Secondary metabolite
Chemical produced by the cell
that is not essential for
maintenance of cellular
function or for normal growth
of the organism.

Quorum sensing

A system by which bacteria
communicate and obtain
information on bacterial
density in their environment.
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perspective

Communication in bacteria:
an ecological and evolutionary

Laurent Keller* and Michael G. Surette*

that are produced by other bacteria.

Over the last two decades, our view of bacteria has dra-
matically changed. Bacteria have often been studied as
populations of cells that act independently, but it now
seems that there is much interaction and communica-
tion between cells. Bacteria can produce an extensive
repertoire of secondary metabolites, and can respond to a
wide variety of chemicals in their environment. In recent
years, particular groups of secondary metabolites have
been characterized for their role in the regulation of gene
expression in a cell-density-dependent manner, and this
behaviour has been collectively referred to as quorum
sensing, or cell-cell communication (FIG. 1). In its sim-
plest form, this process results from the production and
accumulation of signalling molecules in the surrounding
environment. The signalling molecules, also referred to
as autoinducers, bind to receptors on, or in, the bacterial
cell, which leads to changes in gene expression at some
threshold concentration. Quorum sensing is generally
thought to act as a mechanism for the coordinated regu-
lation of behaviour at the level of populations of cells.
The realization that bacteria can communicate, coop-
erate and alter their behaviour, according to changes in
their social environment, has led to an explosion of
research in this area, exemplified by an Entrez PubMed
search for ‘quorum sensing’ that resulted in more than
900 articles and 150 reviews in the last 10 years (for
recent reviews see REFS 1-5). Most studies have focused
on the molecular aspects of cell-cell communication,
and much less attention has been paid to the ecological
context of why bacteria produce signalling molecules

Abstract | Individual bacteria can alter their behaviour through chemical interactions
between organisms in microbial communities — this is generally referred to as quorum
sensing. Frequently, these interactions are interpreted in terms of communication to mediate
coordinated, multicellular behaviour. We show that the nature of interactions through
quorum-sensing chemicals does not simply involve cooperative signals, but entails other
interactions such as cues and chemical manipulations. These signals might have arole in
conflicts within and between species. The nature of the chemical interaction is important to
take into account when studying why and how bacteria react to the chemical substances

and respond to both intraspecific and interspecific
signals®. One view among microbiologists is that quorum
sensing simply evolved because it allows bacteria to coor-
dinate the behaviour of the group and take on some of
the characteristics of multicellular organisms. However,
large bodies of theoretical work and empirical studies
in other organisms have shown that cooperation and
communication can evolve only under very restricted
conditions’ . Moreover, the role of quorum-sensing sig-
nals in cell-cell communication has been challenged. It
has been suggested that autoinducers function as probes
to provide individual cells with information about the
diffusive and mixing properties of the immediate envi-
ronment'. Whereas this might be true in some cases (for
example, in the Staphylococcus aureus agr system'), it is
at odds with the biology of some well-studied systems
(for example, Vibrio fischeri in the bobtail squid'®"?). In
any case, this raises the important issue that signalling
pathways might sometimes have evolved for reasons
other than cell-cell signalling, or might have acquired
new functions once they were established.

The aim of this review is to discuss the general issue
of quorum sensing and cell-cell communication from
an evolutionary and ecological perspective. Over the
last four decades, there have been extensive studies on
the evolution of communication and cooperation in
vertebrates, insects and other social animals, leading to
the founding of a solid theoretical framework®. Using
this framework, we discuss why it is important to con-
sider not only the opportunity for cooperation, but also
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Figure 1 | Generic scheme for quorum sensing. Inits
simplest form, cell-cell signalling results from the
production of signalling molecules by emitter cells and
their accumulation in the surrounding environment. At
some threshold concentration, the signalling molecules
bind to receptors on or in the bacterial cell, leading to
changes in gene expression in the responding cell. For
intraspecies quorum sensing, the emitter and responder
are usually the same cells, as illustrated here. Often, but not
always, the genes that are involved in synthesis and
response activate their own expression — explaining the
term autoinducer. A signalling molecule is considered to
act at low concentrations and not to be involved in primary
metabolism.

Autoinducer

A system by which bacteria
communicate. Signalling
molecules are chemicals,
similar to pheromones that are
produced by an individual
bacterium, which can affect the
behaviour of surrounding
bacteria.

Signal

Any act, structure or chemical
emission that alters the
behaviour and gene expression
of other organisms which
evolved because of that effect,
and that is effective because
the receiver’s response has
also evolved.

N-acyl homoserine lactone
A group of intercellular
signalling molecules, produced
by some Gram-negative
bacteria, made up of a
homoserinelactone ring with an
N-linked acy! side chain.

LuxS/autoinducer-2

(Al-2). Refers to a conserved
gene (luxS) found in both
Gram-negative and Gram-
positive bacteria that mediates
production of a common
signalling molecule
autoinducer-2.

Pre-protein

A protein initially synthesized as
an inactive form that undergoes
proteolytic cleavage to release
the active protein or peptide.

competition between individuals living in the same envi-
ronment. Throughout the review, we attempt to apply
the established terminology in the field of ecology and
evolution to bacterial cell-cell signalling.

