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Developmental biology in marine invertebrate symbioses
Margaret J McFall-Ngai* and Edward G Ruby

Associations between marine invertebrates and their
cooperative bacterial symbionts offer access to an
understanding of the roots of host—microbe interaction; for
example, several symbioses like the squid—vibrio light organ
association serve as models for investigating how each partner
affects the developmental biology of the other. Previous results
have identified a program of specific developmental events that
unfolds as the association is initiated. In the past year, published
studies have focused primarily on describing the mechanisms
underlying the signaling processes that occur between the
juvenile squid and the luminous bacteria that colonize it.
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Abbreviation
AHL acylated homoserine lactone

Introduction

Since its beginnings over 1 billion years ago, the process of
metazoan evolution has taken place largely within the sea,
the environment in which all known animal phyla first
appeared. Only during the last third of this period did rel-
atively few members of these phyla venture onto land and
radiate into terrestrial habitats. In spite of these historical
facts, because of our own phylogenetic position as land
mammals, both a terrestrial bias and a vertebrate bias have
come to dominate much of biological thought, including
our ideas of how cooperative animal-bacterial associations
evolve and function. The first of such symbiotic alliances
are certain to have arisen within marine invertebrate taxa
and, because marine invertebrates exhibit the greatest
phyletic diversity in the current biosphere [1], it is likely
that the greatest variety of animal-bacterial symbioses still
occurs within this group. Thus, marine invertebrates and
their associated microbiota provide a wealth of material for
studies that can reveal much about both the diversity of
host—bacterial associations and the origins of the mecha-
nisms by which symbioses develop and persist [2,3]; for
example, investigations of signaling pathways associated
with animal-bacterial interactions have recently revealed
that certain ancient mechanisms of host response, such as
those mediated by the Toll receptor family [4°], are shared
by both vertebrates and invertebrates, whose common
ancestor arose in the marine environment. Comparative
study of these types of host response pathways should
reveal which components are essential ancient functions
and which are specific to a given taxonomic group. Further,
such analyses will also provide clues to the mechanisms by

which the cooperative communication between animals
and their normal microbiota is subverted when chronic
pathogenic infections develop and persist [5,6].

Because animal-bacterial interactions have been present
since the origin of the metazoa, they are likely to be
involved in shaping many aspects of host biology, including
animal developmental programs. Even as metazoan body
plans were gaining complexity and species were diverging,
microorganisms were becoming incorporated into specific
tissues and imposing selection pressure on the develop-
ment of such diverse processes as digestion and immune
competence [7,8°°]. For these reasons, it has been pro-
posed that the evolution of an animal can be more correctly
viewed as the evolution of a community of closely interact-
ing organisms that includes both the host and its associated
microbiota [9]. Thus, when studying either the evolution
of developmental mechanisms in general or the specific
patterns of ontogenetic development expressed by succes-
sive generations of individuals, it is important to consider
the roles played by each member of this community.

The above considerations suggest that, although under-
explored, marine invertebrates and their associated
microbiota provide a wealth of material for studies that can
reveal much about both the diversity of host—bacterial asso-
ciations and the origins of the mechanisms by which
symbioses develop and persist. In this review, we examine
three challenges that are encountered during the ontoge-
netic development of species-specific horizontally
transmitted marine symbioses: preparation by the nascent
host for the initial engagement; symbiont transmission to
and early interactions with the target host tissues; and trans-
formation of the association into a functioning unit. We will
use the relatively well-understood light organ symbiosis
between the squid Euprymna scolopes and the luminescent
bacterium Vibrio fischeri [10°°,11°] to illustrate some strate-
gies that each partner has evolved to overcome these
challenges. Where possible we will compare these strategies
with what is known to occur in other marine associations.

