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Symbioses between animals and microbes are ubiquitous, and often have drastic
fitness effects on both parties. A rapidly growing body of research now shows that
many of these effects are driven by social interactions among the symbionts. For
instance, microbes frequently cooperate by producing shareable “public goods” that
can mediate both virulence and host-beneficial functions. Conversely, hosts often exert
control over symbionts by targeting their social interactions. Despite this pivotal role,
we have only started to uncover the full diversity of microbial interactions, and many of
the factors that shape variation in their effects on host function and evolution across
different symbioses remain elusive. Here, we (i) review the known diversity of microbial
interactions across different symbioses, and (i) argue that variation in their nature and
impact is often determined by differences in symbiont diversity. In particular, we first
give a primer on the social lives of microbes, and then discuss how intraspecific and
interspecific interactions among microbial symbionts affect — and are affected by — their
host. Subsequently, we move to the evolution of symbiosis, and discuss the role of
microbial interactions in symbioses that feature only few versus many different symbiont
species. We show that symbiont-rich symbioses are shaped by strong interspecific
competition, which selects against many host-beneficial forms of microbial cooperation,
and thereby limits the scope for the evolution of strong host-symbiont dependencies.
Conversely, symbioses involving only few symbiont species are often characterized by
forms of microbial cooperation that mediate host-beneficial services, a situation that
increases the scope for the evolution of host-symbiont dependencies. Overall, we infer
that the explicit consideration of social dynamics within symbiont communities of varying
complexity is crucial to advance our understanding of how microbes shape animal
function and evolution.

Keywords: symbiosis, microbiota, public goods, sociality, cooperation, competition

SYMBIOSES: AN INTRODUCTION

Prolonged and intimate associations between animals and microbes are ubiquitous in nature and
occur in a variety of different forms. They can involve both invertebrate and vertebrate hosts, and
may comprise only few or many different species of microbe, including bacteria, protists, and fungi
(Boucher et al., 1982; Douglas, 2018). Moreover, such symbioses can vary tremendously in terms
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of their function for - and fitness effects on - the host and its
symbionts. While some microbes benefit their host by supplying
metabolic or defensive capabilities in exchange for nutrients
and/or protection (Oliver and Martinez, 2014; Florez et al., 2015;
Mushegian and Ebert, 2016), others may drastically reduce host
fitness by selfishly exploiting host resources without providing
anything in return (Bull, 1994; Leggett et al., 2014). Finally,
symbioses can also differ in the mode of symbiont transmission,
the degree to which host and symbionts depend on each other,
and the extent to which fitness effects on the host are largely
determined by few versus many different symbionts (Fisher
et al., 2017; Foster et al., 2017). Together, these differences give
rise to a vast diversity of animal-microbe associations, ranging
from the facultative parasitic “symbiosis” between humans and
the opportunistic pathogen Pseudomonas aeruginosa (Andersen
et al.,, 2015) to the obligate mutualism of certain cicadas with
their organelle-like nutritional symbiont Hodgkinia cicadicola
(McCutcheon et al., 2009).

Symbiotic associations often have substantial advantages for
both the host and its microbe(s). From the host’s viewpoint,
associating with microbes can make it easier to cope with
environmental challenges or spread to formerly uninhabitable
environments. From the microbe’s viewpoint, associating with
animals can offer access to a “safe harbor” from which other
hosts or environmental habitats can be colonized (Boucher et al.,
1982; Douglas, 2018). The often substantial fitness effects of their
interaction can cause the lives of host and microbes to become
deeply intertwined (McFall-Ngai et al., 2013; Douglas, 2018). For
instance, microbes can affect the development, communication,
and behavior of their animal host (McFall-Ngai et al., 2013;
Johnson and Foster, 2018), and might even drive host sociality
if a repeated and reliable transmission of entire symbiont
communities is necessary to ensure symbiont-mediated benefits
to the host (Lombardo, 2008; Ezenwa et al., 2016). Conversely,
animals can affect the density, distribution, and diversity of
their microbial community (Hooper et al.,, 2012; Foster et al.,
2017), and have been shown to interfere in social interactions
among their symbionts (Ismail et al., 2016; Pietschke et al., 2017).
Together, these observations suggest that studying the effects
that animals and microbes may have on each other is crucial to
understanding animal function and evolution.

The study of such reciprocal effects between symbiotic
partners has traditionally focused on highly specialized
associations featuring only a single, readily detectable type
of microbe. However, recent years have seen a surge in
research that deploys next-generation sequencing methods
to investigate these effects in symbioses involving complex
microbial communities (McFall-Ngai et al., 2013; Douglas, 2018).
This new body of research has revealed that the composition and
functioning of symbiont communities are crucial in determining
the effects of the symbiotic associations on the host (Cryan and
Dinan, 2012; Sharon et al., 2016; Johnson and Foster, 2018).
Intriguingly, community composition and functioning are
themselves shaped by competitive and cooperative interactions
among the constituent microbes (West et al., 2006; Mitri and
Foster, 2013; Nadell et al., 2016), and a number of recent studies
highlights that such interactions frequently occur within animal

hosts (Kommineni et al., 2015; Chatzidaki-Livanis et al., 2016;
Rakoff-Nahoum et al., 2016; Wexler et al, 2016). Together
with the observation that cooperation among symbionts often
mediates host-beneficial services in “traditional” symbioses
(Douglas, 1998; Schwartzman and Ruby, 2016), this suggests
that social interactions among symbionts might be important
factors shaping effects on the host across a wide range of
symbioses (Costello et al., 2012; Coyte et al., 2015; Foster et al.,
2017). It is hence crucial to unravel the occurrence and role of
such interactions in symbioses with both simple and complex
symbiont communities.

In this review, we showcase the diversity of microbial
interactions across different symbioses and argue that the nature
and impact of these interactions on host fitness are often
determined by the diversity of the symbiont community. In
particular, we (i) give a brief overview of social interactions
among microbes, and then (ii) outline how social interactions
among microbial symbionts affect — and are affected by -
their host. Finally, we move to the evolution of symbiosis,
and (iii) discuss the role of microbial interactions in two
scenarios of symbiosis that represent opposing ends on a
continuum of symbiont diversity, and hence differ in the relative
scope for intraspecific versus interspecific interactions among
the symbionts. Overall, our review highlights the diversity
of symbiont social interactions, and shows that an explicit
consideration of these interactions and their varying role in
symbioses featuring few versus many symbiont species is crucial
to advance our understanding of how microbes shape animal
function and evolution. Note that although we mostly focus
on interactions among bacteria, we expect our conclusions to
be applicable to other microbes as well. A glossary with the
definitions of important terms (in bold print below) is provided
at the end of the manuscript.

