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Abstract

Quorum sensing is a process in which bacteria secrete and sense a diffusible molecule, thereby
enabling bacterial groups to coordinate their behavior in a density-dependent manner. Quorum
sensing has evolved multiple times independently, utilizing different molecular pathways and
signaling molecules. A common theme among many quorum-sensing families is their wide range
of signaling diversity—different variants within a family code for different signal molecules
with a cognate receptor specific to each variant. This pattern of vast allelic polymorphism raises
several questions—How do different signaling variants interact with one another? How is this
diversity maintained? And how did it come to exist in the first place? Here we argue that social
interactions between signaling variants can explain the emergence and persistence of signaling
diversity throughout evolution. Finally, we extend the discussion to include cases where multiple
diverse systems work in concert in a single bacterium.
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Introduction

Quorum sensing (QS) is a process where bacteria secrete a diffusible signal molecule that
they can also sense (71, 75, 112, 116). QS is widespread in the bacterial world and has
evolved independently multiple times. It is not surprising, therefore, that QS systems vary
in the type of signal molecule used, its mode of sensing, the conditions under which the
signal is produced and sensed, and the type of response mediated. Yet, by its definition,

QS will lead to a density-dependent response. Other parameters, such as the presence of
flow (27, 51), stability of the signaling molecule (46), and spatial confinement (43, 85) may
also influence the response through their effect on the concentration of the signal in the
intercellular milieu. Several excellent recent reviews have discussed the dynamics of QS
signaling, and the reader is referred to them for further discussion of these subjects (44, 70).
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While QS controls a variety of traits in different bacteria, some general trends can be
identified. Most notably, QS often controls social behaviors—behaviors with a positive
fitness effect on other bacteria, or whose benefit to the responding cell depends on the
presence of other bacteria in the environment. This includes secretion of enzymes and
other substances that modify the environment, secretion of toxins that affect other strains
or species, and horizontal gene transfer processes. To understand the evolutionary and
ecological aspects of QS, it is therefore crucial to take into account bacterial social
interactions.

In addition to communication among bacteria, intercellular signaling allows for complex
interactions between bacteria and the mobile elements they contain, as well as the hosts they
inhabit. Eavesdropping on bacterial communication, for instance, has been shown to be a
strategy employed by both plant and animal hosts (62, 69) and by selfish genetic parasites
of bacteria (25, 97). Manipulation of QS has also been shown to occur, both by signal
disruption (24) and by production of molecules that activate or inhibit QS receptors (60,

80, 106). This is sometimes also referred to as quorum quenching. From a technological
standpoint, eavesdropping and manipulation present an opportunity for developing new
methods for detection and control of bacterial populations. This is currently a topic of
extensive research (116).

Another striking and prevalent feature of QS systems, the focus of this review, is the large
repertoire of signaling molecules observed within a given QS family (40). This is especially
true for gram-positive bacteria, where hundreds, if not thousands, of distinct peptides act as
QS signals. Furthermore, signals are paired with cognate receptors that are often tuned to
sense them specifically. We will use the term signaling variants to refer to such divergent
signal-receptor pairs within a family.

In the following, we first overview the observed magnitude and characteristics of
diversification in different QS families. We then discuss the ecological forces that may
shape this diversity, focusing on the role of social interactions. Continuing with ecology,

we examine some of the interactions that may occur between different variants, such as
manipulation and eavesdropping, and review the limited empirical evidence in this regard.
Moving from ecology to evolution, we discuss complications arising from the required
coevolution of receptor and signal for the formation of a novel signaling variant. Finally, we
examine the evolutionary forces underlying acquisition of multiple QS systems by a single
bacterium and its ecological implications.

Patterns of Diversity In Quorum-Sensing Families

Though different families of QS systems vary widely in all attributes, a shared feature
among many of them is a considerable level of signaling diversity. Table 1 summarizes

the molecular architecture and patterns of signaling diversity found in many of the
well-studied QS families. These include both gram-negative- and gram-positive-associated
families. Gram-negative families utilize small molecules as signals and either membranal
or cytoplasmic receptors for their sensing (65). Gram-positive QS systems are distinguished
into two superfamilies, both utilizing genetically encoded peptides as signal molecules. The
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first is based on long or post-translationally modified peptide signals and a membranal
histidine kinase receptor. The second superfamily, termed RNPP, is based on small
unmodified peptide signals (5-10 amino acids) that are imported through an oligopeptide
permease to interact with a cytoplasmic receptor (54, 67).