Cost and specificity of cell-cell signalling

It is currently unclear how commonly cell-cell signal-
ling occurs in bacteria. A survey of the distribution of
N-acyl homoserine lactone (AHL)-based signalling within
bacteria challenged the widespread view that quorum
sensing is very common®. Nonetheless, the types of
potential chemical molecules that bacteria produce
and respond to in order to adapt to their environment,
including competitive environments with other micro-
organisms, remain largely underexplored, and the rep-
ertoire of chemical molecules that are associated with
cell-cell signalling continues to grow. Currently, there
are three well-defined classes of molecules that serve
as the paradigms for chemical signalling in bacteria:
oligopeptides, AHLs and the LuxS/autoinducer-2 (AI-2)
class. These three systems will be considered from an
evolutionary perspective, in particular in terms of two
key components of communication: the cost associated
with signalling and information specificity.

It is difficult to precisely define the costs of com-
munication in bacteria. The quantity of the signal
produced and the level required to elicit a response are
not well defined, particularly in natural environments.
Furthermore, this varies not only for each of the three
systems, but within each system as well. The protein
machinery for the production and export of the signals
acts catalytically, and can be assumed to be roughly
equivalent in each system. Therefore, we consider

that the costs are primarily the metabolic burden that
is associated with signal production. The three signal-
production biochemical pathways and their associated
metabolic costs are presented in FIC. 2 and TABLE 1,
respectively. Costs are also related to the quantity of sig-
nal produced, though the relationship between amount
and cost will vary for each signalling pathway. Based
on the concentration of signal required for a response,
it can generally be stated that the amounts produced
are inversely proportional to the production costs. An
additional consideration in signal production is the spe-
cificity of the signal produced. This is in part a measure
of the information content of the signal, and specificity
generally correlates with the cost of production.

The first of the cell-cell-signalling mechanisms is
oligopeptide signalling, which is the predominant signal
used by Gram-positive bacteria (FIC. 2a). Typically, a pre-
protein is generated, processed into the active signalling
peptide and exported from the cell**2. The biochemical
cost of synthesis is relatively expensive, even for short
peptides (TABLE 1). The chemical structure of the signal is
precisely defined by the sequence of amino acids, which
might be further modified, such as the formation of a
thiolactone ring in the S. aureus signalling peptides®.
The oligopeptide signals are highly specific, sometimes
allowing distinct signalling within different strains
of the same species. This specificity is exemplified by
S. aureus strains, which are classified according to their
oligopeptide signals***. Groups are defined as a collec-
tion of strains that produce signalling peptides that can
cross-activate. Equally significant, the signalling peptides
within a particular group act as potent inhibitors of sig-
nalling in other groups. In S. aureus, and probably other
species, it therefore seems that the signalling is highly
specific and has a role in intraspecific competition, as
well as in coordinated, cooperative behaviour.

The second established paradigm in cell-cell signal-
ling is through AHLs (FIC. 2b). In Gram-negative bac-
teria, the production of AHLs involves the reaction of
S-adenosylmethionine (SAM) with an acyl-acyl carrier
protein (acyl-ACP), which is typically carried out by an
enzyme of the LuxI family"***. Acyl-ACP molecules
are intermediates in fatty-acid biosynthesis. Both these
substrates have an associated metabolic burden for syn-
thesis, and there is an intermediate cost associated with
production (TABLE 1). The specificity of this system is
only moderate, in that a typical LuxI protein will make
one predominant AHL, and one or more minor AHLs.
For example, the Pseudomonas aeruginosa AHL synthase
LasI makes both 3-oxodoecanol-homoserine lactone and
3-oxohexnoyl-homoserine lactone?®® (FIC. 2b). The AHL
signal is typically detected by a member of the LuxR
family of transcriptional regulators. The receivers also
show some relaxed specificity, as different LuxR proteins
differ in the AHL molecules that they recognize, as well
as in the number of variants that they can detect. In
some cases, the LuxR protein will recognize a wide range
of AHLs, such as the Agrobacterium tumefaciens and
Chromobacterium violaceum proteins, which have been
exploited to generate general sensors for a wide range of
AHL molecules®?.
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Figure 2 | The pathways for production of the three common quorum-sensing signals in bacteria. a | In the case of
oligopeptide signalling, a pre-protein is generated that is subsequently processed into the active signalling peptide, which
is exported from the cell. The length of the pre-protein chain varies in different systems*?2 In some cases, the peptide
might be active, as in a nascent chain, whereas in other systems the peptide is modified to be active, such as the
thiolactone cyclization of Agr peptides in Staphylococcus aureus?. Two representative structures are shown: Bacillus
subtilis competence-stimulating factor (CSF)*® and the AgrD1 signalling peptide from S. aureus?®. b | The production of
N-acyl homoserine lactones (AHLs) involves a reaction between S-adenosylmethionine (SAM) and acyl-acyl carrier
protein (acyl-ACP) by enzymes that are catalysed by the Lux| family (at least two other unrelated protein families are
capable of carrying out this reaction in some bacteria)**?”. Acyl-ACP molecules are intermediates in fatty-acid
biosynthesis. Different Luxl enzymes use different acyl-ACP forms, resulting in distinct chemical structures being
produced. The reaction for Vibrio fischeri Luxl is shown, generating the product N-(3-oxohexanoyl) -homoserine lactone.
Also shown is the primary product of the Pseudomonas aeruginosa Lasl enzyme, N-(3-oxododecanoyl)-homoserine
lactone®. c | Al-2 signalis generated as part of a degradation pathway from the by-product of SAM metabolism?223.
S-adenosylhomocysteine (SAH) is generated by the action of many methyltransferases in the cell as part of normal
metabolism. SAH is a potent inhibitor of the methyltransferases, and its removal from the cell is important for normal
physiology. In some bacteria, SAH is converted to S-ribosylhomocysteine (SRH) by the enzyme Pfs. The enzyme LuxS
converts SRH to homocysteine (Hcy) and to 4,5-dihydroxy 2,3-pentanedione (DPD), which spontaneously cyclizes into
several furanones in chemical equilibrium?®3%.