A PRIMER ON THE SOCIAL LIVES OF
MICROBES

Contrary to the historically held view of microbes as solitary
organisms, an impressive body of research now shows that
microbial life histories are characterized by intricate webs of
cooperative and competitive interactions. This new view of
microbial life was initially popularized by the discovery
of sophisticated cooperative behaviors in myxobacteria and
eukaryotic slime molds, where single cells come together to
form multicellular fruiting bodies that allow some cells to
disperse as stress-resistant spores (Strassmann et al., 2000; Velicer
et al.,, 2000). Over the last three decades, it has become clear
that microbes typically live in dense and diverse communities
in which cooperation, competition, and predation all occur
frequently, and play a crucial role in shaping community
composition and functioning (West et al., 2006; Little et al., 2008;
Mitri and Foster, 2013; Nadell et al., 2016; Pérez et al., 2016).
Microbes can engage in a surprising diversity of cooperative
behaviors. They regularly form multicellular structures such as
biofilms, communicate with each other via chemical signals,
and engage in group-coordinated motility, resource acquisition
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and “chemical warfare” against predators or competitors (Crespi,
2001; Velicer, 2003; West et al., 2007; Foster, 2010; Granato et al,,
2019). Most of these cooperative behaviors are mediated by the
release of costly metabolites (Figure 1A). For instance, bacterial
communication often involves the release and group-wide
detection of small diffusible signal molecules that accumulate
in the local environment, and thereby allow individual cells
to collectively alter global patterns of gene expression once a
concentration threshold is reached (quorum sensing; Williams,
2007; Whiteley et al, 2017). Similar secretion-dependent
cooperative behaviors range from iron acquisition, where cells
release siderophores to scavenge iron from environmental stocks
(Griffin et al., 2004; Leventhal et al., 2019), to the formation of
biofilms, where cells release structural polysaccharides to form
an extracellular matrix (Greig and Travisano, 2004; Kearns, 2010;
Nadell et al., 2016).

The secretion of costly metabolites often makes them
accessible to other cells in the vicinity of the producer. Such
“public goods” hence not only benefit the producer and its
clonemates, but can also affect other community members
(Kiimmerli and Ross-Gillespie, 2014), and may then induce
a variety of social interactions. In some cases, public goods
production can spur mutually-beneficial division of labor
involving the exchange of different types of public good between
different phenotypes, strains, or species (Amin et al., 2009; van
Gestel et al., 2015; Kim et al., 2016; Drago$ et al., 2018). For
instance, the sliding motility of of Bacillus subtilis critically
depends on an interaction between cells that produce matrix
components to form migration loops, and cells that produce the
organic “lubricant” surfactin to reduce the cell-surface friction
(van Gestel et al,, 2015). Other examples of such mutually
beneficial interactions involve cooperative cross-feeding, a form
of mutualism whereby each of the partners produces a costly
metabolite that is consumed by the other (Shou et al., 2007; Pande
etal., 2015; Figure 1A). Such cooperative cross-feeding is thought
to evolve readily from by-product benefits arising where different
partners feed on each other’s waste products (Zelezniak et al.,
2015; D’Souza et al., 2018).

Despite the frequent occurrence of cooperative interactions,
the social lives of microbes are often far from peaceful. This is
because cooperative behaviors can often be exploited by cheaters
that reap the benefits of cooperation without cooperating to
the same extent themselves (West et al.,, 2006; Ghoul et al.,
2014; Ozkaya et al, 2017; Figure 1B). The resulting tug-of-
war between cooperators and cheaters can lead to a “tragedy of
the commons,” where cooperation collapses despite its group-
level benefits (Rankin et al., 2007; MacLean, 2008). Although
mitigating factors, such as increased spatial structure, often
prevent the complete collapse of cooperation, cheating can have
a profound influence on the evolutionary dynamics of microbial
communities (Griffin et al., 2004; Ross-Gillespie et al., 2007;
Kiimmerli et al., 2009; Ozkaya et al., 2017). For instance, cheating
among members of one species can negate its competitive
advantage over a second, usually inferior species, and might
thereby foster species coexistence (Leinweber et al., 2017).

In addition to cheating, microbes may deploy a range of
other antagonistic strategies to compete with non-clonemates

for limited resources and space (Hibbing et al., 2010; Ghoul
and Mitri, 2016; Bauer et al., 2018). Such strategies range from
the release of surface-modifying polysaccharides that impede the
attachment of competitors, over the secretion of antibiotics and
other toxins, to various variations of contact-dependent killing
(Valle et al., 2006; Granato et al., 2019; Figure 1B). Note that
the investment into toxins and antibiotics is often cooperative
from the producer’s perspective. This is because these compounds
are typically costly to produce and can - once secreted — benefit
clonemates of the producer (and other resistant cells that stand
in competition with the targeted adversary). Whether a costly
secreted compound is an exploitable public good or an imminent
threat is hence often a matter of perspective (Niehus et al., 2017).

Apart from competition and cooperation, predation (in
which we include parasitism for the sake of brevity) is
the third fundamental type of interaction shaping microbial
communities (Figure 1C). Many bacterial predators deploy a
solitary hunting strategy whereby they either attach to their
prey and consume it from the outside (e.g., Vampirococcus spp.)
or penetrate the periplasmic space to consume it from within
(e.g., Bdellovibrio bacteriovorus). However, others can perform
cooperative attacks involving the quorum-sensing regulated
production of enzymes and other secondary metabolites that
degrade the prey cells (e.g., Myxococcus xanthus; reviewed in
Martin, 2002; Pérez et al., 2016). Together with cooperative and
competitive interactions, such cases of predation give rise to an
intricate network of social interactions that jointly determine
the composition and functioning of microbial communities, and
thereby shape all aspects of microbial life (West et al., 2006; Mitri
and Foster, 2013; Nadell et al., 2016; Pérez et al., 2016).

THE SOCIAL DIMENSIONS OF
SYMBIOSIS

Microbes frequently interact with each other within or upon
their animal host, and these interactions can mediate effects
on - and serve as a target for - the host. The resulting complex
web of effects can be broken down into three “principal” social
dimensions of symbiosis delineating effects from (i) microbe
to microbe, (ii) microbe to host, and (iii) host to microbe
(Foster et al., 2017). Below, we separately introduce each of these
dimensions and then discuss how they are shaped by intraspecific
and interspecific interactions among microbes.

