
Microorganisms frequently live in dense and diverse 
communities, termed biofilms, which can be surface- 
bound or free-floating and are usually encased in a 
secreted polymer matrix1,2. Biofilms are indispensable to 
global biogeochemical cycling3,4 and the healthy func-
tioning of the microbiota of multicellular organisms5. 
By contrast, biofilms also cause antibiotic-tolerant  
infections6 and the destruction of surfaces and flow sys-
tems; they are therefore of great concern in medical and 
industrial settings7–9.

Biofilm-dwelling cells interact intimately and influ-
ence each other’s evolutionary fitness through social  
phenotypes10,11 (BOX 1). Many of these behaviours are sim-
ple forms of cooperation that benefit neighbouring cells, 
such as the secretion of nutrient chelators12,13, digestive 
enzymes14, surface adhesins15, wetting agents16, struc-
tural polymers17 and signalling molecules18. For example, 
outside human hosts, Vibrio cholerae forms biofilms on 
environmental particles of the structural polymer chitin, 
which it digests through communally beneficial chiti-
nases19,20. Diverse biofilm-dwelling bacteria also produce 
siderophores, which are low-molecular-mass com-
pounds that bind to and solubilize otherwise inaccessible 
iron, a frequently limiting nutrient in the abiotic envi-
ronment and within host organisms12,21. Owing to their 
cooperative and collective behaviour, biofilm-dwelling 
cells have substantial advantages compared with solitary 
cells, including an increased resilience against external 
threats and a higher efficiency in digesting complex 
nutrients20,22. Microorganisms are thus fundamentally 
social organisms, and their cooperative phenotypes are 
pivotal to how they affect the world around them.

Social interactions can also be competitive however, 
and cells within a microbial community should not be 
assumed to work together harmoniously11. Competition 

for limited space and resources is pervasive23,24, and 
many social phenotypes harm other strains and spe-
cies. Antibiotic secretion, the direct injection of toxins 
into adjacent cells, and mechanisms for displacing or 
suffocating neighbours all target competitors for elim-
ination and can substantially alter the composition of 
biofilms25–28. For instance, Pseudomonas aeruginosa 
engages in bouts of type VI secretion system (T6SS)-
mediated attack specifically in response to antagonism 
from other bacteria27,29. V. cholerae and Pseudomonas  
fluorescens produce extracellular matrix materials that 
give secreting cells a positional advantage over competi-
tors, which are physically displaced30,31 or cut off from 
nutrient access32.

The spatial arrangement of different strains and spe-
cies within biofilms strongly influences the relative fit-
ness benefits of cooperative and competitive phenotypes. 
By altering the reproductive rates of neighbouring cells, 
social phenotypes can cause compositional and struc-
tural changes in microbial communities, thus shaping 
their overall function and, in the case of pathogens, their 
virulence33–35. Therefore, to understand microbial com-
munities, we must consider the balance of cooperation 
and competition within biofilms, and how this balance 
influences their macroscopic properties. This goal poses 
great difficulties, as biofilms are complex, often hetero-
geneous systems that emerge from an interplay of many 
physical forces and local interactions among cells36,37.  
A growing body of theoretical and experimental liter-
ature has nevertheless begun to dissect the intricacy of 
biofilms and to identify general rules of cell–cell inter-
action within these structures. In this Review, we discuss 
key recent findings, focusing on the central importance 
of spatial structure for understanding and predicting 
microbial social behaviours.
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Microbiota
The community of 
microorganisms that live in 
association with a particular 
host organism (for example, 
the gut microbiota) or abiotic 
environment (for example, the 
soil microbiota).

Social phenotypes
Phenotypes that exert an 
effect (either positive or 
negative) on the reproductive 
output of other individuals and 
which evolved, in part, because 
of this fitness effect that they 
exert.

