V. fischeri system is a viable model for the experi-
mental study of bacterium-induced changes in host brush border morphology.

Studies of the interactions between bacteria and animals
have shown that bacteria strongly influence the morphology,
biochemistry, and molecular biology of the tissues with which
they associate, both during normal development and during
the progression of a pathogenic infection (21, 22, 40, 46). For
example, both pathogenic and benign bacteria alter the mor-
phology of the villi and the underlying tissue layers of the
intestine (21, 28, 42, 47), and bacteria appear to be requisite to
the late development of the vertebrate immune system (10, 49,
54). At a microscopic level, bacterial cells mediate develop-
mental changes in the host cell ultrastructure through changes
in the patterns of gene expression and protein synthesis of
these cells and/or posttranslational modifications in existing
proteins (6, 12, 25, 33, 38).

Because the association of animal cells with bacteria most
often involves a single host animal with a consortium of bac-
teria, such as that residing in the healthy mammalian intestine,
it has been difficult to resolve which of these developmental
changes result from interaction with the cooperative, essential
microbiota and which occur in response to potential pathogens
that are entering the habitat and threatening the community
structure of the host and its critical prokaryotic partners. Sev-
eral approaches to this problem have provided significant in-
sight, most notably studies of germfree and gnotobiotic animal
models (6, 8, 22, 24). Research with these model systems has
confirmed that bacteria are essential both to the normal de-
velopment and to the sustained health of the host (28, 33). The
analyses of the behavior of individual microbe species intro-
duced into the germfree environment have shown that specific
bacteria have the potential to cause significant biochemical and
molecular changes in host cells (6, 27, 39). However, using

these models, it has been difficult to determine whether such
changes actually occur in response to those specific microbes
under normal conditions in which the entire consortium is
present. Thus, complementary to research on germfree and
gnotobiotic models are studies of simplified systems in which
bacteria naturally occur in monospecific culture with a host.
The association between the prokaryotic nitrogen-fixing bac-
teria and leguminous plant hosts has provided such a model of
prokaryotic-eukaryotic interaction, and research of this part-
nership over several decades has resulted in a wealth of knowl-
edge about how the symbiotic partners respond during the
development of a stable relationship (19, 50).

The association between the marine luminous bacterium
Vibrio fischeri and its host, the Hawaiian sepiolid squid Eu-
prymna scolopes, provides an experimental model for the study
of the persistent colonization of animal epithelia by extracel-
lular bacteria (23, 32, 44). The relationship involves one host
and one microbial species, both of which can be maintained
independently under laboratory conditions. Further, molecular
genetics has been successfully developed in V. fischeri (44),
which will allow for the determination of symbiosis-specific
phenotypic traits. The type of animal-bacterium relationship
exemplified by the E. scolopes-V. fischeri association is similar
in a number of aspects to the more common, perhaps ubiqui-
tous, association of animals with resident intestinal bacteria.
Specifically, similar to intestinal animal-bacterium alliances,
the E. scolopes-V. fischeri relationship begins anew each gen-
eration with exposure to symbiotic bacterial cells from the
external environment (32, 52) and the bacteria colonize highly
polarized epithelial cells that are embryonically derived from
gut primordia (34, 35).

In the adult squid host, the colonized organ appears as a
conspicuous bilobed structure in the center of the body cavity.
It is comprised of a bacterium-containing core region sur-
rounded by accessory tissues (31), which serve to modify the
bacterial luminescence for use by the animal in its nocturnal
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behavior (37). The core of the adult organ houses on average
a billion bacterial cells in labyrinthine crypts lined with highly
polarized epithelial cells. During embryogenesis of the squid
host (34), tissues of two types that play principal roles in the
inoculation process are formed: (i) a transparent, superficial
ciliated, microvillous epithelium that is not itself colonized but
appears to potentiate the inoculation of the organ, and (ii)
three simple, sacculate crypts, which are lined with polarized
epithelia and are present on either side of the organ. These
crypts are the sites of colonization by the bacterial partner (see
Fig. 1 and 7).

