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Tracheal cytotoxin (TCT), a fragment of the bacterial surface molecule pep-
tidoglycan (PGN), is the factor responsible for the extensive tissue damage
characteristic of whooping cough and gonorrhea infections. Here, we report
that Vibrio fischeri also releases TCT, which acts in synergy with lipopolysac-
charide (LPS) to trigger tissue development in its mutualistic symbiosis with
the squid Euprymna scolopes. As components of PGN and LPS have commonly
been linked with pathogenesis in animals, these findings demonstrate that
host interpretation of these bacterial signal molecules is context dependent.
Therefore, such differences in interpretation can lead to either inflammation
and disease or to the establishment of a mutually beneficial animal-microbe
association.

To date, molecules conserved among mi-

crobes, such as LPS and PGN, have been col-

lectively described as Bpathogen[-associated

molecular patterns (PAMPs) (1). However,

the majority of animal-microbe interactions

are benign or mutualistic, raising the ques-

tion: What role might such factors play in

other types of host-microbe associations?

The reciprocal dialogue between part-

ners in benign host-symbiont associations

has been shown to be important for host

tissue maturation (2–4), although the identi-

fication of the bacterial signals involved has

proven elusive. The symbiosis between the

Hawaiian bobtail squid E. scolopes and the

luminous, Gram-negative bacterium V.

fischeri offers the opportunity to decipher

experimentally the precise dialogue between

host and microbe partners. In this system, the

bacterium colonizes epithelium-lined crypts

within the host_s light-emitting organ as a

monospecific, extracellular symbiont (Fig. 1)

(5).

Shortly after the juvenile squid emerges

from the egg, the bacterial inoculum is

gathered from the environment as seawater

passes through the mantle cavity (6). Two

prominent fields of ciliated epithelia on the

surface of the squid_s light organ facilitate

the colonization process through ciliary mo-

tion and mucus shedding, resulting in the

aggregation of symbiont cells above pores

on the surface of the organ. Once aggre-

gated, the symbionts migrate through the

pores, down ducts, and into crypts that are

located 100 to 200 6m from the surface

epithelia (Fig. 1). Upon colonization of the

crypts, some of the first processes trig-

gered by the symbiont include the infil-

tration of macrophage-like hemocytes

(blood cells) into the sinuses of the ciliated

fields (Fig. 2A) and the induction of

widespread apoptosis of the epithelial cells

that compose these fields (5) (Fig. 2B). The

most conspicuous response to light organ

colonization is the extensive morphogenesis

of the organ_s surface, which culminates

in the complete loss of the ciliated field 4

days after the initial colonization by the

symbiont (Fig. 2C). In nature, only V.

fischeri is capable of colonizing the crypts

and signaling this morphogenesis, which

serves to transform the organ from a morphol-

ogy associated with the colonization process to

one characteristic of the mature, functional

organ. PGN in ambient seawater is known to

trigger the shedding of mucus from the

epithelial fields of the light organ (7), and

LPS can induce low levels of early-stage

apoptosis (8). However, the symbiont-derived

factor(s) capable of triggering the full se-

quence of light organ morphogenesis have yet

to be identified.

V. fischeri continuously sheds fragments

of its surface in culture, and the crypt

epithelial cells that interface closely with

the symbiont cross-react with a monoclonal

antibody to V. fischeri LPS (9). Cell surface

fractions isolated from V. fischeri were

sufficient to induce levels of hemocyte in-

filtration, apoptosis, and regression of the

epithelial fields comparable to those induced

by the intact symbiont (Fig. 2, D to F). Cell

surface fractions from the nonsymbiotic,

marine, Gram-negative bacterium Pseu-

doalteromonas luteoviolacea were also ac-

tive (9).

V. fischeri PGN signaled levels of

hemocyte infiltration comparable to those

initiated by the intact symbiont, whereas V.