Generally, the number of different signaling molecules in the gram-negative small-
moleculebased QS systems is rather small. The acyl homoserine lactone (AHL)-based luxRI
family, for example, has ~20 signal variants, while others have even fewer. Some systems,
and specifically the Al-2 systems, are based on a metabolic by-product produced by many
species. These molecules may therefore be regarded as a cue rather than a signal (86).
Maybe due to the small repertoire of distinct signals overall, gram-negative species typically
do not show intraspecific diversity in the signaling molecule of a given QS system (but cf.
10, 68). Diversification of the signal is thus interspecific and is generally accompanied by
diversification of the QS response regulon along with other traits.

The level of diversity of gram-positive-associated systems is far higher than that of their
gram-negative counterparts—each of the superfamilies contains multiple families, coding for
many different signaling variants. In these systems, diversity is often intraspecific, with few
to dozens of signaling variants in a given species. These intraspecific variants are referred

to as pherotypes. The phylogenetic tree of pherotypes often diverges significantly from the
housekeeping phylogeny of the species and from the phylogeny of the QS regulon (4, 8,

30, 63, 64, 87, 99). This suggests that pherotypes are horizontally transferred and decouple
signaling diversity from the regulon controlled by the QS systems. For example, in the
ComQXP system of Bacillus subtilis, there are ~10 pherotypes. In this system, only the
extracellular part of the comP receptor gene and the signaling genes, comQ and comJX,

show high diversity and are horizontally transferred. On the other hand, phylogeny of the
intracellular part of the ComP receptor that mediates kinase activity on the ComA response
regulator conforms to the housekeeping phylogeny, and the same is true for ComA and many
of its target genes (3, 4, 59, 107).

The Social Nature of Bacterial Quorum Sensing

Throughout this review we argue that social interactions underlie the existing signaling
diversity found in various QS systems. Bacterial QS can be thought of as a two-layered
social interaction system, consisting of the signaling and response layers (Figure 1).

These two layers combine to produce the overall ecological interactions between different
signaling variants. Understanding the patterns of social interactions at these two layers is
therefore crucial for explaining the emergence of novel signaling variants, their maintenance
in the population, and their impact on other bacterial traits.

The Signaling Layer

The signaling layer consists of interactions between the signals produced by different
variants, and the receptors that bind them (Figure 1). Signals can activate a receptor, inhibit
its activation, or not interact with it at all. Crucially, in a given signaling variant the signal
can always, by definition, activate its cognate receptor. When considering the interactions
between receptors and signals within a given QS family, one can identify several patterns:
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1 Signaling optimization: Generally, the receptor of a signaling variant is
optimized to sense its cognate signal compared to signals of other variants.
Signaling optimization was observed in many specific studies where a multitude
of signals from a given family have been experimentally assayed for their
effect on a given receptor (e.g., 4, 48, 72, 92, 96). This basic observation is in
agreement with the general notion of QS as a means of communication between
related bacteria [or for sensing oneself (9, 85)]. Another implication of signaling
optimization is that signal and receptor coevolve to maintain their optimal
affinity (see more below). In gram-positive systems, where the primary sequence
of the signal is genetically encoded, this can be readily observed by comparing
the phylogenetic relations between the receptor and signal genes. Such studies
have been done for multiple systems and indeed show tight coevolution between
cognate receptors and signals (e.g., 4, 29, 115, but cf. 64).

2. Cross activation: A receptor may also respond to other signaling molecules
in the family, but typically with reduced sensitivity (e.g., 4, 31, 64, 96). In
some of the observed cases, cross activation seems to reflect the evolutionary
distance between the variants, as receptors with higher similarity tend to cross
interact more in their signals (107). Cross activation between two signal-receptor
pairs is sometimes symmetric—each receptor is similarly cross activated by the
noncognate signal but is often asymmetric; one receptor is cross activated by the
noncognate signal more than the reverse.

3. Full orthogonality: In many cases QS systems can be regarded as orthogonal
—a signal of one system will not activate the receptor of another variant.
In gram-negative bacteria, this is typically the case between highly diversified
signaling molecules, such as between receptors of short-chain AHL (4-6 carbons
in the acyl tail) and long-chain ones (12-14 carbons), while more similar
molecules sometime cross activate (e.g., 105). Gram-positive pherotypes are
often fully orthogonal. For example, a recent study of the Rap-Phr system
of Bacillus subtilis found almost no cross talk between 10 divergent Rap-Phr
pherotypes (29). Similarly, a study of cross interactions between ComRS variants
from several Streptococcus species showed a combination of fully orthogonal
interactions and partial cross activation (96). Multiple works have analyzed the
molecular determinants of specificity between QS variants (e.g., 17, 34, 49, 76,
92, 96). We do not elaborate on these molecular characteristics, as they are very
different between families. The reader is referred to an excellent recent review on
these aspects (40).

