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Bioluminescence

The process by which some
bacteria and other organisms
produce light as the result of a
chemical reaction. During
symbiosis, this light can be
used in behaviours such as
counterillumination, in which
the bioluminescence is used to
eliminate the shadow of the
host's silhouette.

Gnotobiotic

An animal that is born under
aseptic conditions and is
exposed only to experimentally
introduced microorganisms.
Gnotobiotic animals are used
to investigate the symbiotic
relationship between an animal
and one or more of the
consortia of interacting
microbial species that normally
inhabit its body.
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Symbiotic conversations are revealed
under genetic interrogation

Edward G. Ruby

This is an exciting time for biologists, and for micro-
biologists in particular. We are at the convergence of
two breakthroughs that are advancing our understand-
ing of how animals and plants live with their micro-
biota. The first of these advances is the development
of methods for dissecting the genetic mechanisms by
which organisms signal and respond to each other.
The second advance is conceptual: the recognition
that higher organisms create a shared living space with
a specific set of beneficial microorganisms. Together,
these two developments have made it possible to begin
to understand how animals and plants communicate
with the many bacterial species that live in and on their
tissues. Describing the genetic basis of this symbiotic
conversation has become a new frontier of biology.
Recent research is expanding to identify and
embrace the diversity of microbial symbioses in living
systems (FIC. 1). This diversity includes associations
in which bacteria perform conserved functions that
are common to the needs of many host species (for
example, digestive activities'), as well as those in which
they perform unusual functions (for example, biolumi-
nescence?) that have specifically evolved in a few host
species. Included in this Focus issue are contributions
that address a range of symbioses in depth and describe
specific phylogenetic groups and metabolic processes.
For example, Parniske’® discusses plant-microorganism
associations, whereas Werren and colleagues* concen-
trate on obligate intracellular partnerships and Ley
and colleagues® discuss complex microbial consortia
in vertebrates. By contrast, this Review focuses on a
set of experimentally accessible, genetically developed
systems that consist of a natural association between an

Abstract | The recent development and application of molecular genetics to the symbionts of
invertebrate animal species have advanced our knowledge of the biochemical
communication that occurs between the host and its bacterial symbionts. In particular, the
ability to manipulate these associations experimentally by introducing genetic variants of
the symbionts into naive hosts has allowed the discovery of novel colonization mechanisms
and factors. In addition, the role of the symbionts in inducing normal host development has
been revealed, and its molecular basis described. In this Review, | discuss many of these
developments, focusing on what has been discovered in five well-understood model systems.

invertebrate host and one or a few bacterial symbionts.
These associations illustrate how the application of
molecular genetics and genomics to a number of bio-
logically diverse symbioses is revealing the nature of
the conversation by which an animal and its microbiota
initiate and maintain a shared existence.

The value of natural experimental models

An emerging awareness of the role of beneficial micro-
organisms in human health has led to a recent increase
in interest in symbioses®”. For example, there has been
success in using gnotobiotic animals that were inocu-
lated with specific combinations of microbial species to
dissect the processes that underlie the complex enteric
consortia of vertebrates®. These studies, which use con-
structed systems (FIC. 2) that are artificially simplified to
focus on a specific set of events, have already revealed
the role of specific bacteria in modulating such diverse
and important health issues as obesity and immune
dysfunction®'2 As a result of these discoveries, there
has been a widespread re-evaluation of the extent to
which microorganisms may influence other, as yet
unrecognized, aspects of host physiology®.

A second kind of model that is used in biology,
natural systems, allows us to examine how interac-
tions function in the context in which they evolved. In
contrast to the genetically modified or inbred host lines
that are developed for constructed systems, natural
models purposely use a population of genetically heter-
ogeneous hosts to provide insight into the natural range
of responses that characterize normal animal popula-
tions. However, although these systems may be natural,
they are most useful when they have experimentally
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Horizontal transfer

The process by which an
animal or plant obtains its
natural microbial constituents
from the environment at each
generation. By contrast,
vertical transfer occurs when a
young organism receives its
microbiota from its parent,
usually in or on the egg.
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Figure 1| Microbial symbioses occur throughout the phylogeny of animals. Experimentally accessible associations,
including several that are described in this Review, occur in all the main phylogenetic groups. These associations span the
breadth of animal diversity, and are represented in cellular-grade, tissue-grade and organ-grade levels of developmental

and morphological complexity.

valuable characteristics, including culturable partners
that can be maintained separately from each other. For
some symbioses that are established through horizontal
transfer, the newly hatched host can survive without its
symbiont (aposymbiotic) and the symbiont (or sym-
bionts) can be grown under axenic conditions. Such
conditions present the opportunity to experimentally
study the initiation of the association. Alternatively, in
those cases in which mature hosts can be cured of their
microbial symbionts and artificially reinfected with
novel strains, the persistence of the association can be
followed. In any event, if the association is binary (one
host and one symbiont species) or consists of a simple
bacterial consortium®, it can be easier to focus on a
specific set of relationships or events.