Microbe to Microbe

Like microbes in natural habitats, microbial symbionts frequently
engage in a variety of social interactions with other members of
the microbiota. Interactions between conspecific symbionts are
typically cooperative and often mediate interspecific interactions
(see below) and direct effects on the host (see section “Microbe
to Host”). By contrast, interactions between heterospecific
symbionts may range from cooperation over competition
to predation. Interspecific cooperation often occurs in the
form of cross-feeding. For example, the human gut symbiont
Bacteroides ovatus can break down the complex carbohydrate
inulin to the benefit of its congener B. vulgatus. This behavior
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FIGURE 1 | Social interactions among microbes. Microbes frequently interact with clonemates or other microbes of the same or different species (represented by
microbes of different colors and shapes, respectively). (A) Cooperation often involves Public goods sharing, where cells secrete a costly secondary metabolite that
can be shared among cells. Alternatively, cooperation can involve Cross-feeding, where different genotypes or species exchange different metabolites.

(B) Competition is often mediated by Cheating, where individuals capitalize on the public goods produced by others while not contributing (to the same extent)
themselves. Other forms of competition involve the direct Interference with competitors, either via the secretion of diffusible toxins (lightning bolt), or via
contact-dependent mechanisms (such as type VI secretion systems; speech bubble). (C) Predation frequently occurs in the form of Solitary hunting, and can, for
instance, involve single predators that attack and digest their prey from within. Alternatively, it can involve Group hunting, where multiple cells coordinate their attack.

Group hunting

Interference

increases the fitness of B. ovatus despite the costs of inulin
breakdown, since B. ovatus receives reciprocal benefits from
B. vulgatus in return (Rakoff-Nahoum et al., 2016). Metabolic
cross-feeding also occurs between symbionts of the glassy-
winged sharpshooter Homalodisca coagulata, where the symbiont
Baumannia cicadellinicola receives essential amino acids from
Sulcia muelleri and provides vitamins and co-factors in return
(Wu et al., 2006). The frequent occurrence of similar metabolic
complementarities among microbes hosted by plant-sap feeding
insects (McCutcheon and Von Dohlen, 2011; Douglas, 2016),
marine oligochaete worms (Dubilier et al., 2001; Woyke et al.,
2006), and vertebrates (Milani et al., 2015; Solden et al., 2018)
indicates that cross-feeding among symbionts might be common
and taxonomically widespread.

Another form of cooperation known to occur among
microbial symbionts is coaggregation. This process involves
individuals of different species attaching to each other via specific
molecules, and thereby promotes the formation of mixed-species
biofilms (Rickard et al., 2003; Kuramitsu et al., 2007). For
instance, two early colonizers of the tooth surface, Streptococcus
oralis and Actinomyces naeslundii, can only form stable biofilms

on a tooth-like surface when coaggregated, suggesting that their
coaggregation is mutualistic (Palmer et al., 2001). Intriguingly,
interspecific biofilm formation and other forms of interspecific
cooperation might often be regulated via interspecific quorum
sensing (Rickard et al., 2006; Cuadra-Saenz et al., 2012).
Specifically, different bacterial species might communicate using
the auto-inducer AI-2, a signaling molecule that is produced
and perceived by many different species (Pereira et al., 2013).
In line with this idea, AI-2 expression has been shown to affect
interactions among symbionts of the human gut (Thompson
et al.,, 2015) and oral cavity (Cuadra-Saenz et al., 2012). Note,
however, that it is often hard to determine whether the auto-
inducer indeed serves as a signal in real communication (sensu
Scott-Phillips, 2008), or merely as a cue allowing competing
species to eavesdrop on one another.

Although microbes can cooperate with other microbes,
competition for limited host resources and space might account
for the greater part of microbe-microbe interactions (Coyte et al.,
2015). The pervasive occurrence of interference competition is
well documented among human gut symbionts. For instance,
common bacteria such as Enterococcus faecalis and Bacteroides
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uniformis can secrete a whole arsenal of toxins to combat other
gut microbes (Kommineni et al., 2015; Roelofs et al.,, 2016).
Conversely, B. fragilis uses specific Type VI secretion system to
deliver toxins directly into competing species (Chatzidaki-Livanis
et al.,, 2016; Wexler et al., 2016), an ability that it shares with
many other gut Bacteroidales (Coyne et al., 2016; Garcia-Bayona
and Comstock, 2018). Similar cases of interference competition
also occur in invertebrates. For example, sponge symbionts of the
genus Pseudovibrio secrete toxins against sponge-derived Bacillus
species (Esteves et al., 2017), and secretion systems for contact-
dependent killing occur in Snodgrassella alvi, a gut symbiont of
honey and bumble bees, and in V. fischeri, the defensive symbiont
of the bobtail squid (Steele et al., 2017; Speare et al., 2018).
Inter-species competition is hence a pervasive force shaping
multi-species symbiont communities.

In contrast to cooperative and competitive interactions, the
occurrence and role of predation among microbial symbionts has
received little scrutiny. However, protist amoebas and bacterial
predators have been detected in the microbiome of many animals,
including corals, sponges, insects, and humans (Iebba et al,
2013; Welsh et al, 2016; Johnke et al, 2019). Intriguingly,
the presence, abundance, and richness of predatory species
is positively correlated with overall microbiome diversity in
many cases (Johnke et al., 2019), suggesting that predation may
shape the composition of symbiont communities. Overall, the
above examples illustrate that the intricate web of interactions
characteristic of microbial communities in natural habitats also
occurs in animal hosts.

Microbe to Host

Microbes can have both negative and positive effects on their
host, and these effects are often mediated by social interactions
among them. In general, negative effects predominate in parasitic
symbioses and arise because microbes overexploit host resources
(Murray and Murray, 1979; Dantzer et al.,, 2008). By contrast,
positive effects predominate in mutualistic symbioses and
typically arise because microbes complement the host’s metabolic
capabilities, contributing to (i) host metabolism, for example
by digesting or synthesizing nutrients (Engel and Moran, 2013;
Oliver and Martinez, 2014); (ii) host defenses, for example by
conferring camouflage or producing defensive toxins (Oliver and
Martinez, 2014; Florez et al., 2015; Schwartzman and Ruby, 2016);
(iii) host communication, for example by secreting metabolites
that are used by hosts as sex or aggregation pheromones (Theis
et al,, 2013; Ezenwa and Williams, 2014; Wada-Katsumata et al,,
2015); and (iv) host signaling networks, for example by serving as
cues for the host to trigger the development of regulatory systems
(Cryan and Dinan, 2012; Ezenwa et al, 2012; Hooper et al,
2012). Below, we review the role of intraspecific and interspecific
interactions among microbes in mediating such effects and show
that cooperation among microbes lies at the heart of key services
that the microbes provide to their host.