4, Cross inhibition: In some cases, a noncognate signal can interfere with the
activation of a receptor by its cognate signal. Such cross inhibitory interaction
was initially described between different Staphylococcus aureus Agr pherotypes
(48). Since then, it has been identified in additional systems, including the
ComQXP pherotypes family of B. subtilis (107, 108), the luxMN variants
in Vibrio (49), and the Chromobacterium violaceum pherotypes (68). From a
molecular perspective, the simplest mechanism for obtaining cross inhibition is
by competitive inhibition on the binding site (92). However, there is evidence
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suggesting that for certain cases, binding of a noncognate signal may have a
direct effect on receptor conformation (35, 49).

The Response Layer

From a social perspective, we can distinguish between three levels of sociality in bacterial
QS-dependent responses. Binding of a signal may illicit a response that can provide a
fitness benefit exclusively to the responding bacterium (private good), exclusively to related
bacteria (club good), or nonexclusively to neighboring bacteria (public good). Most of the
activities shown to be regulated by QS fall into the rubric of public goods, and we view this
as critical for understanding QS diversity, as discussed below. For example, Pseudomonas
aeruginosa utilizes QS to regulate the secretion of degradative enzymes, surfactants, and
host-directed toxins (94). Public goods production is cooperative (Figure 1), and as such, it
is susceptible to exploitation by cheaters, which enjoy the benefits of cooperation without
bearing the cost of public goods production (37, 65, 84, 103, 113). In QS-regulated public
goods a receptor null mutant acts as a cheater, as has been described in multiple systems (5,
22,81, 82, 89, 93, 117). For cooperative behaviors to be maintained through-out evolution,
exploitation must be suppressed. One way by which exploitation can be avoided is if the
population is sufficiently structured, i.e., cooperators tend to interact mostly with other
cooperators and cooperation is maintained by kin selection (22, 38, 114).

We consider a response of one variant as a club good if it does not provide a benefit to
another signaling variant in the population. Club goods require that signaling diversity be
correlated with genetic factors that govern the ability to enjoy the goods. For interactions
between pherotypes, club goods are expected to be rare, as pherotype variability is typically
uncorrelated with other genes. Club goods are observed, for example, in the Blp QS system
of streptococci, where the QS variants are the regulatory part of a locus encoding for a
variable toxin system (64) and often covary with them.

Finally, QS may regulate the production of private goods, which benefit only the responding
cells. These responses are not exploitable, and their expression can select against the rise of
cheater QS mutants (20, 111). However, the ecological relevance of QS regulation of private
goods is yet unclear (95, 100).

The signaling and response layers together form the overall relevant ecological and
evolutionary interactions between signaling variants. From this perspective, QS can be
thought of as a kin-discrimination process, as it allows cells to differentially respond to the
presence of kin and nonkin (102, 110). The ecological process leading to diversification of
QS variants can therefore be analyzed using concepts and methods described in this field (7,
36, 88), or in the related field of the evolution of green-beard genes (33, 47).

The Ecological Implications of Quorum-Sensing Diversity

The apparent diversity of QS systems, and intraspecific pherotype diversity in particular,
suggests that there are selection forces that act to create and maintain signaling diversity.
The social consequences of QS imply that selection in favor of diversity may emerge
from interactions between signaling variants. Before delving into this possibility, we
wish to mention an alternative hypothesis according to which diversity is driven by the
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different chemical nature of signals within a family, which may affect their properties in a
given environment (46). For example, it was shown that homoserine lactones of different
acyl side chain length have different levels of hydrophobicity (42). This can affect their
stability (19) and distribution pattern in oil-water interfaces (42). However, for many of the
abovementioned families, the chemical characteristics of the different signals are similar
(molecule size, general shape, charge, hydrophobicity), and they likely interact similarly
with the abiotic environment.

To ask whether signaling diversity can be maintained by social interactions, one must

take into account the combination of interactions between variants at both layers and the
resulting selection patterns that emerge (Figure 2). When considering interactions between
two strains, one can identify multiple scenarios. Here we focus mostly on interactions
between strains carrying different pherotypes, and so interactions at the layer of response are
assumed to be symmetric—either both strains produce private goods or both produce public
goods. We note that for our considerations, club goods lead to similar selection patterns as
private goods, and we do not distinguish between them.