Numerous other attributes that allow for technologi-
cal applications (BOX 1) have been exploited in a range
of natural symbioses, but one that has recently begun
to open many questions to experimental evaluation is
the ability to genetically manipulate one or more of the
symbiotic partners and subsequently reconstitute the
association with these variants. This genetic level of
manipulation has usually been developed in the bacte-
rium, although there are exceptions'. However, in all
cases, the desired result is to be able to build and inter-
rogate testable models of the nature of the interaction.

Over the past 20 years a number of new systems
have been developed to study animal-bacteria symbi-
oses'®. But why should we promote the development of
so many different models? In addition to the ability of
an individual model to reveal evolutionary novelties
or clearly conserved mechanisms, each model allows
a distinct set of difficult questions to be addressed,

which when combined with other models provides
opportunities that would not be available from any one
system®'®. The importance of using a range of different
models is illustrated in the field of animal development.
More than a dozen species have been used to investi-
gate how animals control the mechanisms by which an
individual is built from a single cell. The number of
different models that are available has been crucial to
the advance of developmental biology: at least seven of
these models have directly led to discoveries that were
recognized by Nobel Prizes (TABLE 1). It is clear that each
of these different animal models has provided a unique
opportunity to better describe a fundamental process
in the biology of animal development.

Examples of beneficial symbioses

With only a few known exceptions (for example, light-
organ symbioses of marine fishes?), beneficial associa-
tions between vertebrates and bacteria exist as complex
consortia of tens to hundreds of species®. By contrast,
most beneficial symbioses in invertebrates are mono-
specific or constitute simple (<10 species) consortia,
perhaps owing to the limited ability of their hosts to
carry out immunological surveillance'. Although most
beneficial symbionts of insects are obligately intracel-
lular and are passed vertically through the maternal
line'®, many bacteria that are associated with these and
other invertebrates are passed horizontally, and there-
fore must be able to live in the external environment.
It is therefore not surprising that most of the currently
recognized, genetically tractable symbionts that can be
readily cultured are horizontally passed, heterotrophic
bacteria. Described below are five beneficial symbioses
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Expressed sequence tag
(EST). One of a series of short
nucleotide sequences which
represent a pool of mMRNAs
that are expressed under a
certain environmental or
developmental condition.
Libraries of ESTs can be used
to identify gene transcripts in
global expression studies.
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Figure 2 | Classes of symbiosis models. Experimental models of microbial symbioses can be characterized into three
types. Gnotobiotic systems (a) have been useful for examining the interactions within the complex consortia that are
normally present in vertebrate enteric tracts. In these systems, germ-free host animals are produced, and one or a few
bacterial species are introduced to allow an examination of a simplified relationship. An alternative approach is to
investigate consortia of invertebrates (b), which are often simpler in species composition. Finally, there are several natural
animal models (c) in which only a single bacterial species is present.

of invertebrate hosts that have been examined by genet-
ically manipulating at least one bacterial species. Three
of these systems are normally found as binary asso-
ciations of a monospecific symbiont population that
grows within a specialized tissue of its host, whereas
two consist of simple consortia that are found in an
animal’s enteric tract (FIG. 3).

Vibrio and sepiolid squid. Many species of marine
animals are bioluminescent, and approximately half
of these generate their light by developing associa-
tions with luminous bacteria in the genera Vibrio or
Photobacterium®". The best studied of the light-emitting
symbioses is that between Vibrio fischeri and the sepi-
olid squid Euprymna scolopes, although other species
of sepiolids that are symbiotic with V. fischeri and/or
the related Vibrio logei have also been described**?'. In
these symbioses, the host is thought to use the lumines-
cence in a behaviour called counterillumination®. The
E. scolopes association is horizontally passed between
generations of hosts?, which must individually obtain
their bacterial symbionts from environmental popu-
lations that live in the ambient sea water*. Thus, the
newly hatched juvenile squid is aposymbiotic and,
because bioluminescence is not a nutritional product,
the host can be maintained in a free-living form in
the laboratory for generations®. Similarly, V. fischeri
cells are easily grown in culture, and can be genetically
engineered using recently developed techniques (for
example, REFS 26,27). In addition, the completion of
two V. fischeri genomes®? and associated microar-
rays***!, as well as a library of expressed sequence tags®
and a microarray chip for the host squid*®, have ushered
in an era of genomic-level analysis in both partners of
this symbiosis.