Intraspecific Interactions and Their Effects

Microbial effects on the host are often directly mediated
by interactions among conspecific (clonal or closely related)
microbes. This is best known from studies on host-pathogen

interactions, where microbial cooperation is often crucial for
virulence and disease progression (Buckling and Brockhurst,
2008; Leggett et al., 2014; Rezzoagli et al., 2020). Specifically,
pathogens may deploy division of labor to thrive within the host
(Ackermann et al., 2008; Diard et al., 2013), and often secrete
“virulence factors” such as proteases, toxins, and siderophores
that facilitate host colonization and exploitation (Rahme et al,,
1995; Leggett et al., 2014; Rivera-Chavez and Mekalanos, 2019).
Such studies are relevant for understanding symbioses, as the
dynamics of pathogen infections are likely similar to those of
infections with parasitic symbionts. Indeed, the malaria parasite
Plasmodium falciparum secretes a whole arsenal of different
compounds that not only remodel the host’s red blood cells, but
also cause them to stick to the blood vessel walls, thereby allowing
the parasite to avoid splenic clearance (Tilley et al., 2011).

Similar interactions also occur in mutualistic symbioses, and
often mediate nutritional or defensive services to the host. For
instance, the obligate intracellular symbiont Buchnera aphidicola
produces essential amino acids and makes them accessible to its
aphid host via secretion (Douglas, 1998). From the perspective of
an individual Buchnera cell, this behavior is not only cooperative
toward the host, but also toward clonemates - i.e., it benefits
them both and has at least partly been selected for because
of these benefits. While the aphid benefits because it receives
essential amino acids, clonemates of the focal Buchnera benefit
because their fitness is closely linked to that of the host, such
that the increase in host fitness due to the focal cell’s secretion
also increases their own fitness. The secretion of amino acids is
partly selected for because of its benefits for the host; after all,
it is the resulting increase in host fitness that directly increases
the fitness of the secreting cell. However, the behavior is also
partly selected for because of its benefits to clonemates, since
such benefits to the fitness of relatives count toward the (indirect
component of the) secreting cell’s fitness (see West et al., 2006).
Therefore, both direct and indirect fitness benefits jointly drive
the evolution of symbiont cooperation. Notably, conceptualizing
this behavior as cooperation with clonemates also highlights
that it is in principle vulnerable to cheating (but see section
“One Host - Few Microbes”). Specifically, it suggests that non-
producing mutants that do not bear the costs of maintaining
a dedicated enzymatic assembly for amino acid synthesis could
potentially share into the benefits that the host provides to the
symbionts in return for their service. The same logic presumably
applies to many other symbioses of insects feeding on plant sap
or other nutrient-poor resources (Baumann, 2005; Sabree et al.,
2009; Salem et al., 2014).

In addition to their role in host nutrition, intraspecific
cooperative behaviors also play a role in mediating host
defenses. In the marine bacterium Vibiro fischeri, single cells
use quorum sensing to regulate the bioluminescence that is
thought to camouflage their host, the Hawaiian bobtail squid
Euprymna scolopes, at night by distorting its dark silhouette
within the water column (Verma and Miyashiro, 2013). Many
other defensive symbioses are based on the symbionts producing
dedicated antibiotics or toxins to the benefit of their host.
For instance, symbionts produce antibiotics that specifically act
against parasites of the host’s cultivars in fungus-growing ants
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(Currie et al., 1999; Haeder et al., 2009) and bark beetles (Scott
et al., 2008; Oh et al, 2009), whereas the symbiont of the
European beewolf Philanthus triangulum produces a cocktail
of antibiotics that protect the beewolf’s larvae from fungal
infestation (Kaltenpoth et al., 2005; Kroiss et al., 2010; Engl et al.,
2018). Like host provisioning, the secretion of compounds for
host defense creates a (potentially cheatable) public good from
the symbiont’s perspective.

In contrast to effects on host nutrition and defenses, effects
of symbionts on host signaling networks and communication
are typically not directly mediated by social interactions. Instead,
such effects primarily seem to reflect that animals evolved
to integrate waste products of microbial origin and similar
cues of microbial presence into their own development and
functioning (Dillon and Charnley, 2002; Hooper et al., 2012;
Theis et al., 2013; Wada-Katsumata et al., 2015; Douglas, 2018).
For instance, the German cockroach Blattella germanica uses
volatile carboxylic acids, common by-products of microbial
metabolism, as an aggregation cue (Wada-Katsumata etal., 2015).
Similarly, mice seem to use such by-products to induce the
development of colonic regulatory T-cells (Smith et al., 2013).
Nevertheless, the observation that some bacteria secrete host
signaling molecules (Cryan and Dinan, 2012; Rastelli et al,
2019) suggests that microbes sometimes cooperate to manipulate
host signaling networks. Indeed, the gut bacterium Bacteroides
fragilis actively suppresses an inflammation response of its
human host by releasing vesicles that contain the signaling
molecule polysaccharide A (Shen et al., 2012). Conversely, the
protist parasite Toxoplasma gondii increases dopamine titers in
rodent hosts by releasing the rate-limiting enzyme for dopamine
synthesis, thereby triggering changes to the rodent’s behavior that
are thought to increase the parasite’s transmission to its definitive
feline host (Vyas et al., 2007; Prandovszky et al., 2011). Note,
however, that it is currently unclear how frequent such putative
cases of manipulation occur, because they are as vulnerable to
cheating as other cases of (public goods) cooperation (see section
“One Host — Many Microbes” and Johnson and Foster, 2018).