First, we consider the simple case where the two signaling variants are equivalent—each
signal activates its own receptor and the other’s to the same extent. Under these conditions,
the variants behave like neutral alleles and their fate is determined by genetic drift
irrespective of the type of response regulated by QS (Figure 2a). Specificity is therefore
crucial for understanding the maintenance of multiple pherotypes. In all other cases, where
signals are not equivalent, we argue that the fate of the variants is strongly dependent on the
type of response mediated. If cells respond to the signal by producing public goods, then the
two strains would stably coexist by minority selection [also known as negative frequency-
dependent selection (Figure 2a)]. The minority strain would sense less of its signal than the
majority strain and would therefore produce less of the public goods, effectively exploiting
the majority. As the minority frequency increases, the difference in public good production
between the strains would decrease, reducing the strength of selection. In the simple case of
orthogonal signaling variants, the strains would stably coexist at an equal frequency of 50%.
This mechanism of selection is referred to as facultative cheating (90) (Figure 2a, b). If, on
the other hand, cells respond by producing private goods, selection favors the majority (also
known as positive frequency-dependent selection) (Figure 2a). The majority strain would
sense a higher level of the QS signal and would therefore produce more of the private goods,
increasing its relative benefit compared to the minority. This would allow it to take over the
population and eliminate diversity.

Two studies have examined the consequences of selection between signaling variants with

a public goods response (Figure 2b). Pollak et al. (81) studied the patterns of selection
between pherotypes of the ComQXP system in B. subtilis. A major activity regulated by
this system is the production and secretion of surfactin—a potent surfactant whose level can
reach 10% of the bacterial biomass (18). Surfactin production is necessary for swarming
motility over semisolid surfaces (50). The work established that surfactin is a public good,
allowing a QS mutant to exploit the wild type over its production. Subsequently, minority
selection was shown for the interaction between four pherotypes introduced into an isogenic
background. The coexistence ratio of a closely examined pair diverted from 1:1, as one of
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the pherotypes had a higher effective activity than the other. In this case, it was shown that
coexistence occurred at a frequency where the cost of public goods production by the two
strains is equal. Similar results were found when orthogonal pherotypes of the PIcR-PapR
system in Bacillus thuringiensis were studied in well-mixed insect larva homogenate (119).
An oral larva infection model gave more complicated results, due to the highly structured
nature of the population, as well as other effects (120).

When QS controls the production of public goods, selection between nonorthogonal
signaling variants is still negative-frequency dependent due to facultative cheating by the
minority, but with a shifted equilibrium frequency. Cross activation in this case amounts

to manipulation, as signaling by the manipulator strain causes the other strain to produce
additional public goods, which the manipulator enjoys without suffering the cost of
production. Manipulation under these conditions offsets the coexistence balance in favor of
the manipulator strain. Conversely, if the interaction between pherotypes is cross inhibitory,
then the inhibited strain is effectively eavesdropping on the inhibitor strain. Cross inhibition
leads to reduction in the production of public goods by the inhibited strain, allowing it to
exploit the inhibitor. Similar to the effect of manipulation, cross inhibition would offset the
coexistence balance in favor of the inhibited eavesdropper strain.

If the response to QS is private, then the adaptive implications of the interactions between
variants are reversed; cross activation is an eavesdropping mechanism by the activated
strain, while cross inhibition is a manipulation by the inhibiting strain. These asymmetric
pherotype interactions still lead to positive-frequency-dependent selection but shift the
tipping frequency, above which one strain takes over the other to benefit the manipulator
or eavesdropper strains (Figure 2a).

The ecological implications of cross inhibition and cross activation have not been widely
explored. One work where eavesdropping by asymmetric cross activation was studied
concerns interactions between bacteria with QS-dependent production of club goods.

This research explored the consequences of cross activation between two species coding
for LuxIR-type systems (15) (Table 1). Burkholderia thailandensis codes for the BtalR2
30H-C8-HSL QS system, which controls the production of antibiotic bactobolin A.
Chromobacterium violaceum codes for the CvlIR C6-HSL QS system, which regulates

the production of the antimicrobial violacein. Each species is sensitive to the toxin of the
other. Based on this, one would expect to find a pattern of positive-frequency-dependent
selection. The authors find that in addition to this interaction, the promiscuous receptor of
C. violaceum is activated by the B. thailandensis signal. This results in eavesdropping of

B. thailandensisby C. violaceum (Figure 2a). It is claimed that this interaction may explain
the evolution and maintenance of promiscuous receptors sensitive to nonendogenous signals.
On the other hand, such eavesdropping may lead to selection in favor of mutations that
allow escape from eavesdropping. In the context of the LuxIR family, with its limited signal
diversity (Table 1), this may not be possible. Similar arguments were also made for the
evolution of the Blp system described above (64).

Gram-positive RNPP systems are also utilized by mobile elements to control their horizontal
transfer. In these systems, the receptor activates horizontal transfer (by either conjugation or
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virion formation) in the absence of signal (the signal represses receptor activity). This logic
ensures that horizontal transfer would not occur if a majority of the population contains

the mobile element. Mobile-element-associated systems also exhibit high signaling diversity
(Table 1). To understand the ecological implications of this diversity, we separately consider
cases where the two elements are able to productively infect a cell inhabited by the other
(hetero-immune) or not (homo-immune). If the elements are homo-immune, their transfer
rate should depend on the frequency of both elements within the population, implying that
diversity would not be selected for. In contrast, if they are hetero-immune, the transfer rate
of an element should depend only on its own frequency in the population, and therefore
selection in favor of diversity is expected.