Spatial structure, cooperation 
and competition in biofilms
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Abstract | Bacteria often live within matrix-embedded communities, termed biofilms, which are 
now understood to be a major mode of microbial life. The study of biofilms has revealed their vast 
complexity both in terms of resident species composition and phenotypic diversity. Despite  
this complexity, theoretical and experimental work in the past decade has identified common 
principles for understanding microbial biofilms. In this Review, we discuss how the spatial 
arrangement of genotypes within a community influences the cooperative and competitive  
cell–cell interactions that define biofilm form and function. Furthermore, we argue that a 
perspective rooted in ecology and evolution is fundamental to progress in microbiology.
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Type VI secretion system
(T6SS). A mechanism for killing 
neighbouring cells by the 
extension of a phage-tail-derived 
structure to putatively 
puncture adjacent cells and 
deliver toxic effectors.

Dispersal
The process by which cells 
depart from a community, 
either individually or 
collectively. Dispersal can be 
active, in response to stresses 
such as nutrient limitation, or 
passive, owing to biofilm 
erosion by fluid flow.

Genetic drift
A change in allele frequency in 
a population due to random 
sampling of organisms across 
generations (for example, due 
to stochasticity in reproductive 
success).

Spatial structure and social interaction
Microbial communities can contain hundreds of strains 
and species, and we are only beginning to understand 
how and why different genotypes arrange themselves 
in space. Patterns of immigration can establish struc-
ture in nascent biofilms, as can spatial heterogeneity in 
environmental stress, predation, nutrient availability 
and suitable attachment sites (reviewed in REF. 38). As 
surface- adhered cells grow, divide and interact with each 
other, the structure of their community often changes 
(FIG. 1). For example, an initially disordered mixture of 
strains and species can become highly structured such 
that the final community contains large single-genotype 
patches that span many cell lengths (FIG. 1b).

In general terms, a social phenotype will be favoured 
or disfavoured by natural selection depending on its fit-
ness costs, its effects on other cells, and the genotypes of 
the affected cells (BOX 1). In biofilms, this last factor — the 
genotypes of those cells that are most strongly affected 
by a social phenotype — is highly influenced by spatial 
structure, because microbial social behaviours typically 
have the greatest effect on immediate neighbours10,39. 

The arrangement of cells in space is therefore crucial 
to whether competitive or cooperative interactions 
are advantageous in a given environmental context40. 
Understanding the spatial structure of biofilms and how it 
affects the evolution of social phenotypes (and vice versa) 
often requires specialized computational models (BOX 2). 
To summarize this technical literature with an intuitive 
guide, we consider three key scenarios of spatial struc-
ture within biofilms and their relationship to patterns of 
competitive and cooperative behaviour (FIG. 1).

First, cells may be dispersed at low density on a 
surface, such that they are essentially solitary (FIG. 1a). 
Although such an organization is crucial as an early 
phase of biofilm growth41, it generally disfavours the 
expression of social phenotypes, many of which are 
likely to have evolved to influence nearby neighbours. 
Second, at high population densities, biofilms can con-
tain segregated genetic lineages or, third, mixed lineages. 
Cooperative and antagonistic phenotypes can have the 
strongest impact on evolutionary dynamics when popu-
lation density is high enough for cells to affect each other 
through either direct contact or the release of diffusible 
substances. This Review focuses on such high- density 
conditions, in which cell lineages (that is, different 
mutants, strains and species) may be segregated, such that 
cells primarily interact with their own genotype (FIG. 1b), 
or mixed, such that several genotypes interact with each 
other (FIG. 1c). We first address how shifts between these 
spatial structures affect the evolution of cooperative and 
antagonistic phenotypes. We then examine how spatial 
structure influences the regulation of these social pheno-
types and how microbial social interactions can, in turn, 
feed back and alter population spatial structure.

Spatial segregation: benefits within genotypes. Owing 
to the constraint on movement that is common in bio-
films, clonal clusters can be generated passively — that 
is, without active aggregation among clonemates — as 
cells grow and divide. This phenomenon has been 
observed in silico, in vitro and in vivo30,42–44, and causes 
clonal patchiness as a function of surface colonization, 
division, death and dispersal rates45. Even when different 
strains or species are initially well mixed, populations 
that grow towards a limited nutrient pool often expe-
rience strong spatial bottlenecks as some cell lineages 
are cut off by the actively growing front. This process, 
referred to as gene surfing or spatial genetic drift, induces 
population subdivision into monoclonal sectors46 and 
has been documented in agar colonies of Escherichia 
coli46,47, Bacillus subtilis48, P. aeruginosa49, Saccharomyces 
cerevisiae46,50,51 and Dictyostelium discoideum52.