The third cell-cell-signalling system in bacteriais gen-  specific at all, and so cannot convey precise information.

erally referred to as the LuxS/AI-2 pathway?®-*. This sys-
tem is found in many Gram-negative and Gram-positive
bacteria®***. The signal that is produced by all strains is
thought to be an identical product (4,5-dihydroxy-2,3-
petanedione) that is in chemical equilibrium with several
furanones®>* (FIC. 2c). The receptors for AI-2 in Vibrio
harveyi and Salmonella enterica serovar Typhimurium
bind different stereoisomers (the S- and R-forms of
2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran, respec-
tively*”*®). Therefore, it seems that this pathway is not

Interestingly, this is also the pathway that is associated
with the lowest cost of production (TABLE 1). The signal
is generated from the degradation of the key metabolic
compound S-adenosylhomocysteine (also involved in
the production of AHLs), and many investigators have
considered this to be a primary metabolite rather than a
signal that is involved in cell-cell communication®-*.
Because signal production incurs costs, we must
examine the benefits that are associated with signal
production, and the mechanisms that prevent bacteria
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Chemical manipulation
Chemical emission that alters
the behaviour and gene
expression of other organisms.
However, contrary to a signal,
the effect induced by chemical
manipulation has a negative
effect on the fitness of the
receiver.

Cue

An act, structure or chemical
emission that alters the
behaviour and gene expression
of other organisms. However,
contrary to a signal, it did not
evolve specifically for that
effect.

from cheating by not producing the signal***!. To illus-
trate this point, imagine a colony of bacteria in which
one cell stops producing the signal. This would remove
the burden that is associated with signal production, yet
allow this cell to benefit from the coordinated behaviour
within the colony. Therefore, signal production might
frequently be an altruistic behaviour that provides ben-
efits to the colony, but is associated with a cost for the
individual producing the signal. Similarly, the response
to a signal might incur a cost to the individual, but ben-
efit the colony. The question, therefore, becomes why
do bacteria produce costly signals or respond to such
signals if it increases the fitness of other individuals at a
personal cost? After all, the principle of natural selection
is to favour those individuals that have higher survival
and fecundity than their neighbours. To address this
question, we first need to outline the possible modes of
communication between organisms in relation to the
consequences on the fitness of the emitter and receiver.

Signals, cues and chemical manipulation
Communication has evolved in many organisms, with
the most sophisticated forms being found in social
organisms, in particular humans. For true communica-
tion to occur, two conditions must be met. First, one or
several individuals must produce a signal that can be
perceived by other individuals, and second, the perceiv-
ers must alter their behaviour in response to this signal
(BOX 1). Importantly, communication can be selected for
and remain stable over evolutionary time only if both
the emitter and the receiver gain benefits from com-
municating®”. Because producing a signal implies a cost,
natural selection will select against signal production if
the change of behaviour in the receiver does not trans-
late into a benefit for the emitter. Inversely, a receiver’s
responses to a chemical, acoustic or visual signal will
be selected against if it does not translate into a direct
benefit and increase in individual fitness. In other
words, communication between two parties will evolve
and remain stable only if both parties benefit from the
transfer of information that is conveyed by the signal.

It is important to realize that the mere demonstration
of bacteria responding to a chemical substance produced
by other bacteria does not necessarily imply communica-
tion. In general, there are two situations in which changes

in behaviour can occur without communication: when
bacteria use information from chemicals that are pro-
duced for purposes other than communication, or when
there is chemical manipulation by other bacteria living in
the same environment. In the first situation, imagine that
bacterial species A benefits when it obtains information
on the density of species B in the environment. In such
cases, individuals of species A will be selected to use any
reliable cue that provides information on the density of
species B (BOX 1). This could, for example, be a metabolic
residue that is produced by B. In this case, one cannot say
that species A and B communicate. Rather, the metabo-
lite that is produced by B is used as an informational cue
by A to adaptively change its own behaviour, perhaps
at the detriment of individuals of species B. A variation
on this is eavesdropping, in which the metabolite that is
sensed by A is an autoinducer that is produced by B. In
this case, the same autoinducer substance functions as a
signal for communication between cells of species B, and
as a cue for members of species A to access information
on species B’s density.