The morphology and anatomy of the adult light organ are
conspicuously different from those of the hatchling juvenile
(31, 35). Superficially, the organ shape transforms from heart-
like to bilobed, the accessory tissues associated with the mod-
ulation of bacterial luminescence are elaborated, and the su-
perficial ciliated, microvillous surface is lost. In the light organ
core, the bacterium-containing crypts ramify, the crypt cells
swell, and the microvilli of the brush border change from being
simple and sparse along hatchling crypt cells to highly dense
and branched on the crypt cells of adult light organs. The goal
of ongoing experimental studies is to reveal which of these
developmental processes are bacterially induced and which are
developmentally “hard-wired,” i.e., independent of interaction
with bacterial symbionts. Comparison of newly hatched juve-
niles that either have or have not been exposed to V. fischeri
have revealed that the regression of the superficial ciliated,
microvillous field results from bacterium-induced cell death of
these epithelial cells, a process that occurs over a period of 4
days (9, 35). Experiments in which the host light organ is cured
of V. fischeri at various times following inoculation revealed
that, although the cell death program requires 4 days for com-
pletion, the bacterial symbionts need only be present for an
initial period of 12 h to induce the entire program (9). Thus, in
this example, the bacteria appear to be sending an irreversible
signal to the animal cells.

Here we report the results of experiments on the early de-
velopment of the host cell brush border. Specifically, we de-
termined whether (i) the elaboration of the highly complex
brush border that is characteristic of the adult can be detected
in the first few days of colonization; (ii) the bacteria are es-
sential for these modifications in the brush border, and, if so,
whether that involvement requires persistent interaction be-
tween host and symbiont cells; (iii) the normal developmental
process of the host occurs when juveniles are colonized with
specific cells of V. fischeri that are defective for certain symbi-
osis-associated phenotypic traits; and (iv) changes in b-actin
production in host cells accompany alterations in the brush
border. The results of our studies show that the bacteria have
a profound effect on the development of the brush border
during this early period and that sustained association with the
bacterial cells is essential for the retention of these develop-
mental modifications. Although the microvilli stain positively
with fluorochromes that recognize actin, dramatic changes in
expression of the b-actin gene, as revealed by in situ hybrid-
ization, were not observed during these first few days following
colonization of the light organ. Experiments with V. fischeri
mutants indicated that bacterium-induced alterations in the
brush border do not require full colonization of the light organ
and are independent of the presence of bacterial lumines-
cence, the principal product of the bacteria used by the animal
host.

MATERIALS AND METHODS

General procedures. E. scolopes (Cephalopoda: Sepiolidae) squid were cap-
tured and maintained as previously described (31, 34). To ensure that newly

hatched juvenile squid did not become prematurely infected with any residual
bacteria that might be associated with the egg clutch, squid upon hatching were
transferred immediately through three rinses of offshore seawater, which does
not contain infective levels of V. fischeri (45). To render cohorts of hatchling
squid symbiotic, V. fischeri cells were grown to log phase in seawater-based
complex medium (45) and diluted to 1,000 cells per ml of seawater containing
newly hatched squid. In experiments using aposymbiotic squid (uninfected be-
cause they had not been exposed to symbiotic strains of V. fischeri), the animals
were exposed to offshore seawater alone. To prevent crosscontamination be-
tween individuals, symbiotic and aposymbiotic squid were kept individually in 5
ml of seawater in glass scintillation vials, and the water was changed daily.
Colonization of the light organ by V. fischeri was monitored each day, following
the water change, by measuring bacterial light emission with a photometer
(model 3600; Biospherical Instruments, Inc., San Diego, Calif.); in previous
studies, luminescence levels have been shown to be roughly proportional to the
extent of symbiotic colonization (45).

All chemicals used were obtained from Sigma Chemical Co. (St. Louis, Mo.)
unless otherwise indicated.

Colonization treatments. (i) Normal development. To characterize the effect
of symbiotic bacteria on the development of the epithelial cell brush border of
the host light organ crypts, we compared the ultrastructures of these cells in
symbiotic and aposymbiotic animals during the establishment of the association.
Hatchling squid were inoculated with V. fischeri and fixed at 12, 24, 48, 72, and
96 h. Control aposymbiotic animals were fixed at the same times. Both symbiotic
and aposymbiotic juveniles were processed for analysis by transmission electron
microscopy (TEM).