Interspecific Interactions and Their Effects

Many microbial effects are not directly mediated by intraspecific
microbial interactions, but instead arise as (mostly indirect)
aftereffect of interactions among different microbe species.
Such multipartite effects have received most attention in
studies on pathogenic microbes. This is because co-infections
of one pathogen with other pathogens or members of the
microbiota often display increased virulence and enhanced
pathogen persistence in comparison to infections by single
pathogens (Alizon et al, 2013; Murray et al, 2014; Tay
et al., 2016). Such “polymicrobial synergy” can arise because
interspecific competition promotes higher pathogen growth and
virulence, or because pathogens can reap by-product benefits
from co-infecting microbes (Frank, 1996b; Tay et al, 2016).
For instance, P. aeruginosa can use peptidoglycans shed by
Gram-positive bacteria as a cue to increase the production
of compounds that not only harm potential competitors, but
also exacerbate disease severity by inflicting damage on the
host (Korgaonkar et al.,, 2013). Similarly, the virulence of the

opportunistic pathogen Aggregatibacter actinomycetemcomitans
is increased in co-infections with the resident symbiont
Streptococcus gordonii, because the pathogen can metabolize
L-lactate, a waste product of the symbiont’s metabolism
(Ramsey et al., 2011).

While interactions between pathogens and resident symbionts
are detrimental in some situations, they can boost host defenses
in others. First, hosts can benefit if their symbionts outcompete
the pathogenic intruder (competitive exclusion; Koch and
Schmid-Hempel, 2011; Buffie and Pamer, 2013; Fraune et al,,
2015; Schwarz et al., 2016; Chiu et al., 2017; Oliveira et al., 2020).
For example, the human gut symbiont E. coli can reduce intestinal
colonization by S. enterica through siderophore-mediated iron
competition (Deriu et al., 2013), while Ruminococcus obeum can
hamper the colonization of Vibrio cholerae through the quorum-
sensing-mediated repression of multiple virulence factors (Hsiao
et al., 2014). Second, hosts can benefit if a symbiont induces a
host immune response that is more deleterious to the pathogen
than to itself (Douglas, 2018). Such “apparent competition”
occurs in tsetse flies, where Wigglesworthia glossinidia triggers the
development of the host’s immune system, and thereby prevents
the host from succumbing to E. coli infections (Weiss et al.,
2012). Finally, hosts can also benefit if predatory symbionts
target pathogens. Such “predatory exclusion” occurs in the coral
Montastraea cavernosa, where Halobacteriovorax bacteria prey on
the pathogenic Vibrio coralliilyticus (Welsh et al., 2017).

Multipartite effects can finally also occur in a non-pathogenic
context. This is best exemplified by cross-feeding interactions -
such as those among symbionts of the marine oligochaete
O. algarvensis and plant-sap feeding insects like the sharpshooter
H. coagulata (see section “Microbe to Microbe”) — where the hosts
critically rely on metabolites provided by all involved symbionts
(Dubilier et al., 2001; Woyke et al., 2006; Wu et al., 2006). Similar
effects might also underlie benefits the host derives in other
contexts. For instance, cooperative (or by-product) cross-feeding
among microbes could increase the availability of metabolites
used in host communication. In general, such multipartite effects
are likely pervasive in multi-partner symbioses (Zélé et al., 2018).

Host to Microbe

Microbes can have a substantial impact on host fitness, and hosts
therefore have a strong incentive to manage the abundance and
composition of their microbiota (Douglas, 2018). In particular,
hosts typically suppress the growth of detrimental microbes
using antimicrobial peptides and other immune effectors (Login
et al, 2011; Franzenburg et al, 2013; Peterson and Artis,
2014; Foster et al, 2017), but may also promote the growth
of beneficial microbes by provisioning them with nutrients
(Douglas, 1998; Graf and Ruby, 1998; Arike and Hansson, 2016).
While many of the resulting effects on symbiont fitness likely
arise independently of the symbiont’s social behavior, hosts at
least sometimes directly target symbiont social traits. Numerous
studies on host-pathogen interactions lend credit to this notion.
For instance, hosts regularly interfere with pathogen growth by
sequestering the pathogen’s siderophores and by producing their
own (Flo et al., 2004; Fischbach et al., 2006). Moreover, hosts
can reduce pathogen persistence and virulence by inhibiting
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biofilm formation and by targeting additional virulence factors
such as proteases (Singh et al., 2002; Overhage et al., 2008;
Le et al, 2017). Finally, hosts can also reduce virulence by
interfering with the pathogen’s quorum sensing communication
(quorum quenching; Chun et al., 2004; Grandclément et al., 2015;
Weiland-Briuer et al., 2019).

The occurrence of similar effects on symbiont behaviors has
received little scrutiny in a non-pathogenic context. However,
one example of quorum sensing manipulation has recently been
reported in Hydra vulgaris: this freshwater polyp can modify the
quorum sensing signal of its main colonizer Curvibacter sp. such
that the modified signaling molecules promote host colonization
by inducing a phenotypic change in the symbiont (Pietschke
et al., 2017). A similar case of manipulation might occur in
mammals, where epithelial cells produce a mimic of a common
bacterial quorum sensing signal in response to secreted bacterial
factors or epithelial breaches (Ismail et al., 2016). Although the
benefits of manipulation in this latter case are thus far unclear,
quorum sensing systems seem to be ideal targets for host control,
because they serve as “master-switches” for the simultaneous
regulation of many different microbial traits (Pietschke et al.,
2017). Finally, note that hosts can also indirectly affect symbiont
interactions. For instance, the mucus secreted by epithelial cells
often promotes symbiont attachment in addition to serving as
a food resource (Sicard et al, 2017). This arrangement may
promote microbial cooperation in mucus digestion (Rakoff-
Nahoum et al., 2014, 2016), while simultaneously providing the
spatial structure that favors its maintenance due to an increased
symbiont relatedness (West et al., 2006).