An example of an autoinducer signal of one species
being used as a cue by another might be the interaction
of oropharyngeal flora with the opportunistic pathogen
P. aeruginosa in cystic fibrosis. In this case, the Gram-
positive oropharyngeal flora produces significant levels
of AI-2, whereas P. aeruginosa does not produce AI-2 but
does respond to it*. In this interaction, there is probably
no benefit for the Gram-positive flora to associate with,
or provide information to, P. aeruginosa. Accordingly, it
is unlikely that AI-2 is produced by the Gram-positive
flora as a means to communicate with P. aeruginosa. AI-2
is therefore best described as a cue that is used by P. aeru-
ginosa, rather than a signal that evolved for interspecific
communication.

The second situation in which behavioural change
without communication can occur is if there is chemical
manipulation (BOX 1). There are increasing examples of
parasites that manipulate the behaviour of their host by
producing chemical substances that interfere with the
host’s neuroendocrine system**. In the same vein, it is
conceivable that some bacteria might chemically manip-
ulate other bacteria to behave against their own interests.
In that case, the action of the chemical substance should
not be regarded as communication, because one of the

Table 1 | Metabolic costs of signal production in bacterial cell-cell-signalling systems

Metabolic Cost*
High

Signal
Oligopeptides

Example

184 ATP (for the AgrD protein of Staphylococcus aureus,

46-amino-acid preprotein)*

N-acyl homoserine Intermediate

lactones

Autoinducer-2 Low/none

8 ATP (for butyryl-homoserine lactone, C4-HSL, produced
by Rhll in Pseudomonas aeruginosa)®

0-1ATP

*The metabolic cost assumes no cost for the basic precursors (for example, amino acids for protein or S-adenosylmethionine
production) but ATP or ATP equivalents for the generation of the signal. This might underestimate the metabolic costs. *The
minimal metabolic cost of production is 4 ATP per residue for protein synthesis. Although the final oligopeptide might be as small
as a pentapeptide, it is usually generated as a larger pre-protein. SAssuming a cost of 1 ATP for S-adenosylmethionine and 10 ATP
for butyryl-ACP (assuming 3 ATP equivalents for each of the 2 NADPH required in the synthesis of butyryl-ACP and 1 ATP in the
synthesis of malonyl CoA). Note that the butyryl-homoserine lactone is the simplest N-acyl homoserine lactone used as a signal
in bacteria. "1 ATP would be the cost of S-adenosylmethionine production, but this could be disregarded as the ATP invested in

S-adenosylmethionine contributes to 1 carbon metabolism.
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Box 1| Terminology used to describe chemical interactions

Signal

Any act, structure or chemical emission that alters the behaviour and gene expression of
other organisms, evolved because of that effect and is effective because the receiver’s

response has also evolved.

Cues

Also an act, structure or chemical emission that alters the behaviour and gene
expression of other organisms. However, contrary to a signal, it did not evolve

specifically for that effect.

Chemical manipulation

Chemical emission that alters the behaviour and gene expression of other organisms.
However, contrary to a signal, the effect induced by chemical manipulation has a
negative effect on the fitness of the receiver.

Fruiting body

A specialized macroscopic,
spore-producing structure that
is formed by some fungi (for
example, mushrooms), slime
moulds and mycobacteria.

partners would benefit by not responding to the chemi-
cal substances that are produced by the other species.

A possible example of chemical manipulation comes
from interactions in complex communities that form
dental plaque in the human oral cavity. These communi-
ties form temporal and spatial arrangements of different
bacteria®**. Although the complexity of interactions in
these communities is only beginning to be unravelled,
interactions between species have been characterized
in a few instances, such as for Streptococcus gordom'i
and Veillonella atypica, two species that are involved in
the early colonization of the dental enamel. V. atypica
requires S. gordonii to be present to colonize dental sur-
faces because S. gordonii ferments sugars and releases
lactic acid, which is the preferred carbon source for
V. atypica. Interestingly, it has been shown that V. atypica
produces a soluble chemical that induces amylase expres-
sion in S. gordonii, thereby increasing the degradation of
complex carbohydrates and lactic-acid production®. As
there is apparently no direct benefit for S. gordonii to
respond to the substance that is produced by V. atypica,
this indicates that this might be a case of chemical
manipulation whereby the emitter alters the behaviour
of the receiver to its own benefit.

It is important to differentiate between signals, cues
and chemical manipulation, which differentially affect
the fitness of the emitter and the receiver. For example,
receivers will generally be selected for greater sensitiv-
ity to chemical signals; receivers better able to resist
chemical manipulation, however, will be favoured over
evolutionary time. Therefore, pathways that are involved
in chemical manipulation and communication through
chemical signals should evolve differently over time.

Elucidating the effects of chemicals on the fitness of
emitters and receivers might have some medical impli-
cations. In the case of the interaction of V. atypica and
S. gordonii on tooth enamel, it would probably be more
difficult to interfere with the cellular interactions if it
was a case of chemical manipulation rather than true
communication. This is because, with chemical manipu-
lation, the emitter is selected to produce chemicals that
elicit a response to which the receiver cannot escape. In
other words, under chemical manipulation, there has
been a long evolutionary arms race between the emitter
and the receiver, with the effect being that the chemi-

REVIEWS

cals that are currently used are highly efficient, possibly
directly acting on the physiology of the responder. By
contrast, in a situation in which there is no conflict,
the receiver has not been selected to escape the effect
of the chemicals that are produced by the emitter and,
accordingly, such systems are likely to be less resilient
to external perturbations.