(ii) Transient versus continuous exposure to V. fischeri. To determine whether
a persistent interaction between the squid host and symbiotic bacteria is neces-
sary to induce changes in the crypts of the light organ, we used the bacteriostatic
antibiotic chloramphenicol (CM) to clear the light organ of symbionts. Previous
experiments have shown that the light organ becomes free of viable symbionts 3
to 6 h after addition of CM to the seawater containing the juveniles (9). Fully
infected animals were cured of bacteria with 10 mg of CM per ml of seawater at
12, 24, or 48 h after infection. A CM-resistant strain of V. fischeri was used as a
control for any pharmacological effects that CM treatment may have on the crypt
epithelium. The water was changed each day, and fresh CM was added at that
time to those treatments that included the antibiotic. Animals were fixed at
different times following antibiotic treatment and analyzed by TEM.

(iii) Inoculation with a luxA dark mutant and a leucine auxotroph of V.
fischeri. To determine the effect of light and colonization level on developmental
changes in the host cell brush border, we used two mutant strains of the bacterial
symbionts. The luxA dark mutant (51) produces no luminescence and has been
classified as a “persistence mutant” (44); i.e., the level of colonization is the same
as that of the wild type for the first 24 h but drops to 20% of the wild-type level
by 48 h. The leucine auxotroph used in this study is fully luminous but has been
classified as an “accommodation mutant” (44); i.e., it never reaches colonization
levels typical of wild-type strains. This leucine auxotroph colonizes to only ap-
proximately 20% of the wild-type level. Hatchling squid were inoculated with
these strains as described above. At 12, 24, and 48 h, samples were processed for
analysis by TEM.

TEM. To prepare samples of the light organ for TEM, the juvenile squid were
anesthetized in iced seawater. Squid were fixed for 12 h at 4°C in 4% parafor-
maldehyde in 0.1 M sodium phosphate buffer (pH 7.4) with 0.45 M sodium
chloride (marine PBS) and postfixed for 1 h at 25°C in 1% osmium tetroxide in
marine PBS. The samples were dehydrated at 25°C through a graded ethanol
series and embedded in Spurr resin (48). Ultrathin sections were stained with
uranyl acetate and lead citrate and examined with a JEOL CX-100 transmission
electron microscope.

To study changes in the host brush border in response to interaction with
bacterial symbionts, we chose to analyze only the largest pair of crypts of the
juveniles. Each side of the juvenile light organ (Fig. 1) houses the symbionts in
three crypts with different volumes (34). The largest crypt is the earliest to
develop during embryogenesis, and at hatching it is the most differentiated. The
density of microvilli per 25 mm2 of surface was derived by counting over a 5-mm
length of membrane and assuming equal distribution in two dimensions. The
microvillar density was measured in three different animals per time point, and
for each animal, six distinct microscope fields were analyzed. Because the data
for each time fell in a normal distribution, results were expressed as means 6
standard deviations. In addition, the length and width of the microvilli were
measured, compared among the various experimental treatments, and also ex-
pressed as means 6 standard deviations.

To estimate the degree of intimacy of the bacterial cells with the animal cells,
we first determined the number of bacterial cells in the crypts that were in direct
contact with any microvilli of the brush border at a given time postinoculation.
As a second indicator of this intimacy, we estimated the percentages of the
bacterial surfaces in direct contact with the microvillar epithelia and assigned
each measurement to a class of ,30%, 30 to 50%, or .50%. These data were
analyzed by chi-square approximations of a Kruskal-Wallis test (30) performed
with the arc-sine-transformed percentages.

Fluorescent staining of F-actin. To visualize the distribution and quantity of
cytoskeletal actin filaments of the epithelial brush border, juvenile squid were
stained with rhodamine-phalloidin (Molecular Probes, Inc., Eugene, Oreg.).
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Two-day-old symbiotic and aposymbiotic animals were anesthetized as previ-
ously described and fixed in 4% paraformaldehyde in marine PBS for 1 h at 25°C.
They were rinsed in marine PBS and then permeabilized with marine PBS
containing 1% Triton X-100 for 10 min. Finally, the samples were stained for 20
min in 2 ml of fluorescent solution containing 66 pg of rhodamine-phalloidin per
ml of marine PBS to which 0.5% Triton X-100 had been added. The fluorescent
labeling of filamentous actin (F-actin) was observed with an Olympus model
BX60 epifluorescence microscope and an Olympus Fluoview model FVX-BX60
confocal laser scanning microscope.