fischeri LPS did not induce this cellular

reaction (Fig. 2G). Alone, PGN did not

trigger apoptosis, although LPS did stimu-

late it at low levels; however, together PGN

and LPS acted synergistically to induce

apoptosis at levels characteristic of those

resulting from colonization by the intact

symbiont (Fig. 2H). PGN, both alone and in

synergy with LPS, also induced significant

levels of epithelial regression (Fig. 2I). These

findings are similar to those reported for

certain pathogenic associations in which

PGN and PGN fragments can induce

macrophage activation (10) and infiltration

(11) into inflamed host tissues. Likewise,

purified PGN and LPS work in synergy to
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Fig. 1. E. scolopes possesses a light-emitting
organ. (Top) A ventral view of a juvenile squid
shows a window through the mantle to il-
lustrate the position of the organ within the
mantle cavity. Scale bar, 500 6m. (Bottom) An
enlargement shows the details of the juvenile
light organ morphology. The left half illustrates
the surface with its ciliated epithelial field,
which is composed of an anterior (aa) and pos-
terior (pa) appendage and a base with three
pores (circled) that lead to internal epithelium-
lined crypts. The right half is a frontal section
through the organ showing these epithelium-
lined crypts (cr) containing the bacteria (stip-
pled) within crypt diverticula and the relation of
the crypts and ducts to the pores (circled),
which open onto the surface. This section also
shows the sinuses (arrows) within the append-
ages. The sinus spaces are continuous with the
circulatory system and separate from the
bacteria-containing crypts. ci, cilia; d, ducts; is,
ink sac. Scale bar, 150 6m.
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trigger inflammatory cytokine release,

nitric oxide production, and organ injury

in a rat model of bacterial sepsis (12).

Because mixed fragments of PGN with

LPS could not consistently induce regression

to the extent elicited by the intact symbiont

(Fig. 2I), we reasoned that V. fischeri might

have an active mechanism to release specif-

ic PGN fragments to the host, as opposed to

the passive release due to cell lysis. Specific

release of peptidoglycan by growing cells has

only been observed in cultures of Bordetella

pertussis (13) and Neisseria gonorrhoeae (14),

both of which release large amounts of pep-

tidoglycan monomers. The best studied of

these fractions is tracheal cytotoxin (TCT;

N-acetylglucosaminyl-1,6-anhydro-N-acetyl-

muramylalanyl-,-glutamyldiaminopimelyl-

alanine) (Fig. 3A), a disaccharide-tetrapeptide

monomer of PGN, which causes the epithe-

lial cytopathology of pertussis (15) and gono-

coccal infections (16). Fractionation of culture

supernatants of V. fischeri by reversed-phase

HPLC revealed a peak with an elution time

identical to that of TCT. When purified, this

fraction contained three amino acids: ala-

nine, glutamic acid, and diaminopimelic acid,

Fig. 2. Bacterial components
induce light organ morpho-
genesis. (A and B) Confocal
micrographs of nonsymbi-
otic [non-sym, i.e., uninfected
(25)] and symbiotic (sym) or-
gan epithelial fields stained
with acridine orange (green)
and Lysotracker (red). (A) He-
mocytes (arrowheads) within
the appendage sinuses (s). (B)
Apoptotic cells, yellow foci
(arrows). (C) SEMs of epithe-
lial fields before (stage 0)
and after (stage 4) regres-
sion. Scale bar, 50 6m. (D to
F) Effects of V. fischeri cell
surface fractions (csf) on
hemocytes infiltration (D),
induction of apoptosis (E),
and epithelial regression (F).
Animals were exposed to
surface fractions at a protein
concentration of 100 6g/ml
of seawater. (G to I) Effects
of V. fischeri surface compo-
nents, LPS (10 6g/ml) and
PGN (50 6g/ml), on hemo-
cyte infiltration (G), induc-
tion of apoptosis (H), and
epithelial regression (I). Data
are means T SEM for one of
three replicate experiments
(n 0 8 to 12 per treatment).
(*) indicates significant (P G
0.001) difference compared
with non-sym. (.) indicates significant (P G 0.001) difference compared with sym.
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Fig. 3. TCT, a mono-
mer of PGN, is re-
leased by growing
cells of V. fischeri. (A)
Structure of TCT. V.
fischeri strain ES114
was cultured at room
temperature in de-
fined medium HM
(26) supplemented
with 2% glucose. A
released fragment of
V. fischeri PGN was
determined to be
identical to TCT by
subjecting culture su-
pernatants to solid
phase extraction and
two reverse-phase HPLC steps, as described for B. pertussis (13). A peak
with an elution time corresponding to B. pertussis TCT was collected and
further characterized by amino acid analysis and by matrix-assisted laser
desorption mass spectrometry (25). (B) Production of TCT during a 4 hour
period of log-phase growth. For sensitive quantification of TCT pro-
duction, broth cultures were inoculated at OD600 0 0.04, after which log-
phase V. fischeri culture supernatants were collected, subjected to solid

phase extraction (13), and derivatized with phenylisothiocyanate. The
resulting phenylthiocarbamyl (PTC) derivatives were separated by
reversed-phase high-performance liquid chromatography using a C8
column and detected at 254 nm. The amount of V. fischeri PTC-TCT in
each sample was determined by comparing the peak area and elution
time with an identically processed TCT standard. Results are
representative of two experiments.
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in molar proportions of 2:1:1. Mass spec-

trometry revealed a single species with a

mass of 921 daltons. These data correspond

precisely to TCT (17). Unlike most Gram-

negative bacteria, V. fischeri, like B. pertussis

(18), actively released appreciable amounts

of TCT during log-phase growth (Fig. 3B).