Spatial structure can be crucial for cooperation 
within species and the evolution of simple public goods, 
which many microorganisms require to take advantage 
of the nutrient reservoirs in their natural habitats. For 
example, pathogens and saprophytes exploit tissues that 
are composed of large polymers, which must be digested 
into soluble components by secreted enzymes before 
they can be imported and catabolized. Clostridium  
difficile uses secreted enzymes to digest host connective 
tissue53, and numerous bacteria produce exoenzymes to 

Box 1 | Social evolution: what is a ‘social’ phenotype?

The goal of social evolution theory is to explain phenotypes that evolved to exert fitness 
effects on individuals (the recipients) other than the organism expressing the phenotype 
(the actor). The field first developed in the context of animal behaviour, seeking to 
explain now-famous examples of behavioural interaction, such as self-sacrificial 
cooperation within honeybee societies and intense male–male competition among polar 
bears. However, it is now clear that social phenotypes are important in all living systems, 
including microbial communities. The key determinants of social evolution are the 
fitness costs of a phenotype to the actor, its fitness effects on recipients and the genetic 
identity of those recipients. The third factor is often phrased in terms of a relatedness 
coefficient, which refers broadly to the genetic similarity of an actor and a recipient, 
relative to the population average63,66,67,155. In asexual microorganisms, the effects of 
relatedness can often be reduced to a simple genotypic view of microbial interactions:  
if interacting cells have the same genotype at the locus that defines a social trait, then 
cooperative interaction is favoured, but if they are of a different genotype at that locus, 
then competition is usually favoured75. Cooperation can evolve between different 
genotypes, and particularly between different species that do not compete for 
resources, but the conditions for such evolution are more restrictive than those  
for cells of one genotype93,156.

An important limitation to the social evolution approach is that, by design, it can only 
explain and predict phenotypes that evolve because of their social effects on recipients. 
It is not always easy to empirically resolve the distinction between social phenotypes 
that have evolved specifically to influence other individuals and asocial phenotypes that 
incidentally affect other individuals. However, there are some common signatures of 
social phenotypes. Social phenotypes are often energetically costly, such that they incur 
a net negative fitness effect if they are expressed in the absence of target recipients11. 
For example, a bacteriocin-secreting strain suffers a net fitness loss from bacteriocin 
secretion if there are no susceptible cells in the vicinity. By contrast, in all communities, 
individuals coincidentally influence each other’s fitness owing to asocial traits that 
evolved without regard to their effects on conspecifics and heterospecifics. In microbial 
groups, this phenomenon can manifest as one strain that produces a metabolic waste 
product that may benefit (for example, by providing a new nutrient source) or harm (for 
example, by changing environmental pH) other strains. The secreting strain benefits 
from releasing its waste product regardless of whether other cells are affected. Although 
such accidental effects on other genotypes can be important for our understanding of a 
given community and they may precede the evolution of social phenotypes, they are not 
formal examples of cooperation or antagonism. Social evolutionists like to compare 
plants and pollinators with elephants and dung beetles: plants evolved to make nectar 
cooperatively because of the return benefits from pollinators, whereas elephants did not 
evolve to make dung for beetles.
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Public goods
Substances that are secreted 
into the extracellular space 
that provide a benefit to other 
cells in the vicinity.

Cheating mutants
Genotypes that gain a relative 
fitness advantage by receiving 
the benefits of an evolved 
cooperative trait of other 
genotypes, such as a public 
good, without contributing to 
the cooperative interaction 
themselves.

digest cellulose54,55, which is a ubiquitous plant structural 
compound. The nutrients that are released by the activ-
ity of extracellular enzymes are potentially available for 
uptake by nearby cells, a principle that extends to other 
secreted compounds, including nutrient chelators and 
communal adhesins12,21,33,56,57. These behaviours result 
in public goods dilemmas: public good-producing cells 
can be exploited by cheating mutants18,58. The produc-
tion and exploitation of public goods have been most 
heavily explored in laboratory settings, but recent work 
suggests that they also have a role in clinical59,60 and nat-
ural environments21. A bioinformatic and phylogenetic 
analysis of natural Vibrio spp. populations revealed fre-
quent loss of genes for the production of iron-chelating 
siderophores, but no loss of the corresponding cognate 
receptors, which is consistent with a producer–cheater 
dynamic for siderophore secretion21.