In situ hybridization. To determine whether any increase in microvillar density
was the result of bacterium-induced changes in b-actin gene expression, we
performed in situ hybridization using a b-actin riboprobe. Standard procedures
that ensure RNase-free conditions were applied (1, 41, 53). Animals were anes-
thetized, and their light organs were removed and fixed for 12 h at 4°C in 4%
paraformaldehyde in diethyl pyrocarbonate (DEPC)-treated and sterilized ma-
rine PBS. The tissue was rinsed three times for 10 min each in the same buffer,
dehydrated through a graded ethanol series, and infiltrated with toluene. The
tissue was then incubated in a 1:1 mixture of toluene and paraffin for 4 h at 58°C,
followed by an overnight impregnation at 58°C in 100% paraffin. Light organs
were then embedded in fresh paraffin. Sections of 4 mm were cut and mounted
on aminopropyltriethoxysilane-coated microscope slides.

A 560-bp DNA fragment of the E. scolopes-specific b-actin gene was cloned
in a pBluescript SK1 plasmid (Boehringer Mannheim, Inc., Indianapolis,
Ind.) downstream of T3 and T7 promoters, in which T7 promoted the anti-
sense riboprobe transcription. After linearization at a suitable site with ap-
propriate restriction enzymes, the template DNA was purified by phenol-
chloroform extraction and ethanol precipitation. In vitro transcription was
performed with T3 and T7 RNA polymerases. Digoxigenin-labeled UTP was

used as a substrate and incorporated into the transcript. The labeled sense
and antisense RNA probes were purified by ethanol precipitation, aliquoted
in DEPC water, and stored at 280°C. The final concentration of the probes
was approximately 0.1 mg/ml.

Paraffin sections were dewaxed in toluene, rehydrated through decreasing
percentages of ethanol from 100 to 0%, and rinsed in DEPC water. The sections
were allowed to dry for 10 min at 42°C and incubated with 25 mg of proteinase
K per ml of 10 mM sodium phosphate buffer with 0.15 M NaCl (PBS) and 10 mM
EDTA (pH 7.4) (PBS-EDTA) for 10 min at 42°C. Sections were then rinsed once
for 2 min in PBS-EDTA and three times for 2 min each in DEPC water,
dehydrated throughout a graded ethanol series, and allowed to dry for 15 min at
42°C. Each section was incubated with 20 ml of a 1:10 dilution of the sense or
anti-sense b-actin RNA probe in a hybridization medium comprised of 50%
formamide, 20% dextran sulfate, 2.5 mg of salmon sperm DNA (5 Prime33
Prime, Inc., Boulder, Colo.) per ml, and 0.03% Triton X-100 in 23 SSC (0.3 M
NaCl and 0.03 M sodium citrate [pH 7.4]). The hybridization mixture was
protected with a 22-mm2 coverslip and placed overnight in an oven at 50°C in a
humidified chamber. Specimens were washed once for 5 min in PBS-EDTA
containing 0.1% Triton X-100, once for 15 min at 55°C in 23 SSC containing
50% formamide, twice for 5 min each in 23 SSC, once for 5 min in 13 SSC, and
once for 5 min in 0.53 SSC. After being rinsed in 100 mM Tris with 150 mM
NaCl (pH 7.5) (TS), sections were then incubated for 1 h at 25°C with an
antidigoxigenin antibody conjugated to alkaline phosphatase (Boehringer Mann-
heim, Inc.) diluted at 1:100 in TS containing 1% bovine serum albumin. Ni-
troblue tetrazolium and bromochloroindolyl phosphate substrates of alkaline
phosphatase were used to develop the colorimetric reaction. The tissue was
counterstained with Alcian blue and mounted in aqueous glycerol gelatin.

FIG. 1. Light organ of juvenile E. scolopes. (A) Photomicrographs of live, newly hatched squid. The upper left is a dorsal view of a healthy, resting individual. The
lower right is a ventral view of an anesthetized animal; the light organ can be seen through the translucent mantle (arrow). Bar, 1 mm. (B) Photomicrograph of a juvenile
light organ, revealed by ventral dissection of the mantle cavity. In the juvenile, the light organ consists of bacterium-containing ventral crypts (c) surrounded by the ink
sac (is). Bar, 0.1 mm. (C) Light micrograph of a cross section of a symbiotic light organ at 1 day postinfection. The bacteria enter the light organ through pores (arrow)
on the surface and travel along ciliated ducts (d) into the crypts (c) where colonization occurs. Each side of the organ bears three pores leading to three independent
crypts. is, ink sac. Bar, 50 mm.
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RESULTS