To conclude, the vast diversity of signaling variants can be explained by considering

the social context of bacterial interactions. Viewing this through the framework of social
evolution, greater signaling diversity corresponds to fine-tuning of QS as a mechanism of
kin discrimination. The higher the specificity of the signal, the more its reliability as an
indicator of kin frequency increases, allowing bacteria to invest in cooperative behaviors
only when the population is genetically related to them. A prerequisite for this argument is
that QS controls the production of public goods, and observations indicate that this is indeed
often the case. We note that from a theoretical standpoint public goods production can be
selected for in structured populations. A problem arising from this is that our arguments
regarding the maintenance of signaling diversity require a mixed population. Reconciling
this seeming inconsistency, a recent theoretical work showed that structured populations
that eliminate cheaters could still maintain signaling diversity (12). Finally, selection for
signaling diversity may also be shaped by interactions with other organisms that either
eavesdrop or manipulate bacterial QS to their benefit. To the best of our knowledge, there is
no study exploring this possibility.

Coevolution of Signaling Diversity

So far we have provided an explanation for how signaling diversity can be maintained

once it has been established. But how and why did this diversity come to exist in the first
place? The evolution of a novel QS signaling variant is, by definition, a coevolutionary
process at the molecular level—to obtain a novel variant, mutations must occur in both the
signaling and reception genes. Molecular coevolution of interacting pairs and the formation
of divergent specific variants are general problems in the field of molecular evolution and
population genetics. The multistep nature of this process requires one to take into account
the order of intermediate evolutionary states and their functional consequences (Figure 3a).
The shortest path to diversification is one in which consecutive mutations in the genes for
the two interacting partners lead to the evolution of a novel interacting pair. A clear problem
with this direct path is that in the intermediate mutant that has mutated only one of the
partners, the interaction would be suboptimal compared to either the ancestral or the novel
pairs. As interaction is assumed to be beneficial, it is unclear how this less-fit intermediate
could evolve in the context of its ancestral strain, what is also known as a valley-crossing
problem in evolution (52). This obvious problem is at the heart of much of the studies
regarding the evolution of interacting pairs.
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One way this can be solved is by an additional, promiscuous, intermediate variant of one of
the partners (Figure 3a). This promiscuous variant can interact with both the ancestral and
novel forms of its counterpart. In this scenario the promiscuous allele evolves first, followed
by mutations in its counterpart. A second mutation in the promiscuous variant then results
in the novel, divergent, and specific pair. In contrast with the direct valley-crossing path,
this longer, indirect path is entirely composed of neutral steps. A promiscuous-intermediate
path for diversification was suggested to take place in many interacting pairs, both in
eukaryotic signaling systems (e.g., 91) and in prokaryaotic ones (1). In the latter work, an
exhausting mutagenesis of specificity-determining residues in an antitoxin and analysis of
mutant interactions with two related toxins identified multiple molecular paths that allow a
transition between toxin-antitoxin pairs through promiscuous intermediates. To the best of
our knowledge no similar analysis has been performed on QS variants.

A similar solution involves the duplication of a full pair or one partner. In this case

the duplicated partner serves as a replacement for the promiscuous variant—one of

the duplicates maintains interaction with the ancestral counterpart, allowing the second
duplicate to mutate into its novel form with no selective disadvantage (Figure 3b).

This process is similar to the general evolutionary mechanism of neofunctionalization of
duplicated genes (74), but it has not been much explored in the context of molecular
coevolution of interacting pairs. Interestingly, there is direct evidence for this path in the
evolution of the Rap-Phr and NprR-NprX QS systems (29) (Figure 3b; Table 1). A detailed
analysis of Rap-Phr homologs in hundreds of B. subtilis and Bacillus cereus group genomes
identified close to 100 variants. As with other RNPP superfamily signals, the Phr gene
product is typically ~50 amino acids long and is composed of a signal sequence and,
typically, a single propeptide that is cleaved into the mature peptide extracellularly (54, 67).
It was found that >5% of the variants had intragenic duplications (or multiplications) of
the propeptide region and in some cases full gene duplications. While some multiplications
had the same putative mature signal, others showed variation in this sequence. A specific
triplet of closely related receptors (homologs of RapK named RapK,-KK, RapK,-KR, and
RapK,-RR) were further analyzed experimentally (Figure 3b). The three receptors had a
cognate signaling gene coding for duplications of the mature signal E[K/R]JPVGT. The
signaling peptide duplications both code for the lysine allele (KK variant) or both code for
the arginine allele (RR variant), or they code for one of each (KR variant). Despite the
similar chemical nature of arginine and lysine, it was found that the KK receptor responds
only to the lysine-containing mature signal allele, while the KR and RR respond only to
the arginine-containing mature peptide (Figure 3b). This indicates that these variants had
undergone diversification and suggests that this had been assisted by the duplication event.
The vast number of duplicates suggests that duplication may be selected for in this family
(perhaps for increasing signaling level under some conditions) and that it may serve as a
general mediator of divergence. Similar duplications were also observed in the NprR-NprX
QS system of the B. cereus group, which is phylogenetically and mechanistically related to
the Rap-Phr system (78). Intriguingly, similar mechanisms may be at place in the evolution
of yeast mating pheromone (61).