When secreted cooperative compounds are costly 
to produce, their evolutionary fate is determined by 
whether or not they benefit clonemates rather than 
competing strains and species10,14,39,61. This will depend 
on how far the secreted public good travels, which is 
affected by its production, its transport by advection 
and diffusion, its uptake and its decay10,39,61,62. When 
the spatial scale of public goods sharing is similar to the 
spatial scale on which clonal clustering occurs, public 
goods dilemmas can be resolved14,39,61,63,64. Therefore, 
clonal clustering tends to promote the evolution of 
public good production10, as long as the public good 
does not rapidly diffuse throughout the system20,65. The 
logic of this prediction dates back to the birth of social 

evolution as a field and was originally conceived with 
animal behaviour in mind66,67, but it is also upheld for 
microbial systems with cooperative phenotypes68. For 
example, in V. cholerae biofilms that are growing on 
chitin particles20, which the bacterium digests using 
secreted chitinases, the production of the extracellular 
digestive enzymes is more strongly favoured as clonal 
cluster size increases. Similarly, competition experiments 
that were carried out on agar plates have shown that 
siderophore secretion by P. aeruginosa is more strongly 
favoured as agar concentration is increased, because this 
decreases public good diffusivity and limits the receipt  
of cooperative help to neighbouring clonemates64,69. 
When P. aeruginosa is grown on glass, siderophore 
exchange becomes limited to direct neighbours; in com-
bination with clonal clustering, this strategy largely pre-
vents exploitation by cheating mutants70. Finally, recent 
work using colonies of B. subtilis showed that stronger 
cell lineage segregation promotes the secretion of an 
extracellular polymer that cooperatively helps cells to 
spread along agar surfaces48,71.

Computational simulations of biofilm growth 
(BOX 2) predict that the lineage segregation that occurs 
in expanding populations can favour behaviours that  
benefit neighbouring cells, because this segregation gen-
erates clonal clusters that are large relative to the scale 
of diffusion of cooperative secreted compounds39,44,52 
(FIG. 2a). This prediction is supported by experiments 
that use different cooperative phenotypes and model 
organisms, including yeast50 and bacteria48,49,72–74 
(FIG. 2b). By contrast, the clonal clustering that emerges 
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Figure 1 | Spatial structuring in microbial biofilms and its influence on the evolution of social phenotypes. Cells of 
the same colour represent distinct cell lineages (that is, different species or different strains within a species). a | When cells 
are solitary on a surface, their social phenotypes are often downregulated owing to the absence of suitable targets for 
either cooperative or antagonistic interactions. There are notable exceptions to this pattern, including the secretion of 
extracellular matrix components145 and aggregative surface motility161. b | When biofilms contain segregated genetic 
lineages at a high population density, cooperative public goods are often favoured, because neighbouring cells (which are 
often most strongly affected by social phenotypes) are almost exclusively clonemates. c | When biofilms contain mixed 
lineages at a high population density, interactions are expected to be predominantly antagonistic, although interstrain 
commensalism or mutualism is also possible. Whether biofilms transition from initial surface colonization by solitary cells to 
a high-density segregated or mixed state depends on numerous factors, but lineage segregation can occur by default as 
cells divide while spatially constrained. Segregation is further strengthened by spatial bottlenecks that are caused by 
limited growth along an advancing front, or by mechanisms that support mother–daughter cell attachment. Populations 
can be shifted towards lineage mixture by physical perturbation, spatially homogeneous growth rates, diffusive cell 
movement, rapid population turnover due to migration, and mutualistic cross-feeding interactions. Finally, high-density 
biofilms can be reverted to sparse groups of solitary cells by dispersal or disturbance events that remove or destroy most  
of the population.
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Ecological productivity
The total biomass produced by 
a strain or species in a given 
environmental setting

spontaneously owing to spatial genetic drift can destabi-
lize cooperation between different strains or species by 
separating the mutually beneficial partners from each 
other68 (see below).