Preparation for the initial engagement

In a horizontally transmitted symbiosis, the nascent host is
not exposed to symbionts throughout embryogenesis.
Instead, upon hatching, it must acquire specific bacteria
from the environment, which, in the case of marine associ-
ations, generally means the ambient seawater. Thus, to
assure the fidelity of the association between generations,
as well as to discourage opportunistic pathogenic infec-
tions, an array of morphological and biochemical features
must be elaborated during embryogenesis (for a review,
see [10°°]). When the juvenile hatches, these features will
be available to facilitate the initiation of the symbiotic
interaction by the appropriate species of bacteria.
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One goal of the newly hatched marine invertebrate is to
increase its chances of becoming inoculated with the cells
of potential symbionts present in the seawater. Terrestrial
animals, such as termites and ruminants, often achieve this
goal through a specific tending behavior of the adults that
directly delivers a concentrated inoculum to the juvenile.
In contrast, although adults of marine invertebrates may
passively ‘seed’ the surrounding environment with bacter-
ial symbionts [12,13], the initiation of the association rarely
involves direct communication between generations. As a
result, a juvenile must be equipped to obtain the neces-
sary symbionts from the ambient seawater, in which they
represent only a small fraction of the bacteria present.

Potential candidates for achieving such a goal include ciliary
mucus currents, a mechanism by which many marine inver-
tebrates obtain and process particulate food, including living
microbial cells, as well as inhibit colonization by nonsymbi-
otic bacteria [1]. In the squid-vibrio association, ciliary
mucus currents appear to be involved in colonization. A
transient, superficial field of ciliated cells that is elaborated
during embryogenesis [10°°] and a mechanism that senses
the presence of bacteria once the juvenile leaves the egg
function together to facilitate symbiotic colonization [14°°].
Interaction between bacteria in the ambient seawater and
the juvenile squid induces the host to emit a stream of
mucus-like material from a series of pores that open into the
epithelia-lined crypts of the nascent light organ [11°].
Currents produced by the superficial ciliated tissue wind
this material into a matrix that is suspended above these
portals of colonization. V. fischeri cells become preferentially
trapped in this mucus-like matrix and, after a few hours,
migrate to the pores through which they enter and colonize
the crypts. Once the symbiotic infection has been achieved,
the host ceases to produce the mucus stream (SV Nyholm,
personal communication), suggesting that this activity is
linked to the development of the association. Similarly, after
successfully promoting the harvesting of potential sym-
bionts from the surrounding seawater, the ciliated tissue also
undergoes regression [10°°].

Because ciliary mucus currents are common features
among marine invertebrates, it is likely that this mode of
symbiotic colonization is not unique to the squid—vibrio
system, although only fragmentary evidence is available
from other associations; for example, juvenile chemoau-
totrophic tubeworms that obtain their symbiotic
sulfur-oxidizing bacteria by horizontal transmission [15]
bear ciliated patches of tissue associated with a transient
mouth through which potential symbionts enter to colo-
nize the host [16]. Once colonized, these ciliated patches
disappear. Interestingly, in terrestrial animals the use of cil-
iary—mucus currents has become restricted to the moist
surfaces of the respiratory and urogenital tracts, where they
function to clear particles and inhibit bacterial migration to
deeper tissues. T'hese tissues are characteristically suscep-
tible to chronic colonization by pathogenic bacteria, often
in mucus-containing biofilms [6,17]. Thus, the ciliary

mucus currents in these types of chronic infections had
their evolutionary origins in the behavior of particle cap-
ture in marine invertsbrates. Understanding these more
primitive systems may provide an insight into the mecha-
nisms underlying the behavior of bacteria under these
circumstances, and thereby, have implications for chronic
disease treatments.

Transmission and initiation of the symbiosis
Once potential symbionts are brought into the vicinity of
the appropriate host tissues, they must find their way to
the sites of colonization. Many marine symbioses are
digestive-tract-associated and entry through the mouth
serves to initiate symbiont inoculation. Usually, the gut
and its associated bacterial symbioses remain in communi-
cation with the external environment throughout the life
history of the host; for example, a number of marine fish
species have light organ symbioses with luminous bacteria
that are maintained in specialized diverticula of the gut
[18]. The light organs remain connected to the digestive
tract through ontogeny and bacterial symbionts are regu-
larly shed into the gut from which they are eventually
reintroduced into the surrounding seawater environment.
In an interesting modification of this general pattern, the
chemoautotrophic hydrothermal vent tubeworm, Riftia
pachyptila, uses a transient digestive tract as an entry point
through which the colonizing symbionts are believed to
traverse from the ambient seawater to a specialized inter-
nal organ, the trophosome. These symbiotic bacteria are
autotrophic and eventually support the host’s nutritional
needs so that exogenous sources of food are not required.
As a consequence, once the bacteria have colonized the
juvenile host and it begins to mature, the mouth is lost and
the trophosome and its symbionts become isolated from
the environment [16].