We have described several processes that overcome valley-crossing by moving through an
indirect path. Are there mechanisms that enable a transition through a nonfunctional (or less
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functional) intermediate? A general answer is that this can occur if divergence proceeds in
multiple small steps in small populations. Each step begins with a mutation in one of the
partners, which only slightly reduces the affinity of interaction, followed by a compensatory
mutation in the other partner. If population size is sufficiently small, this process is governed
by neutral drift (57). It is unclear, however, whether this requirement is met in bacterial
populations. Additionally, even a single mutation may lead to a sharp reduction in affinity, as
in the example mentioned above (Figure 3b).

An alternative that may allow the direct route can occur if there are contexts where

the non-functional pair is adaptive. The social nature of QS immediately provides such

a context, as non-interacting receptor mutants can function as cheaters, which do not
produce public goods (81, 93, 113). A diversification process of this sort has been analyzed
theoretically (26) (Figure 4). At the first step, the receptor of an ancestral pherotype mutates
into its novel form, making the QS system nonfunctional and the strain a cheater of its
ancestor. This is followed by a compensatory mutation in the signal, which forms a novel
functional pherotype. The novel pherotype is immune to cheating by the intermediate;

its signal activates the receptor of the intermediate, thereby manipulating it to produce
public goods. Immunity is sufficient for selection in favor of the novel pherotype over the
intermediate in structured populations. Once the novel pherotype forms, it coexists with

the ancestral pherotype by the negative-frequency-selection mechanisms described above.
Note that this scenario breaks the symmetry between counterparts—it specifically predicts
that the receptor would mutate first, followed by signal changes. The asymmetry is due

to the different social roles of reception (response layer) and signaling (signaling layer),

as discussed above. It is worth noting that similar mechanisms may be at action in other
social systems (52). For example, a similar model was proposed for the evolution of hetero-
immunity in latent phages (13).

In summary, several mechanisms may contribute nonexclusively to the evolutionary
divergence of pherotypes in bacterial QS systems. One mechanism may be neutral
divergence through a promiscuous or duplicated intermediate, while another adaptive
mechanism may take advantage of the social component of QS evolution.

Refining Kin Discrimination by Accumulation of Multiple Quorum-Sensing Systems

We have ascribed the diversification of QS systems to the evolutionary pressure for
increased kin recognition. Another general way by which kin recognition can increase in
resolution is by responding synergistically to multiple recognition cues originating from
different loci (58, 102, 110). Such a design has been demonstrated in two well-studied
genera: Vibrio and Bacillus. Vibrio harveyi codes for three membranal receptors that
respond to different signal families (Table 1): Al-2, a nonspecific signal; AHL, a prevalent
gram-negative signal; and CAI-1, a vibrio-specific signal. Each of the receptors acts as a
kinase in the absence of signal and acts as a phosphatase in its presence. This arrangement
leads to an effective AND gate (or coincidence detection) between the signals in activating
a QS response, as is required to increase kin-recognition specificity (14, 41, 66). A similar
picture is seen in B. subtilis Rap-Phr systems, where multiple Rap-Phr pairs regulate the
response regulators SpoOF and ComA (6, 30, 54). An unbound Rap receptor represses the
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activity of a cognate response regulator, and Phr binding to Rap represses its activity, thus
derepressing the regulator (55). The general design of signal transduction in both systems
can thus be roughly described as double negative.