Effects of symbiosis on crypt epithelial brush border. The
density of microvilli in the brush border increased fourfold
during the first 96 h of colonization with V. fischeri (Fig. 2 and
3). Newly hatched juveniles contained approximately 250 mi-
crovilli per 25 mm2 (x# 5 250 6 96) (Fig. 3). The increase in the
density of microvilli averaged 1.7 times after a 12-h exposure to
V. fischeri (x# 5 442 6 59) (Fig. 2A and 3), about 3 times after
48 h (x# 5 730 6 53) (Fig. 2B and 3), and more than fourfold
after 96 h (x# 5 1,090 6 93) (Fig. 2C and 3). However, the
increase of microvillar density was not observed in aposymbi-
otic animals of the same age. Newly hatched, aposymbiotic
squid after 12 h (x# 5 347 6 96), 48 h (x# 5 290 6 50), and 96 h
(x# 5 289 6 131) of exposure showed no significant differences
in the density of microvilli of the crypt epithelial cells (Fig. 2D,
E, and F and 3). Thus, the interaction of these cells with
symbiotic V. fischeri appears to be responsible for the increase
in microvillar density of the crypt brush border.

This change in microvillar density over the first 4 days of
infection was accompanied by an increase in the intimacy be-
tween the symbionts and the epithelial brush border. This
modification in the relationship of host and bacterial cells was
due to both a narrowing of the crypt spaces and an increase in
the association of the bacterial surface with the brush border
(Fig. 4). Twelve hours after bacterial inoculation (Fig. 4A and
5A), the number of bacteria in direct contact with a 25-mm2

area of host cell brush border averaged 12 (x# 5 12 6 6). After
24 h of infection, the average number doubled (x# 5 22 6 10)
(Fig. 4B and 5A) and increased about four- to fivefold after
96 h (x# 5 54 6 27) (Fig. 4C and 5A). Of those bacteria that
were in direct contact with the brush border, there was a

significant increase in cell-cell contact (Fig. 5B). The propor-
tion of the bacteria having less than 30% of their membrane
surfaces in association with the brush border decreased ap-
proximately fourfold by 96 h postinoculation, from a median of
80% at 12 h to 20% at 96 h. The number of bacteria having
between 30 and 50% of their membrane surfaces in contact
with the epithelium increased three- to fourfold between 24
and 96 h after initiation of the symbiotic association. Bacteria
with .50% of their surfaces associated with the brush border
were found only in symbiotic animals at 96 h postinfection.
Chi-square approximations of the Kruskal-Wallis test (30)
demonstrated that all changes were statistically significant at
the 95% level, except those in the 30 to 50% range, which were
statistically significant at the 90% level.

Measurements of length and width of individual microvilli
showed no statistically significant differences in any of the
experimental treatments over these first few days of light organ
colonization (data not shown).

Transient versus continuous exposure of crypt cells to V.
fischeri. Electron micrographs of CM-treated animals were
also analyzed for the changes in the brush border. When CM
was used to cure juveniles of their bacterial symbionts after
either 12, 24, or 48 h of infection, their crypt microvillar density
stopped increasing within a few hours after treatment and
started to decrease slowly to numbers similar to those of apo-
symbiotic animals. The brush border of squid at 96 h postin-
fection cured with CM after 12 h of infection showed a number
of microvilli per 25 mm2 (x# 5 289 6 104) similar to that of
newly hatched juveniles (x# 5 324 6 96). The CM treatment
itself had no evident pharmacological effect on the epithelial
brush border of the crypt; the pattern of microvillar density of

FIG. 2. Bacterium-induced changes in microvillar density of the crypt brush border. Transmission electron micrographs of the crypt epithelia of animals at 12 h (A
and D), 2 days (B and E), and 4 days (C and F) postinfection. In symbiotic animals (A to C), the number of microvilli (arrowheads) and the intimacy of the microvilli
with the bacteria (b) increased for the first 4 days following inoculation. In the absence of symbiotic bacteria (D to F), the brush border remained unchanged. Bar, 0.5
mm.
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squid infected with CM-resistant strains of V. fischeri and
treated with CM for the duration of the experiment was not
different from that of symbiotic juveniles infected by the wild-
type strain of V. fischeri and not treated with CM (at 48 h, x# 5
748 6 62; at 96 h, x# 5 1,028 6 181). These data suggest that the
presence of V. fischeri in the light organ crypts is required to
maintain the observed, induced, morphological changes.