In most horizontally transmitted symbioses that have been
examined, the bacterium plays an active role in the inocu-
lation process. In particular, flagellar motility, perhaps
coupled with chemotaxis, is required by several marine
and estuarine Vibrio species to initiate either their cooper-
ative or pathogenic associations [19]. Graf e al. [20]
reported that non-motile mutants of V. fischeri were inca-
pable of colonizing juvenile squid light organs, even when
the bacteria were present in the ambient seawater at
extremely high concentrations. The nature of this require-
ment became clearer with the discovery that the bacteria
become aggregated in the host-derived mucus matrix
described above, through which they must migrate to
reach the light organ crypts [14°°]. Recent progress toward
understanding the genetics of chemotaxis in V. fischer
(A] Wolfe, EJ Simel, KL Visick, Am Soc Microbiol Abstr
1999, 99:388) will facilitate an examination of the potential
role of this behaviour in symbiosis initiation.

In a number of symbiotic associations, the bacterial cells
stop elaborating flagella once they have successfully colo-
nized their target tissue [19]. In the squid—vibrio symbiosis,
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both flagellated and unflagellated cells occur in the crypts
[11°,21]. The mechanisms by which the symbiotic bacterium
recognizes its location and ceases expression of the dozens
of genes involved in flagellar synthesis remain unknown,
but analogous ones appear to operate in other marine sym-
bionts [22°]. Interestingly, the recent recognition that the
same signaling cascade that controls flagellation also coordi-
nately regulates other colonization factors in certain
pathogenic bacteria [19,23,24] focuses increased importance
on this symbiotic regulatory response.

Once the appropriate bacteria arrive at the specific point of
colonization, the host must present conditions that permit
the symbionts to recognize this site and be retained there.
"This selective process is likely to be mediated by specific
receptor-ligand interactions [25], as well as by the ability
of the symbionts to withstand the biochemical environ-
ment created by the host cells [26°,27,28]. Only the
squid—vibrio system and the mammalian intestine have
been extensively studied in this respect and, in both
instances, there is evidence that surface glycans function
to recognize the specific bacterial symbionts and facilitate
their maintenance [8°%,29]. Recent mutational analyses of
V. fischeri have implicated several surface attachment factors
in the ability to persist in the association [11°].

Transformation into the functional symbiosis

Once the appropriate bacteria have established themselves
in their target tissues, both the host and the symbionts must
change from an initiation mode to a persistence mode.
These transformations establish the regulated exchange of
the products that constitute the functional basis of the sym-
biosis, and promote the stable maintenance of the
association. T'he resulting processes are often accompanied
by dramatic changes in the morphology, biochemistry and
molecular biology of the host tissue and less evident, but
equally significant, changes in bacterial gene expression.

The symbiont’s role in inducing tissue development in a
marine host has been studied in only a few instances [9,12].
In the squid-vibrio associations, the bacteria induce signif-
icant remodeling of the tissues during the first few days
that follow the onset of symbiosis. Bacteria-induced devel-
opment includes loss of the juvenile squid’s superficial
ciliated field of cells [10°*], the function of which seems to
be confined to facilitation of light organ colonization by
symbionts [14°°]. Recent studies of this phenomenon indi-
cate that part of this process involves apoptosis induced by
the lipopolysaccharide of V. fischeri (JS Foster, MA Apicella,
M]J McFall-Ngai, Soc Dev Biol Absr 1999, 210:337; see Now
in press). In addition, the bacteria cause the epithelial cells
with which they associate to elaborate more microvilli and
the symbionts increase their contact with host microvilli
[30]. Concomitantly, the bacteria also induce an edemic
state in these host cells [31°°]. Both the increase in
microvillar density along the crypt epithelial brush border
and the crypt cell swelling may be harbingers of enhanced
signaling and/or nutrient exchange between the partners.