Xenorhabdus-Photorhabdus and nematode worms.
One of the best-developed systems for the study
of beneficial symbioses is a series of specific asso-
ciations that have evolved between two genera of
nematode worms and one of two genera from the
Enterobacteriaceae'. These associations share a com-
mon biological function: they allow the partnership

to infect, kill and grow within insect larvae. As many
of the infected insect species are crop pests, an under-
standing of the basis of bacteria—nematode symbiosis
and its potential in biological control is of consider-
able interest in agriculture. Two pairs of bacteria-host
genera are known: Xenorhabdus-Steinernema® and
Photorhabdus—Heterorhabditis*. Although the inter-
actions have distinct features, they share many devel-
opmental and genetic characteristics. Interestingly, in
each interaction, the bacterium is highly specific for
its particular nematode species, whereas the insect
larvae from both taxa are susceptible to both species
of nematode.

The nematodes exist in soil in a resting form, and
carry dozens of symbionts in a region of their upper
enteric tract. In Xenorhabdus, this region consists
of a specialized structure called the vesicle. When
the nematode invades a larval insect, it migrates
into the blood system and begins to ingest blood.
The nematode then expels its bacterial symbionts,
which produce extracellular toxins and degradative
enzymes, and proliferate, providing a food source that
supports the reproduction of an increasing popula-
tion of worms. When the insect carcass is depleted of
nutrients, the worms revert back into the resting form,
and the nematode vesicle becomes colonized by a few
cells of the bacterial population®. The nematodes
then escape into the soil, where they await the next
insect host. Knowledge of the process by which the
bacteria colonize their nematode host, and in particu-
lar the genetic basis of specificity and development in
the bacterial symbionts, has increased markedly
in recent years*~*. Although there is considerable
interest in the genetic basis of the insect-parasitism
stage of the bacteria—nematode life cycle, which has
been aided by the development of a tripartite model
system that targets larvae of the genetically facile
fruit fly Drosophila melanogaster®, the emphasis of
this Review is on the beneficial association between
the worm and its bacterial symbiont. Nevertheless, it
should be noted that there is some overlap between
the genetic requirements for pathogenic and
beneficial symbiosis®.
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Box 1 | Valuable characteristics in a genetic model of symbiosis

* Aninexpensive and easily collected or bred host.

e A small host with a simple morphology.

e Easily imaged symbiotic structures.

e Known nutritional characteristics.

* Arange of ecologically or evolutionarily distinct associations.

¢ An association that is economically important.

* An association that is representative of a general biological principle (or principles).
¢ A host and bacterium that can be cultured separately (grown in the laboratory).

* Ahost and bacterium for which genome sequences are available.

* An association in which one or both partners are amenable to genetic manipulation.

Sodalis glossinidius and the tsetse fly. Many, if not
most, insect species maintain intracellular bacteria that
provide essential metabolic and developmental activi-
ties for their hosts***!. These organisms are classified
as either primary symbionts (for example, species of
Buchnera and Wigglesworthia), which are uniformly
present in the host, but are not culturable in their free-
living form, or secondary symbionts, which occur more
sporadically and in several cases have been grown out-
side of the host***2. Primary symbionts are always found
in the specialized tissue called the bacteriome, whereas
secondary symbionts can occur in several different tis-
sues of the host. As for primary symbionts, secondary
symbionts are generally inherited maternally. However,
secondary symbionts retain their ability to pass to a
new host from either the environment or another
host*®. Sodalis glossinidius, which is thought to provide
a beneficial effect to its specific host, the tsetse fly, is
of considerable epidemiological interest as a potential
vector that can be engineered by paratransgenetics to
artificially produce anti-trypanosomal proteins*. This
symbiont is closely related to well-studied enteric spe-
cies, and microarray-based analyses have shown that
its genome is surprisingly similar to that of Escherichia
coli**. In addition, because S. glossinidius is not essential
to its host, it is possible to eliminate the native bacteria
within a fly by antibiotic treatment and reinfect it with
genetically modified strains®.

Aeromonas, Rikenella and the leech. The diversity
and specificity of invertebrate enteric microbiota have
begun to be examined using culture-independent
techniques, and, with the exception of specialized cel-
lulosic species, such as termites®, these communities
seem to be generally composed of simple consortia of
fewer than ten species'”*. One such invertebrate is the
medicinal leech Hirudo verbana, the diet of which is
restricted to vertebrate blood. Because of the initial
activity of complement in the ingested blood?, the
ingestion of susceptible bacteria by leech haemocytes*
and possibly other leech- or symbiont-produced anti-
microbial compounds®, only two species of bacteria
(from the genera Aeromonas and Rikenella) are long-
term inhabitants of the crop®. A higher number of
species can be detected downstream of the crop in the

intestinum, where the blood is digested, but even there
Aeromonas and Rikenella remain the most abundant
microbial species?.

The role (or roles) of these symbionts in the leech
remains unclear, but they might foster the nutrition
and/or development of the host. Aeromonas spp. are
easily cultured and produce many exoenzymes, whereas
Rikenella spp. are fastidiously obligate anaerobes.
Interestingly, when in the crop, cells of the two species
associate tightly with each other, forming mixed micro-
colonies that are embedded in a polysaccharide matrix.
In addition, the growth of one species is enhanced by
the presence of the other®. Taken together, these obser-
vations suggest a synergistic interaction between the
bacterial partners in this symbiosis.