THE EVOLUTION OF HOST-MICROBE
INTERACTIONS IN THE INNER
ECOSYSTEM

Animals diverged from their protist ancestor roughly 650 million
years ago, and many animals have evolved in close association
with microbes ever since. Although such associations often have
substantial advantages for both parties, they are never entirely
free of conflict because host and symbiont(s) are not perfectly
related and may thus have diverging fitness interests (Leigh,
2010; Barker et al., 2017; McCutcheon et al., 2019). Adaptations
of hosts and symbionts to each other’s presence thus often
evolve in a field of tension between cooperation and conflict.
For instance, host adaptations include a variety of mechanism
to manage the abundance and composition of the microbiota,
and these mechanisms may either aim at promoting beneficial
or at harming detrimental microbes. Conversely, symbiont
adaptations center around the persistence in the microbiome
(Webster, 2014; Foster et al., 2017), and thus often include
mechanisms to compete or cooperate with the host or other
members of the microbiota. However, microbiotas are strikingly
diverse across animal groups in terms of the number of symbiont
species (Engel and Moran, 2013; Colston and Jackson, 2016).
For instance, vertebrates typically harbor more symbionts than
invertebrates, presumably due to underlying differences in their
morphology, physiology, and immunity (McFall-Ngai, 2007;

Engel and Moran, 2013; Colston and Jackson, 2016; Woodhams
et al., 2020). Conversely, animals feeding on complex diets
typically harbor more symbionts than those feeding on simple
diets, presumably because they have an increased diet-related
uptake of environmental microbes or need to maintain a higher
symbiont diversity to ensure the digestion of their diet (Ley
et al., 2008a; Engel and Moran, 2013; Reese and Dunn, 2018).
Irrespective of their origin, these differences in symbiont diversity
affect the occurrence and nature of intraspecific and interspecific
interactions in the microbiome (see the sections above) and
might also come with different requirements on host control.
Variation in microbial interactions and host control might, in
turn, affect the scope for cooperation versus conflict between
the symbiont(s) and the host. Overall, differences in symbiont
diversity could hence profoundly affect many aspects of animal
function and evolution via their impact on symbiont interactions.

Below, we explore this notion by discussing two types of
symbioses on opposing ends of a continuum of symbiont
diversity that feature, respectively, a “simple” inner ecosystem
involving few microbe species and a “complex” inner ecosystem
involving many different microbe species. We show that the inner
ecosystems of these two types of symbioses differ profoundly in
terms of symbiont interactions, which in turn have key effects
on the evolution of host-beneficial services, host control, and
host-symbiont dependencies.

One Host - Few Microbes

Many symbioses involve few or only one species of
(typically mutualistic and often intracellular) microbe and
are characterized by heavily skewed symbiont-dependent effects
on host fitness (Figure 2A). For instance, the microbiota of plant-
sap-feeding insects such as aphids and whiteflies are dominated
by only one or two obligate, mutualistic endosymbionts. These
symbionts provide the host with nutrients and protection, and
the effects of these services on host fitness dwarf any effects
that occasionally detected gut microbes may have on their host
(Engel and Moran, 2013; Jing et al., 2014). Symbiosis with such
“simple” inner ecosystems occur in many other invertebrates,
including certain squid, marine oligochaetes, and blood-feeding
insects (Dubilier et al., 2001; Graf et al., 2006; Engel and Moran,
2013; Schwartzman and Ruby, 2016). In these symbioses, the
scope for interspecific interactions among symbionts is limited,
and symbionts are therefore primarily shaped by intraspecific
interactions and the host environment (Foster et al., 2017).
Interactions with conspecifics are usually cooperative, and often
mediate host-beneficial nutritional or defensive functions (see
section “Microbe to Host”). Such host-beneficial services are
favored in “simple” inner ecosystems, because their low microbial
diversity increases both the potential for microbes to affect host
survival and reproduction, and the potential to benefit from
cooperating to do so (Foster and Wenseleers, 2006; Johnson and
Foster, 2018).

Microbial cooperation mediating host-beneficial services is
potentially vulnerable to cheating even in “simple” inner
ecosystems (Frank, 1997; Ghoul et al, 2014; Ozkaya et al,
2017). Because partners can derive substantial benefits from these
services, selection against cheating may often act on both the
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A One Host - Few Microbes B

One Host - Many Microbes

FIGURE 2 | The Inner Ecosystem. Different symbioses vary in the complexity of the inner ecosystem, the stage on which positive (black arrows) and negative (red
arrows) interactions occur between microbes and their host and among microbes of the same or different species (represented by microbes of different colors and
shapes, respectively). (A) Animals that harbor only few symbiont species have “simple” inner ecosystems. In such symbioses, interactions are usually mutually
beneficial, and conflicts among microbes, or between microbes and the host, are limited due to strong, symbiont-specific host control and/or self-enforcement.

(B) Animals that harbor many different symbiont species have “complex” inner ecosystems. In such symbioses, the host and individual microbe species are thought
to benefit, on average, from their association, but symbiont-specific host control is limited such that the host can be considered to interact with the microbiota as a
whole (green area). Because of the limited specificity of host control and the high diversity of the microbiota, interactions among different genotypes and symbiont

species can be both cooperative or competitive.

symbiont(s) and the host. On the symbiont side, selection can
favor “self-enforcement,’ i.e., the evolution of mechanisms that
prevent cheating by pleiotropically linking selfish phenotypes
to personal costs, or by limiting the phenotypic penetrance
of mutations via redundancy (Agren et al., 2019). A possible
example occurs in Buchnera, where the synthesis of host-
beneficial histidine is coupled to the synthesis of purins that
Buchnera requires for growth. This coupling likely prevents
freeloading, because a mutant that no longer produces histidine
would also not acquire the purins it needs to sustain its own
growth (Thomas et al., 2009). On the host side, selection can
favor mechanisms that enforce symbiont cooperation, and allow
the host to exert strong control over specific symbionts (Foster
et al., 2017; Agren et al, 2019). For instance, the aphid can
control symbiont cooperation in the production of two essential
amino acids, methionine and arginine, by adjusting the supply
of the respective precursor, cystathionine and glutamine, to its
symbiont (Price et al., 2014; Russell et al., 2014). Conversely,
the bobtail squid likely controls symbiont cooperation in
bioluminescence by monitoring symbiont oxygen consumption
and killing cheaters that do not produce light and are thus unable
to consume oxygen at a typical rate (Schwartzman and Ruby,
2016). The evolution of such symbiont-specific host control
is possible in “simple” inner ecosystems, because the number
of symbiont species that must be controlled simultaneously is
relatively low (Foster et al., 2017).