These early developmental events are triggered by the
symbionts within hours of onset of the symbiosis [10°°]
and conspicuous morphological changes ensue over the
first few days. In contrast, the elaboration of certain acces-
sory tissues, which begins several days into the symbiosis,
does not require the presence of V. fischeri [32]; however,
although these dramatic morphogenetic changes of late
development do not require interaction with symbionts,
they are required for continued ultrastructural remodeling
of the crypt epithelial cells. Further, bacteria-induced
changes in host cell biochemistry and molecular biology
continue for several days, if not weeks, after the initial
interactions with symbionts [33]. These findings suggest
that, similar to the legume-rhizobia symbioses [34,35],
bacteria-induced development and maturation of the bio-
chemical and molecular interchange between partners is a
protracted dialogue between the two partners.

Turning to the symbiont’s perspective, efforts to identify
host-induced changes in bacterial gene expression have
led to the emergence of a number of promoter-trap strate-
gies [36°] and, more recently, microarray technologies.
Application of these approaches to marine bacterial sym-
bioses is just beginning, but already the results have
provided insight into the conditions of the symbiont’s
environment. Preliminary data suggest that promoter
activity for several V. fischeri genes has been reported to
change as the bacterium adapts to its presence in the light
organ; for example, the expression of a V. fischeri homo-
logue of the Escherichia coli gene brn(), which encodes a
transporter of branched-chain amino acids, increases dra-
matically within 24 hours of colonization (KL Visick,
EG Ruby, Am Soc Microbiol Abstr 1998, 98:277). This result
is consistent with other studies suggesting that the host
supports the growth of its symbionts by providing pep-
tides and amino acids as nutrients [37], and that the proper
regulation of nitrogen metabolism is critical [38°].
Continued examination of symbiosis-regulated gene
expression, especially of novel loci with unknown func-
tion, may provide unexpected information about both
nutrient exchange and signaling between the partners. An
example of one such signaling process is quorum sensing,
a mechanism by which symbiotic V. fischeri cells recognize
and respond to their location in the light organ [39]. This
genetic mechanism was discovered in V. fischeri, but has
since been found to function in dozens of host-associated
bacteria [40]. Briefly, these bacteria continuously secrete a
small acylated homoserine lactone (AHL) molecule that
will accumulate only if there is a large number of con-
specifics in an enclosed space like a colonized tissue [41].
In V. fischeri, the synthesis of this AHL and the sensing of
its concentration are controlled by the /ux/ and /uxR genes,
respectively; accumulation of AHL results in the induc-
tion of the genes responsible for luminescence and
perhaps other phenotypes [42°]. Construction of null
mutants in /uxl or /uxR results in strains that are symbioti-
cally defective. Not only are these bacteria unable to
persist normally in the light organ crypts, but they fail to
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induce the characteristic swelling of the crypt epithelium
[31°°]. Because these same two defects are also expressed
by luminescence mutants of V. fischeri, the most parsimo-
nious explanation is that the ability to produce light, the
fundamental product of the symbiosis, is directly or indi-
rectly responsible for the induction of normal host tissue
development. In any case, we have just begun to under-
stand the roles of bacterial AHLs in signaling the
development and persistence of both cooperative and
pathogenic host—bacterium associations [43,44].

Conclusions and future perspectives

Although the vast array of marine symbioses remains largely
unexplored, the recent proliferation of new molecular
technologies promises to provide the opportunity to open
and develop this frontier. For symbioses that involve one
host and one microbial symbiont, such as the hydrothermal
vent and squid-vibrio associations, the potential to
sequence the entire genomes of bacterial partners like
V. fischeri will provide invaluable information on the mol-
ecular basis for the ability to establish and maintain stable
associations with animal hosts. Similarly, in the more com-
mon consortial symbioses, new molecular techniques, such
as terminal restriction fragment length polymorphism
(tRFLP) analyses [45], will allow biologists to determine
how entire communities of digestive tract microbiota
evolve within and between clades of invertebrates. From
the host’s perspective, the potential to build ¢cDNA
libraries and microarrays from increasingly smaller
amounts of relevant host tissues, which often occur in rare
animal species or in animals whose symbiotic tissues are in
limited quantity, opens the horizon for the study of host
response to the interaction with bacterial symbionts.

The past 12 years of research on the squid-vibrio system
as a model marine symbiosis have revealed that the dia-
logue between a host and its associated symbiont can be
extremely complex, resembling in some ways that of the
well-studied legume-rhizobia symbioses [34]. Continued
research on this system, as well as development of new
marine models, promises to enhance greatly our under-
standing of how prokaryotic and eukaryotic cells make
lasting alliances.
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