Enterococcus and the fruit fly. Considerable interest
has developed in determining the nature of the micro-
organisms that inhabit the enteric tracts of insects, and
particularly the high number of species that are pests of
environmentally and agriculturally important plants®'.
Surprisingly, it seems that despite the high number of
different host species that have been examined spe-
cies of the genus Enterococcus are typically among the
natural members of the microbiota. This pattern is
apparent even when specimens of D. melanogaster from
laboratory-maintained stocks are compared with those
from wild-caught populations'. When the anatomical
distribution of these bacteria was determined in fruit
flies, they were found to be restricted to portions of
the foregut, midgut and hindgut. As for Aeromonas
spp., native Enterococcus symbionts can be cured, and
the consortium re-established using other geneti-
cally modified strains. Using this approach, Cox and
Gilmore™ recently showed that an Enterococcus faecalis
strain which was engineered to produce a non-native
haemolysin was lethal to its host.

Application of molecular genetics

What key mechanisms underlie the development of
a beneficial symbiosis? Specifically, how have these
mechanisms evolved to permit a host and its micro-
biota to effectively communicate during the initia-
tion, accommodation and subsequent persistence of
their symbiotic association (FIC. 3)? This is a dialogue
in which the words and phrases are biochemical.
However, the conversation as a whole is organized at
the genetic and even genomic level. Approaches that
apply molecular genetics to help us dissect and define
the steps during a pathogenic infection have had a long
history of success®’, and more recently have begun to
provide a useful paradigm for studies of beneficial
symbioses. For example, the application of signature-
tagged mutagenesis has allowed us to identify sym-
biont genes that are involved in different steps of an
infection, which has begun to reveal new colonization
determinants*->* (FIC. 4).

Bacterial genetics has been most effectively applied
to characterize the well-studied association between
V. fischeri and its squid host. The application of bacterial
genetics to this association is discussed below, together
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Two-component regulation
system

A stimulus-response coupling
mechanism that allows an
organism to sense and respond
to various changes in
environmental conditions.

Lipopolysaccharide

A major component of the
outer membrane of
Gram-negative bacteria. The
immune systems of animals
generally sense and react to
the presence of
lipopolysaccharide.

Quorum sensing

A system by which bacteria
respond to increased
population density by
coordinately controlling
expression of a specific set of
genes. By sensing the
concentration of one of several
continuously secreted signal
molecules, including acyl
homoserine lactones, peptides
and autoinducer 2, the
population can recognize when
it reaches a ‘quorum’.

Table 1| Examples of Nobel Prize awards in developmental biology*

Year* Recipient (or recipients) Discovery Model organism?®
1935 H.Spemann The ‘organizer center’ concept! Newt and frog

1995  E.Lewis, C. Nusslein—Volhard and E. Wieschaus Homeobox genetic organization Fruit fly and zebra fish
2001  L.Hartwell, . Hunt and P. Nurse Cyclinregulation of the cellcycle  Sea urchin and frog
2002  S.Brenner, H. Horvitz and J. Sulston Programmed cell death Roundworm

2006  A.Fireand C. Mello RNA interference Roundworm

2007 M. Capecchi, M. Evans and O. Smithies Embryonic stem-cell development  Mouse

*Information obtained from Nobelprize.org (see Further information). *Of the past 13 Nobel Prizes awarded in Physiology or
Medicine, 5 were from the area of developmental biology. §In several cases, results from more than one model system were
specifically recognized. IThe first Nobel Prize to be awarded in developmental mechanics (developmental biology).

with the similar and contrasting mechanisms of interac-
tion that have been discovered in the other four experi-
mental genetic associations. It is clear that each of the
five systems described above have particular strengths
owing both to the specific biology of the symbiosis and
the current range of research activities (TABLE 2).

Surface structures and specificity of the association.
A hallmark of all the symbioses considered in this Review
is their exclusivity, and therefore the mechanisms that
underlie this species specificity are of interest. Not sur-
prisingly, surface-associated activities of both the host and
the symbiont may be required. For example, mucus that
is produced from the surface of the nascent light organ
allows the juvenile squid to entrap planktonic cells of
V. fischeri in aggregates. These aggregates form near sur-
face pores that lead into the crypt spaces deep within the
organ, where the bacteria grow and reside™. The ability
of V. fischeri to aggregate in this mucus is dependent on
signalling by the RscS two-component regulation system®.
RscS controls production of an extracellular polysac-
charide through its regulation of the syp operon®, and
strains with null mutations in either rscS or key syp genes
become defective in colonization®”*®. Similarly, genetic
modification of V. fischeri lipopolysaccharide (LPS), either
by deletion of pgm, which generates precursors for LPS
glycosylation®, or htrB1, which acylates the lipid A com-
ponent of LPS¥, leads to a reduction in light-organ colo-
nization. LPS modification also seems to be important to
species of Photorhabdus: pgbE1, ahomologue of a gene in
the pmr locus of serovars of Salmonella enterica®, is also
thought to modify lipid A, and a pgbE1 mutant loses the
ability to colonize its nematode host®. In related bacteria,
such modifications have also been linked to resistance
to host cationic antimicrobial peptides®. Similarly, a
normal LPS is important for Aeromonas spp. to over-
come the activity of host complement and successfully
colonize the leech®.