Conditions for the evolution of communication
Because communication incurs a cost in terms of signal
production, it is important to understand the condi-
tions under which a behaviour that favours others at
individual expense can evolve. Contrary to the expecta-
tion that is derived from natural selection, among many
social species some individuals behave altruistically and
forego some of their direct reproduction to help other
individuals. In the most extreme cases, the physiology
of some individuals (for example, ant workers) precludes
reproduction entirely. How can characteristics that pre-
vent individuals from transmitting copies of their own
genes to descendants arise and persist?

Intraspecific interactions between bacteria. In species
that lack complex cognitive abilities, the only pos-
sible selective force that promotes cooperation during
intraspecific interactions is kin selection, as elegantly
demonstrated more than 40 years ago by the evolutionary
biologist William D. Hamilton®°. The general principle of
kin selection is that altruistic acts that are directed toward
relatives produce an important kind of reproductive com-
pensation (BOX 2). By enhancing the reproduction of rela-
tives, a help-inducing gene indirectly propagates copies of
itself in those relatives. The power of Hamilton’s theory
was that it showed that help-inducing genes benefit in
an essentially identical way when the help is directed
towards non-descendant relatives, such as siblings.
Kin-selection theory gives the conditions under
which an altruistic act will be positively selected. It
involves three terms: the change in the actor’s personal
fitness, the change in the recipient’s personal fitness,
and the relatedness (meaning the proportion of genes
shared by common ancestry) between the actor and the
recipient. A general description of Hamilton’s rule is that
altruistic acts are more likely to be selected for when
individuals are closely related and when the decrease
in the actor’s personal fitness is relatively small compared
to the increase in the recipients fitness. In bacteria, there-
fore, the three factors that are conducive to intraspecific
communication are high relatedness between bacteria
(which is the case for clonal groups that are derived
from a single founding cell; see FIC. 3), low cost of signal
production (for example, AI-2-dependent signalling)
and high benefit for bacteria to behave in a coordinated
manner (for example, coordinate regulation of virulence
genes or in fruiting body formation in Myxococcus).
Inversely, communication should be less common
when multiple strains of the same species of bacteria
are mixed, when signal production is costly or when the
benefits of coordinated behaviour are limited. An experi-
mental study with the pathogenic bacterium P, aeruginosa
showed that higher relatedness results in higher levels of
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Cheater

An individual obtaining
benefits from a collectively
produced public good that are
disproportionally large relative
to its own contribution to that
good.

Conjugative plasmid
A plasmid that can move from
one cell to another during the
process of conjugation.

Box 2 | Kin selection

cooperation, as demonstrated by a higher investment in
the production of siderophore iron-scavenging agents
in lines that are kept under higher relatedness®. Similarly,
experiments in which strains of Myxococcus xanthus
were competed against one another in all possible pair-
wise combinations showed that in most pairings, at least
one competitor showed strong antagonism towards its
partner®. These data show that bacteria can perceive the
presence of different strains and that changes in overall
relatedness might have profound effects on population
growth and survival.

One group of bacteria in which signalling seems to be
particularly prevalent is in bacterial pathogens (although
the view that signalling is more prevalent in these bacteria
might be a result of bias from an emphasis on research
on pathogens). Importantly, pathogens might frequently
form microcolonies with clonal individuals when there
islocal colonization within the host (FIC. 3), therefore pro-
viding the prerequisites for signalling to evolve. In this
situation, coordinated expression of virulence determi-
nants would be most advantageous when the cell number
in the microcolony reaches a critical threshold.

Similarly, bacteria in the environment might use
quorum sensing to regulate expression of extracellular
enzymes that degrade macromolecules. As both the
enzymes and their products will diffuse away from
the cell or cells, there is an advantage to initiating cata-
bolic production when there are sufficient numbers of
cells to scavenge all the products. This is clearly more
efficient in a microcolony than in single isolated cells,
and coordinate expression of these enzymes using
intraspecies signalling systems would be optimal. In
this respect, it is interesting to note that many of the
virulence determinants that are regulated through
quorum-sensing pathways are extracellular.

Hamilton’s rule spells out kin-selection theory by giving the conditions under which an
altruistic act will be positively selected. It involves three terms: the change in the actor’s
personal fitness, the change in the recipient’s personal fitness, and the relatedness
between the actor and the recipient. The degree of relatedness is a measure of the
genetic similarity between these two individuals, and is equal to the probability that a
random gene of the recipient has an identical copy, by descent, in the actor. So, a
general description of Hamilton’s rule is that altruistic acts are more likely to be
selected for when individuals are closely related and when the decrease in the actor’s
personal fitness is relatively small compared to the increase in the recipient’s fitness.