TCT alone triggered hemocyte infil-

tration and regression of the epithelial fields

at levels similar to those induced by intact

V. fischeri (Fig. 4, A and C). TCT induced

epithelial regression 4 days after exposures as

brief as 14 hours (9), a time course similar

to the intact symbiosis (19). The concen-

tration of TCT required to trigger a detect-

able morphogenic response was as little as

10 nM, and the response was saturated at

concentrations as low as 1 6M (0.9 6g/ml)

(9). Comparatively, PGN, a multimer of

TCT subunits, was generally not active be-

low 50 6g/ml, and constant exposure was

necessary to trigger epithelial regression by

4 days. To determine how specific the mor-

phogenic responses were to TCT, we also

tested muramyl dipeptide and glucosyl-

muramyl dipeptide, which are two smaller

components of PGN known to signal host

cell responses in various mammalian model

systems (20, 21). No morphogenic activity

was detected in squid light organs when

exposed to these components, either alone

or in combination with LPS (9).

Under the conditions of the assay, TCT

also triggered levels of apoptosis in the

epithelial fields similar to those observed

in the intact symbiosis (Fig. 4B), whereas

LPS-free PGN did not induce apoptosis

(Fig. 2H). Thus, the background level of

LPS in the natural seawater, which typically

ranges from 0.01 to 1.5 ng/ml (22), was

sufficient to act together with the more

potent TCT to induce the apoptotic effect

(Fig. 4B). However, as cells of V. fischeri

naturally colonize the crypts in high

numbers and subsequently trigger mor-

phogenesis from within these spaces (19),

it is likely to be symbiont-specific LPS

which works in concert with TCT to induce

morphogenesis.

These results show that growing cells

of V. fischeri release TCT, which acts as a

potent morphogen to induce normal light

organ morphogenesis in the squid host. Sim-

ilar morphogenic effects of TCT have been

reported for both B. pertussis and N.

gonorrhoeae, which induce the loss of

ciliated cells from mammalian respiratory

and fallopian tube epithelia, respectively

(15, 16). In addition, TCT works in syn-

ergy with LPS to stimulate the production

of inflammatory cytokines, nitric oxide,

and the inhibition of DNA synthesis in

hamster tracheal epithelium (23). In these

studies, TCT-induced epithelial morpho-

genesis resulted from a direct interaction

with the target epithelium. Note that, in

the squid light organ, morphogenesis is

triggered from within the crypt spaces, sev-

eral cell layers away from the target epi-

thelium (19). Thus, it will be interesting

to identify and localize the TCT receptor(s)

within the light organ and to decipher the

host pathways that mediate these remote

events.

These findings, as well as recent studies

of mechanisms of tolerance to gut microbiota

(24), demonstrate that BPAMPs[ may be

too narrow an acronym for eukaryotic-

prokaryotic signaling associated with mi-

crobial molecules, such as LPS and PGN.

The data suggest that a more general term,

such as microbe associated molecular pat-

terns (MAMPs), would be more appropriate

to describe factors conserved and essential to

the biology of microbes, which mediate re-

cognition and response during host-microbe

interactions.
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Fig. 4. TCT induces light organ morphogenesis. (A and
B) Animals were exposed to TCT (10 6M) alone or TCT
and a monoclonal antibody to LPS (ab, 1:500) to bind
and sequester exogenous LPS and scored for hemocyte
infiltration (A) and induction of apoptosis (B). (C)
Animals exposed to TCT were scored for epithelial
regression. Data are means T SEM for one of three
replicate experiments (n 0 8 to 12 per treatment).
sym, symbiotic. (*) indicates significant (P G 0.001)
difference compared with nonsymbiotic (non-sym).
Bracket indicates significant (P G 0.001) difference
between indicated treatments. (.) indicates significant
(P G 0.001) difference compared with sym.
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