Not surprisingly, other surface factors have also
been shown to facilitate a bacterial interaction with
host tissue during initiation of the association. In
V. fischeri, mutation of either ompU, which encodes
an outer membrane protein®, or pilA%, which encodes
one of the ten type-IV pili of this bacterium?, has
only a small effect on colonization competence. Such
defects become more apparent at a low inoculum that
might more realistically mimic natural conditions®.

More impressive effects follow loss of the nil genes of
Xenorhabdus species. A nilA mutant strain is attenu-
ated during colonization of the nematode host, whereas
deletion of either nilB or nilC, which seem to encode
membrane components, completely eliminates sym-
biosis competency®. The basis of this requirement is
as yet unknown, but the similarity of NilB to homo-
logues in mucosal pathogens has suggested it might be
involved in an interaction with mucus in the nematode
vesicle*. The Xenorhabdus mrxA-encoded pilin protein
is another surface structure that has been proposed to
function in colonization of the nematode host®.

Bacterial behaviour and gene regulation. For hori-
zontally acquired symbionts, which may exist for long
periods in sea water or soil, a rapid and effective adap-
tation to the specific conditions inside their host can
be crucial. In pathogenic associations, the expression
of suites of genes that encode colonization factors is
often triggered by the activities of specific transcrip-
tional modulators, such as quorum sensing systems or
two-component regulators””". Thus, many studies have
targeted such transcription factors for mutagenesis as a
way to affect their downstream regulons. In V. fischeri,
there are two sets of quorum-sensing regulators,
AinS-AinR and LuxI-LuxR, that work sequentially to
induce distinct but partially overlapping regulons®**'.
Mutations in either system lead to symbiosis defects.
For example, an ainS mutant colonizes the squid light
organ more slowly than the wild type, and when it does
finally infect, it is unable to persist at normal levels™.
Global expression analyses of V. fischeri revealed more
than 280 genes that are differentially regulated in the
mutant (E.G.R., unpublished observations), including
those that encode the flagellar apparatus® and the cen-
tral metabolic-switch enzyme acetyl-CoA synthetase
(Acs)”*, These microarray results led to construction
of a V. fischeri acs mutant, which was found to be defec-
tive in colonization, indicating that acetate metabolism
is important to the symbiont population.

V. fischeri LuxIR positively regulates the lumines-
cence (or lux) genes, as well as a few other loci’, in
a cell-density-dependent manner”. Mutation of the
luxIR genes or a gene that encodes luciferase (JuxA),
results in a symbiosis persistence defect that could
relate to the inability of these mutants to produce nor-
mal light levels in the host**”®. However, in a separate
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Figure 3 | Simplified life cycles of five symbioses. In each of the symbioses shown, the animal obtains a specific
symbiont (or symbionts), which colonizes the host in a particular location. a | The squid obtains its symbionts from
sea-water populations, which colonize the nascent light organ. b | The nematode brings its symbiont into the insect host,
where both proliferate. The bacteria then recolonize the nematodes, which escape from the carcass. c | Juvenile leeches
obtain symbionts after hatching from their cocoon (perhaps from the cocoon itself). They then take up residence in the
crop, where they digest their blood meal. d | The tsetse fly can either pass the symbionts maternally to the eggs or pick up
new strains from the environment. e | Specific symbionts on the food of the fruit fly colonize and persist in the enteric tract.

microarray-based study, 18 new genes were found to
be regulated by the LuxIR system, and several of these
were outer-membrane proteins or secreted proteases®.
Thus, it remains possible that LuxIR, which fully
induces its regulon only under the high cell densities
that are achieved in the light organ”, controls a number
of different symbiosis factors, the activities of which
are necessary for a long-term, stable colonization of
the host. In any case, quorum signalling is a crucial
activity in the squid-Vibrio association, as well as in
certain plant-microorganism interactions’; the role of
cell-density sensing in other beneficial bacteria—animal
symbioses is less well defined.

Host-induced bacterial-gene expression is another
way by which symbionts adjust to life in the tissue of
an animal. Not surprisingly, two-component systems
that detect specific environmental cues and modulate
transcription output are important in this adjustment.