Host control and symbiont self-control can promote the
evolution of mutual dependencies, because they stabilize
cooperative symbiont interactions, and may thereby ensure
that the benefits of mutualistic symbioses to both partners
persist over time (Douglas, 2018). Such dependencies, in turn,
increase the alignment of host and symbiont fitness interests,
and may thus reinforce selection for symbiont cooperation, host

control, and symbiont self-enforcement. Accordingly, the origin
of mutual dependencies can jumpstart a positive feedback-loop
that promotes host-symbiont coevolution, and might ultimately
render the symbiosis obligate for both partners by favoring
an increasingly deep integration of host and symbiont into
each other’s development and function (Wein et al, 2019).
Intriguingly, the evolution of such strong dependencies is
often associated with a shift from horizontal (environmental)
to vertical (parent-offspring) symbiont transmission (Frank,
1996a; Fisher et al., 2017). This shift can further reinforce the
positive feedback between mutual dependencies and the mutual
benefits of symbiosis, because vertical transmission increases
the scope for host-beneficial cooperation among symbionts by
ensuring high symbiont relatedness (Leeks et al., 2019). It is
noteworthy that such high levels of symbiont relatedness can
also be achieved among horizontally transmitted symbionts, for
instance by imposing strong host control on immigration (as
in the squid-Vibrio system; Nyholm and McFall-Ngai, 2004). In
all these cases, host-beneficial services mediated by microbial
cooperation are crucial drivers of a shift of selection to the
aggregate level: hosts with “cooperative” symbionts are fitter
than hosts harboring “selfish” (cheating) symbionts, favoring the
propagation of “good” host-symbiont combinations.

Animals hosting few microbe species can gain substantial
benefits of symbiosis, but they might also be especially vulnerable
to pathogens and parasites. This is because the low diversity of
their microbial community reduces the scope for the competitive
exclusion of harmful microbes, and thus makes them vulnerable
to manipulation (Foster et al., 2017; Johnson and Foster, 2018).
In line with this idea, both pea aphids (A. pisum) and spider
mites (Tetranychus urticae) do not increase their antibacterial
defenses after an immune challenge, but instead seem to ramp
up a terminal investment into reproduction (Altincicek et al.,
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2008; Santos-Matos et al., 2017; Zélé et al., 2019). While the lack
of antibacterial defenses in these (and other plant-sap feeding)
arthropods has been ascribed to their limited exposure to food-
born microbes, it might also reflect a shift in defensive strategies
due to the limited chances for a successful defense against
pathogens or parasites. This suggests that the benefits linked to
harboring a “simple” inner ecosystem may come at the expense
of defenses linked to hosting a diverse microbiota.

One Host - Many Microbes

Many symbioses involve numerous species of (mutualistic,
commensal, and/or parasitic) microbe, and are characterized
by moderately skewed symbiont-dependent fitness -effects
(Figure 2B). For example, the human microbiota can comprise
several hundred microbe species, of which many occur in
considerable numbers and thus likely contribute significantly
to the overall fitness effect of the microbiota as a whole (Qin
et al.,, 2010). Symbiosis with such “complex” inner ecosystems
are the norm among vertebrates (Colston and Jackson, 2016;
Foster et al., 2017), and also occur in some invertebrates such
as sponges, corals, and wood- or detritus-feeding beetles and
termites (Engel and Moran, 2013; Thomas et al., 2016). In these
symbioses, microbes are predominantly shaped by interspecific
interactions (Foster et al., 2017). Although such interactions are
sometimes mutualistic (Sachs and Hollowell, 2012; Zelezniak
et al., 2015; Rakoff-Nahoum et al., 2016), they are thought to
reflect competition for limited host resources in most cases
(e.g., (Stein et al., 2013; Coyte et al., 2015; Roelofs et al., 2016;
Wexler et al., 2016). Such interspecific competition has crucial
consequences on the effects of symbionts on their host. This
is because it puts symbionts investing in costly host-beneficial
cooperation at a disadvantage relative to cheating conspecifics
and other symbionts that refrain from investing in such behaviors
(Johnson and Foster, 2018). In symbioses with “complex” inner
ecosystems, positive effects of symbionts on host fitness are
therefore usually mediated by products of microbial metabolism
or general cues of microbial presence rather than by cooperative
interactions (see section “Microbe to Host”).

Animals harboring diverse microbial communities typically
exert control over their symbionts by harming or promoting
whole groups of microbes that occupy similar niches and
fulfill similar ecological functions (Foster et al., 2017; Douglas,
2018). For instance, different Hydra species express different
repertoires of antimicrobial peptides, and thereby support and
maintain a species-specific microbiota (Franzenburg et al., 2013).
Conversely, mammalian gut epithelial cells secrete complex
glycans (Sicard et al, 2017) that can serve as food for gut
Bacteroides species, and allow them to outcompete microbes
lacking the enzymatic machinery for glycan breakdown (Xu
et al., 2003; Pickard et al., 2014). While such broad-brush
mechanisms allow hosts to keep their microbiota “on a leash”
(Foster et al., 2017), they often cannot effectively target specific
symbiont species. For instance, hosts seem to modify the
structure of glycans in response to an immune challenge
(Goto et al., 2014), which has been shown to increase the
competitive ability of B. thetaiotaomicron, and thus indirectly
benefits the host (Pickard et al., 2014). However, this provisioning

does not allow for host control at the species level, as host
glycans can be used by multiple competing Bacteroides species
(Sonnenburg et al., 2010; Sicard et al., 2017). Notably, this
limited precision of host control, which is presumably an
unavoidable corollary of harboring a diverse microbiota, also
prevents hosts from selectively reciprocating to host-beneficial
cooperation by specific symbionts. In combination with strong
interspecific competition, this further undermines the scope for
host-beneficial cooperation among microbes.

Although symbioses with “complex” inner ecosystems are
thought to benefit, on average, both the hosts and their microbes,
they do not normally lead to strong (obligatory) dependencies
on specific partners. For instance, symbionts are typically well
adapted to general features of the animal habitat (Schell et al.,
2002; Ley et al., 2008b), but can often colonize multiple host
species (Ley et al., 2008a; Frese et al., 2011). Conversely, hosts
are typically not dependent on the presence of a specific
microbe, but instead seem to adapt to general cues of microbial
presence and/or common products of microbial metabolism.
This is likely because the (co)evolution of mutualistic host-
symbiont interactions, which form the basis for the origin of
strong mutual dependencies, are impeded by multiple hurdles.
First, strong interspecific competition impedes the evolution
of host-beneficial cooperation among the symbionts. Second,
the limited precision of host control further exacerbates this
impediment by preventing hosts from specifically reciprocating
to beneficial microbes. Moreover, limited host control leaves
room for stochastic effects, such that a specific symbiont species
will not be present in all host individuals and/or at all times
(Huttenhower et al., 2012). Finally, the evolution of mutualistic
host-symbiont interactions is impeded by the predominantly
horizontal transmission of symbionts. This is because horizontal
transmission includes an environmental step that leads to mixing
of symbionts (Browne et al., 2017; Bjork et al., 2019), which
further impedes the evolution of host-beneficial cooperation
among the microbes by decreasing their average relatedness
(Leeks et al., 2019). As a consequence of the overall limited
scope for mutual dependencies, host and symbiont fitness in
symbioses with “complex” inner ecosystems are often not well
aligned - a notion that is underscored by the frequent occurrence
of opportunistic pathogens in complex microbiota (Qin et al.,
2012; Wang et al., 2012).