Experiments with mutants of V. fischeri. The microvillar
density per 25 mm2 found in the crypts of juveniles infected for
48 h either by the luxA dark mutants (x# 5 784 6 85) or by
leucine synthesis-deficient mutants (x# 5 841 6 63) of V. fischeri
was similar to that of squid infected with the parent strain of
symbiont (x# 5 730 6 53) (data not shown). These results show
that neither the light emitted by the bioluminescence reaction
of the normal strain of V. fischeri nor the presence of active
luciferase is required for the symbiont-induced changes in the
brush border. Moreover, the result obtained with leucine syn-
thesis-deficient mutants suggests that an 80% reduction in the
number of bacteria does not significantly affect the rate of
change in the microvillar density of the host crypt epithelial
cells for the first few days following colonization of the light
organ.

Localization of F-actin and detection of b-actin mRNA by in
situ hybridization. Observations of host tissue by confocal mi-
croscopy showed that the brush borders of the light organ
crypts were strongly labeled with rhodamine-phalloidin in both
symbiotic and aposymbiotic animals, indicating that F-actin is
abundant in the microvilli (Fig. 6). Similar amounts of b-actin
mRNA were detected in symbiotic and aposymbiotic juveniles
at the apical brush border of the crypt epithelium (Fig. 7)
through 96 h postinfection. The negative control with the sense
RNA probe did not show any labeling (Fig. 7B). Thus, in situ
hybridization provided no evidence that changes in microvillar
density result from bacterium-induced changes in b-actin gene
expression.

FIG. 3. Quantification of changes in microvillar density during normal de-
velopment and after antibiotic treatment of the host epithelium. Crypts colo-
nized by wild-type strains of V. fischeri (Œ) showed a fourfold increase in mi-
crovillar density for the first 4 days of colonization. The microvillar density of the
brush border of aposymbiotic squids (■) did not change during the same time.
When the light organ was cured of its bacteria by treatment with CM at 12 h (h),
1 day (‚), or 2 days (E) after inoculation, the microvillar density of the epithelial
brush border started to decrease and slowly returned toward those of the newly
hatched or aposymbiotic animals. Animals inoculated with CM-resistant strains
of V. fischeri and treated for the 4-day period with CM (F) showed the same
monotonic increase in microvillar density of the crypt brush border as animals
inoculated with wild-type strains. Results are expressed as means; error bars
indicate standard deviations.

FIG. 4. Increasing intimacy between V. fischeri and the host brush border.
Transmission electron micrographs of the crypts of symbiotic juveniles are shown
at 12 h (A), 2 days (B), and 4 days (C) postinfection. During the first 4 days of
the symbiotic association, while the number of bacteria increased, the crypts
became narrower, enhancing the intimacy between the epithelial brush border
and the symbionts. Bar, 1.5 mm.
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DISCUSSION

In the present study, we sought to describe early changes in
the brush border of host crypt epithelia in response to inter-
actions with V. fischeri, identify bacterial signals that mediate
these changes, and define the mechanisms underlying the
changes in the host cell. In addition, we attempted to deter-
mine the usefulness of the E. scolopes-V. fischeri model for the
study of alterations in brush border morphology resulting from
persistent colonization of animal epithelia by bacteria.

Bacteria exert a wide variety of influences on the morphol-
ogy of epithelial brush borders in both pathogenic and coop-
erative associations (11, 25, 43). Among the factors important
in determining the nature of these alterations are (i) whether
the association is extracellular or intracellular, (ii) whether
there is acute or chronic interaction between host and bacterial
symbiont, and (iii) the types of biochemical and molecular
exchanges that occur between the partners. Changes in the
membrane interface of the epithelial cells are central to the
symbiosis as they mediate the subsequent relationship between
the host and bacteria. In the cooperative association between

the squid and its extracellular bacterial symbiont, the relation-
ship is established immediately upon exposure of the host to
the environment and persists as a stable relationship through-
out the host’s life history (44). The obvious product translo-
cated to the host from the bacteria is luminescence (5), which
the host uses in its nocturnal behavior. Studies with V. fischeri

FIG. 5. Quantification of the changing intimacy between V. fischeri and the
host brush border. (A) Parallel increase for the first 4 days of infection in
microvillar density (Œ) and in bacterial number in contact with the brush border
(F). Results are expressed as means; error bars indicate standard deviations. A
t test revealed that the increases in the number of microvilli measured between
12 and 48 h and between 24 and 96 h after inoculation were significant (P #
0.025). (B) Changes in the proportion of bacterial membrane surface associated
with the epithelial brush border during the first 4 days of infection. The percent-
age of bacteria having a small proportion (less than 30%) of their membrane
surfaces associated with the epithelial brush border decreased, whereas the
percentage of those having a larger proportion (more than 30%) of their mem-
brane surfaces in contact with the microvilli increased significantly as determined
by a chi-square approximation of the Kruskal-Wallis test. Bars represent median
levels, with ranges noted above each bar.