In a pioneering effort, Hussa et al.”* used a bioinfor-
matics approach to identify all the putative response
regulators that are encoded in the V. fischeri genome.
Individual mutations were created in 35 of 40 of these
genes, and the resulting strains were compared with the
wild-type parent for colonization competence. Of these
35 genes, 12 had a symbiosis defect, although further
examination of these individual regulators is needed
to understand the basis of their effects. For example, in
nematode symbioses, HexA, a LysR-like repressor that
has been studied in species of both Photorhabdus and
Xenorhabdus, seems to control nematode colonization
in Photorhabdus but not Xenorhabdus'®. Specifically,
among the >100 genes that are repressed by HexA in
Photorhabdus spp. are cipA and cipB, which encode
small, crystal-forming proteins that promote nema-
tode development when expressed in trans in E. coli”.
Mutation of hexA results in a strain that supports the
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Figure 4 | Categories of colonization mutants. Microbial symbionts that are passed
horizontally must negotiate several stages of the colonization process. Studies of
genetically engineered mutant strains have revealed defects that can be placed in
one of several classes. In this example, inoculation with a wild-type strain from the
environment allows a few symbionts to colonize, which grow to a specific population
size that is then stably maintained over time. Three broad classes of defects have
been discovered in several symbiotic systems: initiation mutants, which are unable to
inoculate the host; accommodation mutants, which fail to reach the usual
population size; and persistence mutants, which at first colonize normally, but are
unable to maintain themselves.

growth of a higher number of symbionts®. It seems that
the primary function of HexA is to enhance bacterial
virulence in its insect host, which indicates that there
is a reciprocal relationship between those Photorhabdus
genes that are required for pathogenesis and those that
lead to beneficial colonization®.

The importance of global changes in symbiont gene
expression has also been revealed by mutating genes
that encode sigma factors in V. fischeri (rpoN) and
Xenorhabdus spp. (rpoS and rpoE), which leads to
defects in flagellar motility®' and resistance to oxida-
tive stress™, respectively, thereby indicating that these
activities are required for symbiotic colonization.
However, the fact that these transcription factors con-
trol the proper expression of dozens of genes makes it
difficult to identify the individual contributions of the
many downstream targets.

In addition to targeted mutagenesis of suspected
symbiosis determinants, phenotypic screens of mutant
libraries have provided a powerful tool for identifying
both predicted and unexpected colonization factors
and activities. For example, V. fischeri mutants that
were created by random transposon insertion have
been screened for strains that are defective in phe-
notypes such as flagellar motility and chemotaxis®*,
siderophore production® and luminescence®®.
Subsequent colonization studies have revealed that
these phenotypes are all required symbiosis factors. By
contrast, unbiased screening of entire libraries in large-
scale colonization studies has revealed the importance

of new factors (for example, REFS 48,53,86,87). Finally,
the transfer of genes that encode fluorescent proteins
into different strains of bacteria has been applied not
only to tag and localize different strains of symbionts
within host tissues, but also to track their transcriptional
activity?*®,

Adaptation to host defences. Because all host animals
must protect themselves against colonization by inap-
propriate or pathogenic microorganisms, a central theme
in beneficial bacteria—host interactions is that the symbi-
ont either avoids damage by the defences of the host or
communicates with host cells to modulate them®. The
ability to modulate host defences might therefore also
contribute to symbiont specificity. Two ways in which
invertebrates confront bacteria that enter their tissues
are to produce oxidative or nitrosative stress mol-
ecules, or to initiate phagocytosis. Evidence for the
avoidance of oxidative or nitrosative stress molecules
by the symbiont came from the colonization defects of
mutant strains that were unable to produce catalase®
or autoinducer 2 (REF. 91). By contrast, Aeromonas spp.
do not seem to require a functional catalase to colo-
nize their leech host®. V. fischeri cells effectively avoid
phagocytic haemocytes that are present in the light
organ. Studies of these haemocytes in primary culture
suggest that prior exposure to symbionts decreases the
ability of the host cell to attach and engulf V. fischeri,
but not other bacteria (E.G.R., unpublished observa-
tions). Mutation of ompU results in an increased sus-
ceptibility to phagocytosis, although the mechanism
that underlies this phenomenon is unknown. In a
related case, in which sensitivity to an immunity fac-
tor was encountered in the symbiosis, an Aeromonas
LPS mutant was less able to escape killing by comple-
ment factors that were present in the blood meal of
the leech®.