Animals with “complex” inner ecosystems may gain only
limited benefits from individual symbionts, but the high diversity
of their microbiota also offers ample scope for the competitive
exclusion of pathogenic microbes, and thus reduces the hosts
risk of being manipulated (Foster et al, 2017; Johnson and
Foster, 2018). This is the case because, like symbionts investing
into costly host-beneficial behaviors, pathogenic microbes that
cooperate to manipulate their host put themselves at a
competitive disadvantage relative to other members of the
microbiota, and thus risk being outcompeted. Manipulation
is hence only expected to be favored if its benefits, such as
an increased transmission or resource supply, predominantly
fall back on the manipulator, a scenario that is most likely
to occur if symbionts manipulate their local environment and
face little competition from other symbionts (Johnson and
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Foster, 2018). Notably, pathogens and parasites of hosts with
species-rich microbiota often create a competition-free “simple”
inner ecosystem for themselves, either by temporarily replacing
competitors (e.g., Salmonella enterica; Ackermann et al., 2008;
Diard et al.,, 2013), or by occupying a competitor-free niche
(e.g., Toxoplasma gondii; Vyas et al., 2007; Prandovszky et al.,
2011). Some aspects of pathogenesis might hence be similar in
symbiosis comprising few versus many microbe species, with
harmful microbes exploiting — and potentially manipulating —
their host from competitor-free niches in both cases.

CONCLUSION

Microbes frequently interact with each other within or upon
their animal host, and a rapidly increasing number of studies
now shows that these interactions can have substantial effects on
host fitness. However, many of the factors that shape variation
in microbial interactions and their effects on host function
and evolution across different symbioses remain elusive. In this
review, we have summarized the known diversity of microbial
interactions, and argued that variation in their nature and
impact on the animal host is often determined by differences in
symbiont diversity.

The first part of our review shows that social interactions
characteristic for microbial communities in natural habitats also
occur in the microbiome (Figure 1), where they often mediate
key effects on host functioning and fitness. While intraspecific
microbial interactions often directly mediate key (nutritional
or defensive) services, interspecific interactions typically affect
the host indirectly through multipartite effects such as the
competitive exclusion of pathogens by resident symbionts. In
both cases, hosts may target symbiont interactions to exert
control over their microbiota.

The second part of our review focuses on the evolution
of animal-microbe associations and shows that the nature
and impact of microbial interactions often differs between
symbioses featuring only few versus many different symbiont
species (Figure 2). In particular, it shows that the low symbiont
diversity in symbioses with “simple” inner ecosystems allows
for both strong host control over specific symbionts, and
the evolution of cooperative behaviors among microbes
that mediate host-beneficial These conditions
increase the scope for coevolution, and thus ultimately
favor the evolution of host-symbiont dependencies. In
symbioses with “complex” inner ecosystems, on the other
hand, the high number of symbiont species leads to strong
interspecific competition and prevents hosts from exerting
strong control over specific symbionts. These conditions
render host-beneficial cooperation among the microbes
unlikely, and thereby limit the scope for coevolution
and the emergence of dependencies between the host and
specific symbionts.

Overall, our review provides a perspective on the evolution of
symbiosis that explicitly accounts for the occurrence and role of
intraspecific and interspecific interactions within the microbiota
across the whole taxonomical diversity of animal-microbe

services.

associations. Recent advances in the study of symbiosis have
revealed the key role of microbial interactions for microbiota
diversity and functioning (Kommineni et al., 2015; Chatzidaki-
Livanis et al., 2016; Rakoff-Nahoum et al., 2016; Wexler et al,,
2016); we hope that our perspective on the intricacies of the
social lives of microbial symbionts complements this trend by
raising awareness of the multifaceted nature of these interactions
in different symbioses.

We believe that the further development of this perspective
could follow three directions. First, it could involve studies
investigating microbial interactions in species with moderately
complex microbiota (such as those of honey bees; Bonilla-
Rosso and Engel, 2018). This direction could reveal where on
the continuum of microbiota diversity the dynamics shaping
microbial interactions in “simple” inner ecosystems segue into
those shaping highly “complex” inner ecosystems. Second,
it could involve studies investigating microbial interactions
across space, time, and varying conditions in wild animals
(Amato, 2013; Coyte and Rakoff-Nahoum, 2019). This direction
could reveal the stability of microbial interactions under
natural conditions, and thus shed light on the reliability of
their effects on the host. Finally, the further development
of this perspective could involve studies investigating how
interactions of animals with conspecifics affect - and are
affected by - social interactions among the microbiota. This
direction could most notably reveal the occurrence and nature
of reciprocal effects between animal sociality and symbiont social
interactions. In the light of these considerations, we believe
that we only started to uncover the multifaceted role of social
interactions within the microbiota for animal functioning and
(social) evolution.

GLOSSARY

e cooperation: a social behavior which provides a benefit
to another individual and which has evolved and/or
is currently maintained (at least partly) because of its
beneficial effect on the recipient.

e competition: a situation that arises when two or more
(con- or hetero-specific) individuals strive for the same
limited resource, resulting in immediate costs for all
individuals involved.

e predation: an interaction where one organism (the
predator) kills and consumes another organism (the prey).

e public goods: costly resources that benefit not only the
producer, but also other members of the population or
local community.

e symbiosis: a prolonged and close association between
organisms of two species.

e microbiota: a community of microbes associated with a
particular (e.g., host) environment.

e microbiome: the community of microbes plus the
particular (e.g., host) environment.

e pathogen: an organism that lives in or on another organism
(the host), at a cost to the latter, often with severe
consequences (disease) and for varying periods of time.
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e parasite: a eukaryotic organism that lives in or on another
organism (the host), at a cost to the latter, often for extended
periods of time.

e coevolution: reciprocal evolutionary adaptations in
different species, whereby adaptations in one party select
for adaptations in the other party.
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