FIG. 6. Staining of actin filaments with rhodamine-phalloidin. (A) Light mi-
crograph of the light organ of an aposymbiotic juvenile ventrally observed. Bar,
0.1 mm. a, anterior arm; is, ink sac; p, posterior arm. (B) Confocal microscope
image of an aposymbiotic light organ. The fluorescence staining reveals the three
pores (indicated by 1, 2, and 3) which lead to the three bacterial crypts (c) on one
side of the light organ. Only one crypt is visible in this micrograph. Bar, 50 mm.
(C) Confocal microscope image of another animal at a higher magnification. The
cytoplasmic F-actin of the brush border is strongly stained with rhodamine-
phalloidin (arrows). e, epithelial cell. Bar, 20 mm.
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auxotrophic mutants indicate that the host provides nutrients
in exchange for bacterial light production (44). This dynamic
interplay between the host squid and their luminous bacterial
symbionts is mediated through the brush border of host epi-
thelial cells. The results presented here indicate that V. fischeri
participates in the elaboration of the host brush border, which
presumably serves to increase the surface area of exchange
between the partners.

At the morphological level, several different types of bacte-
rium-induced changes in animal cell brush borders have been
reported. These modifications can be subtle, such as an alter-
ation in the length or width of the microvilli, as reported in the
normal development of enterocytes (33). Alternatively, they
can be dramatic, such as the membrane ruffling that occurs

when Salmonella typhimurium contacts an epithelial cell (14,
15, 20) or the attachment and effacement of host cell brush
borders that occurs as a result of interaction of mammalian
cells with enteropathogenic Escherichia coli (16, 26, 29, 36). In
the E. scolopes-V. fischeri association, we found that the bac-
teria induce an increase in microvillar density and in the inti-
macy of the bacteria with the host cell brush border. Our
electron micrographs of V. fischeri in association with these
cells are reminiscent of ultrastructural analyses of the interac-
tion of Vibrio cholerae with mammalian intestinal cells; in both
cases, the bacterial cells appear to nestle down into the brush
border (2, 38).

We found that V. fischeri caused a relatively slow yet signif-
icant alteration in the brush border during early posthatch

FIG. 7. In situ hybridization of b-actin mRNA in the light organ crypts (c). (A) Light micrographs of the crypts of a symbiotic animal at 12 h postinfection reveal
the presence of b-actin mRNA (purple staining [arrows]) along the apical surfaces of the crypt cells. (B) The negative controls in which tissue sections were incubated
with the sense probe did not show any labeling. (C) The b-actin mRNA labeling in the crypts of an aposymbiotic animal at 12 h postinfection showed a pattern and
intensity similar to those of the symbiotic animal at 12 h postinfection. (D) Negative control of a contiguous section. Bar, 20 mm.
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development of host epithelial cells. The fourfold increase in
microvillar density was achieved over a period of approxi-
mately 4 days. This gradual change is in marked contrast with
the time courses that have been reported for interactions be-
tween host epithelia and various pathogenic bacterial species
that cause acute infections. In experiments with both cultured
cells and intact host animals, pathogenic microorganisms,
whether intracellular or extracellular, often cause changes in
host cell brush borders over a period of seconds to hours. For
example, the extracellular pathogen Treponema denticola,
which is associated with periodontal diseases, causes rear-
rangement of host cell actin filaments within minutes of expo-
sure to human gingival fibroblasts (3). S. typhimurium adheres
to microvilli, is engulfed, and becomes internalized by host
cells within 1 h of initiation of the interaction (17, 18).