An individual helping a relative indirectly promotes the transmission of copies of
its own genes to the next generation. How many of its genes will be transmitted
depends on the relatedness between both individuals, the benefit that the altruistic
act brings to the recipient, and the induced cost for the altruistic individual. Benefits
and costs typically represent differences in the number of descendants, which is the
basic unit used in evolutionary biology. If the degree of relatedness between an
actor and a recipient is r, the cost to the altruistic individual is ¢ and the benefit for
the beneficiary is b, the altruistic act will be favoured when (b Xr) —c > 0.

Here is a simple example to illustrate Hamilton’s rule. Imagine a gene that
programmes an individual to die so as to save relatives’ lives. One copy of the gene
will be lost if the altruist dies, but the gene will increase in frequency in the
population if, on average, the altruistic act saves the lives of more than 2 siblings
(r=0.5), more than 4 nephews or nieces (r=0.25), or more than 8 cousins (r=0.125).
J.B.S. Haldane fully apprehended kin-selection theory and Hamilton’s rule when he
announced, having done some calculations on an envelope in a pub, that he would
be ready to give his life to save 2 brothers or 8 cousins!

In the simplest case of bacterial colonization, micro-
colonies are probably established from single cells, as in
infections in which bacteria establish on mucosal sur-
faces (some pathogens), in the environment in which
they might colonize new sites or even in liquid environ-
ments that are not well-mixed. In these instances, cell-
cell-signalling control of gene expression might provide
a selective advantage to the wild-type over the signal-
ling-deficient strains (FIG. 3). This would be the case in
which cell-cell signalling controls extracellular enzymes
and/or virulence factors. Even if signalling-deficient
mutant strains (cheaters) accumulated over time in the
community, they would be at a selective disadvantage in
the next colonization event and would therefore not have
an advantage over time. This assumes that colonization is
initiated clonally by a single cell and that (at least initially)
cell-cell signalling operates within the microcolony and
not between microcolonies®.

There are examples, however, of signalling within
groups of non-clonal bacteria, such as M. xanthus. In
these organisms, individual cells aggregate under starva-
tion conditions and form fruiting bodies (FIC. 3). Within
these fruiting bodies, some cells develop into spores and
the others die>>~*¢. In M. xanthus, this process is mediated
by two signalling pathways: the first (A-signalling) leads to
aggregation of cells, and the second (C-signalling) involves
the formation of a mound and, ultimately, fruiting-body
formation®****’. The C-signalling requires cell-cell contact,
as the signalling molecule is on the surface of the cell***.
Cheaters that are defective in either A- or C-signalling
have been identified which are overrepresented in the
spore-forming population when grown in mixed colo-
nies with wild-type cells. When grown in monoculture,
they produce spores at a lower frequency than wild-type
cells®*®". If one considers the wild-type behaviour to be
altruistic, then these cheaters take advantage of wild-type
cells, but fare less well on their own.

Another exception to the notion that intraspecies
cell-cell signalling occurs predominantly within clonal
groups is the role of peptide signalling in conjugative plas-
mid transfer in Enterococcus species®>®. In a population of
cells that all contain plasmid, inhibitory signals prevent
non-productive mating from occurring. The signalling
oligopeptide produced in cells that lack the conjuga-
tive plasmid is detected by donor cells that contain the
plasmid. Initially, cells produce an aggregation substance
that promotes the physical association of cells to facili-
tate efficient conjugation-mediated plasmid transfer.
This system necessarily functions between non-clonal
cells, and allows for the very efficient transfer of these
conjugal plasmids in mixed populations of Enterococcus
species. Of clinical concern is the fact that antibiotic-
resistance genes, in particular those encoding resistance
to vancomycin, reside on these plasmids.

Interspecific interactions between bacteria. Cooperation
between species also poses a difficult challenge to evo-
lutionary theory because conditions under which indi-
viduals pay a cost to benefit another species are rare®.
However, two main conditions that might be conducive
to interspecific cooperation are partner fidelity and part-
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Figure 3| Clonal relationship and intraspecies signalling. a | For most quorum-sensing bacteria, intraspecies cell-cell
signalling predominates in clonal populations of cells. The role of cell-cell signalling is hypothesized to function most
significantly early during colonization of a new site. Microcolonies will form from single cells and will therefore be clonal
in nature. Where cell-cell signalling would provide a competitive advantage, quorum-sensing-positive (QS+) cells will
form microcolonies more efficiently. Even if cheaters accumulate within a maturing community, these cells will be at a
disadvantage in subsequent colonization events. For example, in Pseudomonas aeruginosa it has been shown that quorum
sensing has an important role in colonization and virulence in cystic fibrosis, and in most patients it seems that infection

is established clonally®’. Isolates from patients are predominantly N-acyl homoserine lactone (AHL) producers, however
isolates that are defective in AHL production are also found®?. This behaviour is not restricted to adhered populations, as

illustrated, but could occur effectively in non-attached populations of aggregates or cells that grow in static conditions
in which local concentrations of signals (and extracellular enzymes) could accumulate around cells. b | For bacteria that
undergo fruiting-body formation and sporulation, such as Myxococcus species®* ™%, colony formation is fundamentally
different. The initial event involves the aggregation of cells (triggered by a signalling pathway called A-signalling, in the
case of Myxococcus xanthus) followed by the formation of a fruiting body (involving a contact-dependent signalling
pathway called C-signalling). Last, a fraction of cells within the fruiting body develop into spores (thick black outline)
and will seed the next generation of free-living cells. Because the initial event is an aggregation of cells within a local
area, there is no guarantee of clonality. The pathway on the left would prevail if there was a mechanism to prevent
non-signalling cells from aggregating, and the pathway on the right would occur if cheating occurs.