As was illustrated in a recent study (30), a strain that evolved from its ancestor by acquiring
an additional double-negative QS system will add it as an additional input to an AND

gate formed by the existing systems. Such a strain would not respond in a population
where it is a minority. If QS controls public goods, then this would lead to facultative
cheating—the evolved strain exploits its ancestor as a minority and returns to cooperate

as its frequency increases (Figure 5a). On the other hand, if the acquired QS acts through
double-positive regulation—the receptor activates public goods production in the presence
of the signal—acquisition would not occur, as this design will form an OR gate between
the signals and will be neutral, or slightly deleterious as a minority (Figure 5b). The above
work demonstrated the distinction between double-negative and doublepositive regulation
both mechanistically and through competition between strains coding for a different number
of systems of each type. This was established both in B. subtilisand in V/ harveyi.
Interestingly, two additional RNPP families with multiple parallel systems in every strain
have recently been identified (53, 109). The above model predicts that they will act through
a doublenegative type of regulation on the same regulator.

Concluding Remarks

The tower of Babel narrative is an origin story meant to explain the puzzling diversity of
human languages. This review presents our own (evidence-based) narrative meant to explain
the puzzling diversity of bacterial communication systems. One story relies on intervention
by a higher power, while the other is propelled by the forces of selection. However, at

the heart of both lies the critical link between communication and cooperation. Signals

and their diversity play a crucial role in interactions occurring in all domains of life. In

that, signaling diversity provides an important basis for our understanding of the evolution
of cooperation, mating behaviors, virulence, and speciation. QS is a form of signaling
where these evolutionary processes can be understood in fine detail. Yet, empirical research
focusing on the consequences of signaling diversity on bacterial ecology and evolution is
conspicuously sparse.

As with many other aspects of bacterial life, a key issue is our ability to understand QS in

its natural context, and this is still lacking as well. Other avenues of research that remain

to be further explored include the design principles of different QS systems, as well as

the diversity of QS systems utilized by genetic elements. Finally, in addition to being an
intriguing natural phenomenon, external manipulation of QS has also been suggested as a
promising approach for controlling bacterial populations. It is worth noting that the signaling
diversity of QS systems, in particular that of pherotypes observed in gram-positive bacteria,
may present some obstacles for this approach.
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Signal: a secreted molecule that elicits a response in recipients that benefits both senders
and receivers

Eavesdropping: occurs when an actor intercepts a signal and acts in its own benefit at
the expense of the sender

Manipulation: occurs when a secreted molecule elicits a response that benefits the
senders but not receivers

Signaling variants: alleles of functioning quorum-sensing signal-receptor pairs

Cue: a secreted molecule that elicits a response in recipients that benefits the receivers
but not senders

Pherotypes: intraspecific signaling variants
Private goods: goods that benefit the producer exclusively
Club goods: goods that exclusively benefit a related group of bacteria

Public goods: goods that benefit different bacteria, independent of relatedness
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Figure 1. Interactions between signaling variants are composed of two layers. a signaling layer
(top) and aresponse layer (bottom).

The image illustrates the impact of each layer—a signaling bacterium [/ight orange, also
coding for its own receptor (not shown)] can impact the receptor of a different signaling
variant [/ight blue, also coding for its own signal (not shown)]. The responding cell produces
a good (green arrows) that can benefit itself or others. Production of goods is costly (red
arrows). The right-hand panels illustrate different possible scenarios for interactions at either
layer.
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Figure 2. Social interactions between QS variants.
(a) The different interactions between signaling variants and the resulting frequency-

dependent selection scheme between them depending on whether QS response is cooperative
(public goods) or competitive (private or club goods). Production of public goods leads

to negative frequency-dependent selection, while private goods lead to positive frequency-
dependent selection. Asymmetric interactions lead to manipulation/eavesdropping by
modifying the frequency point of equal fitness. Dashed lines indicate the frequency of
equal fitness, and arrows represent the direction in which frequency would change due to
selection. Blue and orange sections represent a fitness advantage in favor of the blue and
orange strains, respectively. () A more detailed examination of the case of orthogonal
variants with production of public goods. The left-hand illustration demonstrates the cost
(red arrows) and benefit (green arrows) when the blue strain is in the minority. The extent
of cost payed or benefit gained is represented by line width. The blue minority pays less of
a cost because it senses less of its signal. The right-hand graph illustrates the fitness of both
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strains in relation to their frequency in the population. Fitness is equal at equal frequencies.
Abbreviations: FDS, frequency-dependent selection; QS, quorum sensing.
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Figure 3. Coevolution of signal and receptor.
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(a) Pathways of coevolution—direct through a nonfunctional intermediate and indirect
through a promiscuous intermediate. The indirect route may also work through a receptor
intermediate (not shown). Arrows represent mutations, and changes in shape and color
signify changes in the receptor or signal. (6) Evolution through a duplicated intermediate.
A scheme of the evolutionary path (fgp) and evidence for it in the Rap-Phr system. Three
related Rap-Phr systems have a duplicated Phr mature signal with either an arginine or a
lysine at the second residue. The phylogenetic tree shows the evolutionary relation between
the three receptors and the closely related RapK receptor. The terminal part of the Phr genes
is shown for the three divergent systems, and the mature signals are indicated with their
variant residues highlighted in red. The bottom panel shows the response of the receptors to
the two signal variants. Panel 6 adapted with permission from Reference 29.
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Figure 4. Social evolution of a novel pherotype.
Under the assumption that quorum sensing controls public goods, a new variant can evolve