A type III secretion system (T3SS) which exports
effector proteins that moderate host defences by inter-
fering with the antimicrobial function of the host is
emerging as a common theme in several beneficial
symbioses. Leech-associated Aeromonas spp. are the
first extracellular animal symbionts to be shown to
use a T3SS to avoid host phagocytosis*. Specifically,
mutation and complementation analyses of ascU, a
homologue of inner-membrane components in other
T3SSs, have linked this gene to Aeromonas survival
in the leech crop. Interestingly, wild-type cells did
not rescue the T3SS mutant in co-infection experi-
ments, indicating that the positive effect of the T3SS
is restricted to those bacteria that can express it. In
a similar manner, mutation of the inv (also known
as spa) gene clusters that encode a Sodalis spp. T3SS
eliminated the ability of this bacterium either to invade
cells of the tsetse fly or even colonize cultured cells
after introduction by microinjection®. Subsequent
analysis revealed the presence of two separate T3SSs
in the Sodalis genome that have sequential functions
during host colonization®. Photorhabdus spp. also
produce a functional T3SS that secretes a homologue
of YopT, a protein effector that inhibits phagocytosis
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Table 2 | Genetic tools and resources for certain bacterial symbionts*

Partners

Vibrio—sepiolid squid

Xenorhabdus or
Photorhabdus—-nematode

Aeromonas-medicinal leech
Sodalis-tsetse fly
Burkholderia—stink-bug
Enterococcus—fruit fly
Acidovorax—earthworm
Bacillus—gypsy moth
Endosymbionts—hydra

Year Clonality Mutagenesis Complementation Screens Sequenced Microarray
initiated* genome

1989 Yes Yes Yes Yes Yes Yes
1989 Yes Yes Yes Yes Yes No
1999 Yes Yes Yes Yes No No
1995 Yes Yes No Yes Yes No
2005 Yes Yes s No No Yes s No
2007 Yes Yes s No No Yes s Yes s
2006 Yes No No No Yes No
2006 Yes No No No Yess No
2007 No No No No No No

*This list is rapidly becoming out of date, as these tools are being adapted on an ongoing basis in many of the systems. *Approximate year in which the association
was first experimentally described. $Only found in strains from a non-symbiosis source so far.

of Yersinia pestis by host phagocytes®. However, it has
not been definitively shown that this T3SS is important
to Photorhabdus spp. in host colonization.

Induction of host development. One of the most excit-
ing outcomes of recent studies of bacteria-host interac-
tions is the recognition that symbionts can play a crucial
part in triggering the development of their host. Often
these effects lead to dramatic morphological changes
that are required for the proper functioning of the asso-
ciation (for example, REFS 35,95,96). The bacteria in
the V. fischeri-E. scolopes symbiosis have a remarkably
important role in light-organ development®. Several
of these developmental events have been linked to spe-
cific bacterial gene products through bacterial mutant
analysis: infection by lux mutants fails to induce the
oedemic swelling that is characteristic of the epithelial
cells that line colonized crypts”, which suggests that
the host tissue normally responds to symbiont biolu-
minescence or to the hypoxia that is associated with
luciferase activity””. Experiments that were designed to
determine which of these factors triggers this develop-
mental response will allow us to better understand the
mechanisms that underlie this interaction.

The striking discovery that developmental regres-
sion of the ciliated surface of the light organ of the juve-
nile squid is induced by a bacterial cell-wall monomer?*,
which was previously described as tracheal cytotoxin
(TCT), shows how a normal bacteria—host signal can
also serve a pathogenic function. Identification in the
V. fischeri genome of homologues of genes that encode
the activities which are necessary for TCT secretion
has allowed these activities to be genetically linked to
the developmental biology of this symbiosis. The role
of GacA, a common bacterial transcriptional regulator,
in squid development has also recently been reported”.
Specifically, mucus secretion and ciliated-surface
apoptosis are not induced in squid that are colonized
by a gacA mutant. Because GacA affects the LPS struc-
ture of the bacterium, it has been suggested that the
developmental defects are linked to outer-membrane
modifications'®.

The proper development of nematode-infected
juveniles has also been linked to the functions of differ-
ent genes in species of Xenorhabdus and Photorhabdus.
The Xenorhabdus global regulator Lrp is required for
normal colonization and subsequent host matura-
tion through both its repression (with NilR) of the nil
genes and its induction of nematode development's.
Microarray analyses of the Lrp regulon will help us
identify genes that trigger nematode development.
By contrast, the ability of Photorhabdus spp. to pro-
mote nematode growth and development seems to be
largely due to the HexA repressor protein (discussed
above). Nematodes that are infected by a Photorhabdus
ngrA mutant are unable to develop from the infective
juvenile stage to the self-fertile hermaphrodite stage'®.
Because NgrA is a homologue of a non-ribosomal pep-
tide-synthesis complex, it has been suggested that the
symbiont produces a peptide signal that induces nema-
tode development™. Finally, although the Photorhabdus
crystal-forming proteins CipA and CipB promote
nematode development through an unexplained
mechanism, it is not yet clear whether the analogous
Xenorhabdus crystal protein that is encoded by pixA
has an important role in the biology of the host'.