Symbiont

An organism living in a close,
long-lasting and more or less
beneficial association with
another organism.

Syntrophic association

A process whereby two or
more microorganisms
cooperate to degrade a
substrate or substrates that
neither can degrade alone.

ner choice (for an example, see REF. 20). Partner fidelity
describes a situation in which two or more individu-
als of different species are associated for an extended
series of exchanges. Under such conditions, the fitness
of each partner is positively dependent on the fitness of
the other. Biological examples that fulfil this condition
include vertically transmitted symbionts and commensals
(for example, mitochondria and ant-acacia symbiosis).

In bacteria, it is unclear whether such situations are
frequently met. A possible example would be syntrophic
interactions — for example, in the case in which com-
plete degradation of aromatic compounds by fermenta-
tive pathways becomes energetically favourable only if
the bacteria that carry out the first biochemical steps are
associated with methanogens or sulphur-reducing bacte-
ria that further metabolize the products®. However, it is
as yet unclear whether there is partner fidelity in such syn-
trophic associations and whether species have co-evolved to
establish efficient systems of interspecific communication
and cooperation, or whether species simply preferentially
associate with others having complementary biochemical
machinery.

Partner choice, the other main condition that allows
for interspecific mutualisms, occurs when individuals

interact and reward other cooperative individuals, but
avoid rewarding less cooperative individuals. Choice
might take several forms, ranging from establishing
cooperation with only one of several potential part-
ners to altering the duration of cooperation with a
partner according to its own propensity to cooperate.
It is unclear to what extent partner choice does occur
in bacteria and, if so, under what conditions. In some
respects, a possible example would be the plasmid-mat-
ing systems of Enterococcus species, in which signalling
operates to avoid costly unproductive matings between
only recipient cells or only donor cells®>%.

Although there are many examples showing that bac-
teria respond to chemical substances that are produced
by other organisms, there are no conclusive examples of
communication systems that have specifically evolved
for interspecific interactions. For example, interspecies
interactions, such as crosstalk between AHL signals
between two cystic-fibrosis pathogens, P. aeruginosa
and Burkholderia cepacia®>®, probably do not represent
an evolved, coordinated behaviour, but rather a fortui-
tous overlap in signal molecules that are produced and
the range of AHLs to which each bacteria can respond.
Indeed, the clinical association of these two bacteria is
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Figure 4 | Chemical signalling within microbial communities of oral bacteria.
Biofilm communities within the oral cavity are characterized by complex spatial and
temporal organization. Many examples of chemical signalling within these communities
have been described. Some examples are presented here. a | Veillonella atypica produces
a soluble chemical that induces amylase expression in Streptococcus gordonii, increasing
the fermentation of complex carbohydrates and lactic-acid production®. Lactic acid

is the preferred carbon source for V. atypica. b | LuxS-dependent autoinducer-2 (Al-2)
production is important for biofilm development in Streptococcus gordonii. luxS mutants
have altered biofilm formation and carbohydrate metabolism®*9*. Al-2 is also produced
by several oral bacteria. ¢ | LuxS activity has been shown to be important for S. gordonii to
form mixed biofilms with Porphyromonas gingivalis®*. d | The natural competence of
Streptococcus mutans is enhanced in biofilms through the oligopeptide competence-
stimulating peptide (CSP) signalling pathway®. CSP signalling also contributes to biofilm
formation in S. mutans®. In addition to chemical signalling between different species,
there are also many specific physical interactions that contribute to the temporal and
spatial organization of these communities***,

a recent phenomenon, and the AHL molecules that are
produced by different isolates of both organisms vary®,
possibly leading to complex interactions between dif-
ferent isolates with overlapping activating and inhibi-
tory signals. This would be similar to the diversity and
grouping in oligopeptide signals that are observed in
S. aureus™.

Our lack of understanding of the relationship between
species is also illustrated in the case of the complex com-
munities that form in the human oral cavity. Although it
is well known that these communities comprise ordered
spatial arrangements®* (FIG. 4), the exact nature of the
relationship between species remains unclear. Therefore,
the interaction between S. gordonii and V. atypica®,
discussed previously, represents an example of an inter-
action that has yet to be clearly resolved with respect to
communication, cues or chemical manipulation.

The intricate organization and interaction of bacteria
within dental plaques is not unique, but represents one
of the better-characterized complex microbial commu-
nities. In fact, most microorganisms probably exist in
similar complex communities that exhibit temporal and
spatial organization. The extent to which these commu-
nities are determined by chemical interactions, such as
signalling and chemical warfare, as well as competition,
niche partitioning and environmental limitations (flushing,
temporal and spatial heterogeneity) is an area ripe for
investigation.

It is also possible to have stable associations between
species that are not dependent on chemical signalling
or detection through alteration of the environment. An
example is the association of yeast and bacteria that are
commonly found on grapes. In the laboratory, this can
be mimicked by growth in grape juice or in laboratory
media with high concentrations of glucose. The yeast

Niche partitioning

The division of a limiting
resource(s) among the species
that share it.