through a nonfunctional intermediate with a mutated receptor. The intermediate exploits
its functional ancestral strain but is manipulated by the novel functional strain. Gray
arrows indicate mutations. The illustrations below each of these arrows indicate the social
interaction between variants, with costs and benefits indicated by red and green arrows,
respectively.
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Figure 5. Accumulation of multiple parallel quorum-sensing (QS) systems.
Two architectures of QS regulation of public goods yield different selection on accumulation

of parallel systems. (&) In a double-negative architecture, the signal prevents the receptor
from inhibiting public goods production. Here, a strain with an additional system would
not produce public goods as a minority due to repression by the novel, signal-free receptor.
It will therefore cheat its ancestor. Hexagons represent response regulators that control
production of public goods and are affected by the receptors. (4) In a double-positive
architecture, the signal induces the receptor to activate public goods production. Here, a
strain with an additional system will be counterselected as a minority by overcooperation—
as a minority, this strain would produce equal or higher amounts of public goods compared
to the ancestral majority.
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Table 1
Major quorum-sensing families and their diversity patterns
Family name Molecular and population-level characteristics References

Gram-negative-associated families
Signal: small molecule produced by a specific enzyme

LuxRI

Receptor: intracellular, TF

Signal: acyl homoserine lactone

Number of variants: ~20

Variation types: acyl chain length (4-16 carbons), acyl C3 modification, noncanonical
Distribution: gram-negative, mostly interspecific

32,75

LuxMN

Receptor: membranal, histidine kinase

Signal: acyl homoserine lactone

Number of variants: ~20 (including cross talk with LuxRI variants)

Variation types: acyl chain length (4-16 carbons), acyl C3 modification, noncanonical
Distribution: vibrios, interspecific

11,49

LuxPQS

Receptor: membranal (periplasmic), histidine kinase

Signal: Al-2

Number of variants: 1

Variation types: no variation

Distribution: signal produced by many bacteria; sensed by few

11, 16, 86

DSF

Receptor: membranal histidine kinase
Signal: cis-2-unsaturated fatty acids
Number of variants: 210

Variation types: chain length and branching
Distribution: various gram-negative species

21,121

Gram-positive membranal receptor superfamily
Receptor: membranal; acts as a histidine kinase on a transcriptional response regulator
Signal: modified or long peptide

Signal: cyclic peptide (6-10 amino acids)
Number of variants: >>10

Agr Variation types: sequence, cyclization moiety, noncyclic peptide tail 48,56,73,104, 118
Distribution: gram-positive bacteria, intraspecific (e.g., 4 variants in Staphylococcus aureus)
Signal: tryptophan-prenylated peptide (6—10 amino acids)
Number of variants: ~10
ComQXp Variation types: peptide sequence and length, prenylation moiety 23,107, 108
Distribution: Mostly Bacillus subtilis group, intraspecific
Signal: long unmodified peptide (~20 amino acids)
Number of variants: ~10
ComABCD Variation types: peptide sequence and length 2,39,83,115
Distribution: streptococci, intraspecific (e.g., 2 variants in Streptococcus pneumoniae)
Gram-positive RNPP superfamily
Receptor: cytoplasmic (mostly transcription factor)
Signal: small, unmodified peptide
Variation types: peptide sequence and length
Distribution: intraspecific
g Distribution: bacilli, multiple pherotypes per strain, including mobile elements
Rap-Phr Number of variants: ~100 (> 50 variants in B. subtilis group) 29,55, 79
Distribution: Bacillus cereus group
NprR-Nprx Number of variants: ~10 "
Distribution: B. cereus group
PlcR-PapR Number of variants: ~10 9,99
. Distribution: enterococcus plasmids
Prgx-iCF10 Number of variants: ~10 24
ComRS/Rgy Distribution: streptococci, multiple pherotypes per strain 30,95

Number of variants: »10
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Family name Molecular and population-level characteristics References
. . Distribution: bacillus mobile elements, multiple pherotypes per bacterial strain
AIMR-AIMP N mber of variants: > 150 28,101
Distribution: Paenibacillus (P. polymyxa), multiple pherotypes per strain
AloR-AloP Number of variants: >>10 109
QsrR-QsrP Distribution: clostridia (Clostridium acetobutylicum), multiple pherotypes per strain Number of 53
variants: »10
TorA Distribution: streptococci, mobile elements 45

Number of variants: ~3
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