The temporal program of brush border development is more
similar to those of chronic association than it is to the acute
ones described in the previous paragraph. The establishment
of a long-term relationship may be expected to require a del-
icate balance in the interaction between the partners. The
subsequent development of such associations most likely re-
quires significantly more reciprocal interaction between the
partners than that occurring in the progression of an acute
pathogenic association. In the best-studied example of the on-
togeny of a stable symbiotic state, leguminous plants form a
functional association with nitrogen-fixing soil bacteria over a
period of weeks, with the modulation of dozens of genes in
both partners orchestrating the developmental program (19,
50). In studies that have analyzed the influence of the indige-
nous microbiota on host brush borders, comparisons of germ-
free or gnotobiotic animals with control, or naturally colo-
nized, hosts have usually been conducted over a period of
weeks or months rather than hours (27, 28, 33, 47). While these
studies usually do not focus principally on the early time course
of the association, the length of time over which they are
conducted suggests that gradual changes may underlie the nor-
mal, bacterium-induced alterations of the host epithelial cells.

The gradual, reversible changes that we observed in the host
crypt brush border, the tissue with which the bacteria will
persistently and directly interact, differ in some respects from
other bacterium-induced changes of the symbiotic light organ.
Within hours of inoculation, V. fischeri induces an irreversible,
massive program of cell death, which results in the loss of the
superficial, ciliated epithelium of the organ (9, 35). This tissue,
unlike the crypt brush border, is only associated with the in-
ception of the symbiosis and does not directly interact with
symbiont cells; i.e., it lies several cell layers away from the
crypts where colonization is occurring. Thus, previous studies
showed that the bacteria are capable of initiating a quick re-
sponse in host tissue, but the present study suggests that they
may do so only in tissues that have a relatively short-term
function in the association.

Despite these differences in the time course and outcome of
bacterium-induced changes in the superficial and crypt epithe-
lia of the symbiotic organ, morphogenesis of both tissues re-
quires that the bacterial symbionts enter the organ and interact
with crypt cells. Mutant strains that did not fully colonize, but
did thinly line the crypt space along the microvilli, induced cell
death of the superficial epithelium and increased density of
microvilli in the crypt cells. These data suggest that both pro-
cesses require signaling between host and symbiont at their
cell-surface interface and not the accumulation of some ex-
creted bacterial product to some critical level, although this
cannot be ruled out because a 20% level of infection may be all
that is required.

The mutants chosen for this study were obtained from a

growing collection of mutant strains being generated in sym-
biotic V. fischeri (44). Our results showed that neither lumi-
nescence nor complete filling of the crypt space is required to
signal brush border development. Analysis of other possible
signals, such as adhesion, must await the production of other
candidate mutants. Adhesion mutants would be particularly
interesting, as studies with germfree animals and cultured ep-
ithelial cells have shown that bacterial adhesion induces devel-
opment of brush borders of intestinal epithelia (4, 6).

The observed increase in microvillar density along the brush
border of the crypt cells is most likely to result from changes in
b-actin gene expression, protein synthesis, or local induction of
the transition from globular to filamentous actin, the principal
cytoskeletal protein of animal microvilli (13, 25, 43). The
length of time required to produce the observed changes sug-
gested that the increase in microvillar density may result from
induction of host b-actin gene expression. In situ hybridization
analyses showed no dramatic differences in b-actin gene ex-
pression between symbiotic and aposymbiotic juvenile animals.
However, this method is not quantitative and would only reveal
striking differences. Gradual or slight bacterium-induced
changes in expression of this gene cannot be ruled out. These
studies did confirm that the mRNA for b-actin concentrates in
the microvilli. Thus, microvilli along the apical surfaces of the
crypt cells arise similarly to microvilli along intestinal brush
borders (7, 13). In many associations of animal and bacterial
cells, bacteria induce actin filament formation or rearrange-
ment of existing actin filaments (25, 43). This mechanism may
be operating in the E. scolopes-V. fischeri system, but because
of the gradual nature of the process, the rearrangements may
be difficult to observe and document.

One of the principal challenges in the study of animal-bac-
terium interactions is to define the critical differences between
cooperative and pathogenic associations. Several features of
the E. scolopes-V. fischeri relationship render it an attractive
and viable complement to studies of germfree and gnotobiotic
animals. These characteristics include the ability to study de-
velopment over a period of a few days, the similarities to other
animal-bacterium associations, and the availability of bacterial
mutants. The results reported here support the feasibility of
the E. scolopes-V. fischeri system as a model for the character-
ization of bacterium-induced alterations of host brush borders
and provide baseline data for future studies of the interactions
of extracellular bacteria with animal epithelia.
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