Flushing

The removal of chemicals
and/or individuals from an area
by a current or flow through
the area.

Saccharomyces cerevisiae grows well in monoculture or
in co-culture with the bacteria Pseudomonas putida®. In
monoculture, P. putida can grow initially but does not
survive because it ferments the carbohydrate, leading to
the acidification of the environment, which it cannot tol-
erate. When grown together, however, both the bacteria
and the yeast survive. This is the consequence of the yeast
altering the environment by removing the high concentra-
tion of carbohydrate and reducing the acidification of the
media by the bacteria®. In this case, it is not a response of
the bacteria to a chemical produced by the yeast; it is a
consequence of the yeast altering the environment that
leads to the apparent interaction.

Interactions between bacteria and their host. In addition
to bacteria-bacteria interactions, many bacteria are highly
evolved for interaction with their eukaryotic hosts — in
many instances, cell-cell-signalling systems of the bacteria
have been implicated in the interaction. The best example
is that of the symbiotic interaction of V. fischeri and its
eukaryotic host, the bobtail squid'®*%. Bacterial chemo-
taxis towards compounds found in the squid’s light-organ
mucus” and colonization of the light organ require motil-
ity’*”2. Quorum-sensing pathways control genes that are
involved in motility, biofilm formation and colonization,
in addition to the genes for light production”. Two other
quorum-sensing systems, AinS and LuxS, in addition to
the canonical LuxI/LuxR system, contribute to light pro-
duction and colonization””. On the host side, it is known
that colonization by the bacterium is necessary for normal
development of the light organ™"".

Perhaps most remarkably, the ability of the bacteria to
produce light is important for them to remain competi-
tive in the light organ. Mutants that are defective in the
regulation of the [ux genes or in the luciferase itself are
less competitive in the colonization and long-term sur-
vival in the light organ than bacteria that are competent
in light production”. It is not clear how the host can
select specifically for luminescence-competent bacteria.
It has been suggested that in the light organ, luciferase
activity might be used to reduce the level of free oxygen
(O, is consumed in the light-producing reaction), con-
sequently reducing toxic reactive-oxygen species that are
generated by the host””.

Evidence that a host might have the means to prevent
cheating by symbiotic bacteria also comes from work
on rhizobia and their legume host. In an elegant study,
Kiers et al.** showed that soybeans could penalize rhizo-
bia that fail to fix nitrogen inside their root nodules.
This apparently happened by plants decreasing oxy-
gen supply to cheating, non-nitrogen-fixing rhizobia.
By sanctioning cheater rhizobia, the plant effectively
prevents their spread and therefore stabilizes the
mutualistic symbiosis with the bacteria.

Most multicellular organisms are colonized to vary-
ing degrees by commensal flora. In humans, bacteria
outnumber host cells by at least an order of magnitude,
and the oral cavity and the intestinal tract are home to
complex communities of microorganisms. The role of
interspecies signalling among bacteria and between bac-
teria and their host is only beginning to be investigated;
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there is a vast array of interactions between commensal
flora and the host immune system that are only partially
understood. Undoubtedly, bacterially derived small mol-
ecules will be an important part of this dynamic ecology,
and specific roles of quorum-sensing signals are being
defined in some systems.

Some interactions of bacteria with their eukaryotic
hosts provide examples that might best be described as
chemical manipulation. One such example is the action
of AHLs on the immune system. It has been shown that
the N-3-oxododecanoyl homoserine lactone that is
produced by P. aeruginosa can have varying effects on
host cells, including the induction of apoptosis®"** and
immunomodulatory activity*-*. Therefore, it seems that
P, aeruginosa is capable of manipulating its host through
these small quorum-sensing chemicals. Interestingly,
host cells have the capability to inactivate the AHL
system®, implying chemical warfare between the host
and the pathogen. Another example is the production
of quorum-sensing inhibitory molecules by the host,
as seen in the marine algae Delisea pulchra, which pro-
duces a brominated furanone that acts as a competitive
inhibitor of the AHL-signalling system of bacteria that
colonize the surface of the algae®®.

REVIEWS

Perspectives

This review reveals that the nature of interactions
through quorum-sensing chemicals is not simply
cooperative communication, but involves other inter-
actions such as cues and chemical manipulations.
Furthermore, these chemical signals might also have
arole in conflicts, both within and between species.
The nature of the chemical interaction is important to
take into account when studying why and how bacteria
react to the chemical substances produced by other
bacteria or the host, and the molecular basis of autoin-
ducers (speed of evolution, quantity of substances pro-
duced, specificity of the chemical, and so on). It should
be emphasized that whether the chemical moiety is
defined as a signal or a cue does not alter the sig-
nificance of the interaction. Moreover, attempting to
define the interaction in these terms, rather than with
more generic descriptors, might provide insights into
the structure of the particular microbial community.
In broader terms, it is also important to bridge the link
between microbiology and the field of ecology-evolu-
tion to make progress in our understanding of quorum
sensing, and to develop bacteria as model organisms
in ecology-evolution.
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