Nutritional and metabolic accommodation. In a mutu-
ally successful symbiosis, both partners must obtain
sufficient organic and inorganic nutrients to grow and
sustain the relationship. Not surprisingly, virtually all
symbiotic relationships include a transfer of such mate-
rials between the host and the bacterium, in at least one
direction. Sometimes, the symbionts must be able to syn-
thesize missing nutrients owing to the nature of the food,
such as blood, that is provided by the host. The details
of this nutritional dependency can often be revealed by
following the colonization of genetic mutants that are
defective either in specific biosynthetic or metabolic
pathways', or in the ability to adjust to changing
nutrient levels'®.

A central question in the Vibrio-squid symbiosis
is: what does the host feed its bacterial symbionts and
does this change over the course of the relationship?
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Auxotroph

An organism, or mutant
derivative, which is unable to
synthesize a particular
compound (for example, an
amino acid) that is required as
a building block for its growth.

Mutant library screening for auxotrophs of V. fischeri
yielded a collection of strains that were defective in the
biosynthesis of specific amino acids'®. The colonization
levels that were achieved by these mutants provided a
relative measure of the extent to which the host pro-
vided each of these amino acids. The resulting pattern
suggested that peptides of a typical protein composi-
tion were available to the symbiont population'®. By
contrast, a similar study of nematode colonization by
Xenorhabdus auxotrophs indicated that two specific
amino acids, methionine and threonine, were of limited
availability in the vesicle®. Supporting this conclusion,
the Xenorhabdus crystal protein PixA is methionine rich,
and a pixA mutant out-competes its parent for growth in
the vesicle, which suggests that excess methionine syn-
thesis is a metabolic drain on the symbiont'™. Because
colonization by Xenorhabdus spp. requires some or all
of the isc-hsc—fdx locus, which encodes activities that
synthesize [Fe-S] centres, it is possible that this bacte-
rium depends on some non-haem redox activity, such as
anaerobic respiration, when in the host'®. Interestingly,
studies of the squid-Vibrio association also suggest
that the generation of acetate” and metabolic pathways
which require anaerobic respiration'® are important to
V. fischeri in the light organ.

As is typical for pathogenic infections'”, free iron
seems to be the main inorganic nutrient that limits
growth in beneficial animal symbioses. Several studies
have focused on identifying the genetic determinants
of iron acquisition that allow symbiotic bacteria to
colonize their hosts. In V. fischeri, a mutation in the
glnD gene results in pleiotropic phenotypes, including
reduced production of at least one siderophore in cul-
ture®. When assayed for colonization, the glnD mutant
failed to persist, but this defect was reversed when ferric
chloride was added to the assay. Similarly, the addition
of iron rescued colonization by a putative siderophore-
uptake mutant (exbD) of a Photorhabdus species'®.
A putative iron-regulated promoter element has also been
detected upstream of ngrA*, a gene that could function
to synthesize either a peptide signal or siderophore'®,
which further indicates that iron levels are important to
Photorhabdus species. Thus, the availability of iron can
have both nutritional and regulatory implications.

107

Conclusions

The molecular genetics of symbiosis is a rapidly
expanding field, and new systems are continually
adding to its breadth and impact. It is important to
continue to develop systems such as the earthworm
nephridia-Acidovorax symbiosis'®'"!, the caterpillar
gut-Enterococcus association®, the as-yet-uncultured
epithelial symbionts of hydra''? and the recently
described louse fly-Arsenophonus relationship''.
One particularly promising system is that between a
Burkholderia species and its host, the broad-headed
stink-bug'". In this association the bacterium is envi-
ronmentally acquired at each generation, provides a
clear benefit to the host and is extracellularly located'*.
A successful history of molecular studies of other
Burkholderia species makes it highly likely that it will
not be long before the symbiont will be amenable to
molecular genetics.

The development of experimental strategies and
technological approaches will be important to the
continued growth of the field of symbiosis. Creating
a community of researchers that can develop genomic
(for example, genomes and microarrays) and molecu-
lar genetic (for example, mutants, vectors and meth-
odology) resources, either within a single species, or
more generally across the field, will quicken the pace of
advance in all systems. Similarly, in addition to increas-
ing the number of bacterial symbionts with sequenced
genomes (TABLE 2), efforts to obtain genome sequences
for different strains of the same symbiont species have
proven valuable for comparative studies®.

In most symbioses described here', the application
of molecular genetics to the animal partner lags behind
efforts with the bacterial symbiont. Nevertheless, in
the past year there have been promising results in the
host using a reverse-genetic RNA interference approach
to silence specific genes''® and with the application of
microarray technology to determine the differential
effect of colonization by mutant symbionts on host gene
expression®. Future studies should focus on developing
interactive genomics to track patterns of gene expres-
sion simultaneously in both the host and the symbiont.
In this way we will not only be able to interrogate this
conversation, but perhaps learn how to manipulate it.
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