Many complementary studies to date show that the 
spatial segregation of cell lineages in biofilms increases 
the frequency of interactions between cells of the same 
genotype; generally speaking, these conditions favour 
investment into cooperative behaviours that heighten 
the ecological productivity of clonal patches and, as a 
result, the biofilm as a whole.

Spatial mixing: conflicts between genotypes. Although 
clonal clustering occurs readily in biofilms owing to 
limited movement, it is not universal. Cell lineages may 
become spatially mixed for many reasons, including 
frequent dispersal and recolonization, diffusive cell 
motility and homogeneous nutrient abundance44. When 
several strains and species encounter each other often, 
the default expectation is that competitive phenotypes 
will predominate, as the primary action of natural selec-
tion is to favour genetic lineages that benefit themselves 
more than others66,67,75–77. Such competition has led to the 
evolution of diverse competitive strategies, which range 
from rapid growth and resource acquisition78 to the use 
of adhesion and matrix production to seize nutrient-rich 
locations within biofilms31,79 (see below). One of the 
most common modes of intermicrobial competition is 
the secretion of broad-spectrum and narrow-spectrum 
toxins, coupled with privatized antitoxins that prevent 
self-poisoning.

The production of antibiotics in general, and of 
bacteriocins in particular, is widely documented in 
microorganisms25 and has been studied for some time  
in the theoretical ecology literature80. Although it has 
been suggested that antibiotics can function as cooper-
ative signals between species at subinhibitory concentra-
tions, the evolutionary basis for this idea is unclear, and 
parsimony suggests that the primary role of antibiotics is 
to kill competitors77,81,82. Most simply, antibiotics — and 
other secreted toxins — benefit the lineages that have 
toxin resistance by eliminating cells that do not. Lysed 
neighbours may also be directly exploited for raw mate-
rials, including their genetic content83. Theory predicts 
that microbial toxins will be most strongly favoured 
when competition for resources is localized and compet-
ing cell lineages are moderately well mixed in space34,84,85. 
When community mixture is too high, the density of 
each toxin-secreting strain may be too low to launch 
an effective attack. By contrast, when communities are 
clonally segregated, there may be no susceptible cells 
of other genotypes in the vicinity for toxin secretors to 
target. Indeed, simulations and experiments show that 
when cell lineages are segregated, toxin-sensitive species 
readily coexist with or even outcompete toxin-secreting 
species within the same biofilm47,80,85–87 (FIG. 2c,d).

Whereas classic bacteriocins and other antibiotics 
are exported into the extracellular space25, other toxins 
are directly secreted into or onto neighbouring cells by 
type V secretion systems (T5SSs; responsible for contact- 
dependent inhibition) or by T6SSs. Bacteroides fragilis, a 
common symbiont of the gut microbiota, uses T6SSs 
to compete and persist in the mammalian intestine 
in a manner that is predicted to be dependent on spa-
tial genotype mixing88. The opportunistic pathogen 

Box 2 | Individual-based modelling of biofilms

The formation of biofilms involves many processes, including cell–surface and cell–cell 
adhesion, physical shoving among cells as they grow and divide, solute diffusion, bulk 
fluid transport, shear forces that are exerted by local flow, cellular secretion of various 
compounds into the extracellular space, and biofilm matrix rheology37. Developing 
predictive theory for biofilm behaviour and community dynamics is difficult, but 
engineers have progressed this field using specialized individual-based simulation 
techniques157,158. These techniques implement idealized microorganisms as 
independent agents that respond to their local microenvironment, which is continually 
modified by cells as they consume and secrete different solutes or extracellular matrix 
polymers. Environmental heterogeneities are tracked by iteratively solving reaction–
diffusion equations that describe solute concentration gradients in relation to bulk 
transport and consumption or secretion within the community. This approach is 
powerful for exploring questions about biofilm structure and composition, and the 
results are often supported experimentally.

Over the past 10 years, spatial biofilm simulations have been co‑opted for the study of 
evolution in microbial communities. The first study of this kind159 suggested that spatial 
structuring in biofilms could promote the evolution of metabolic strategies that 
maximize biofilm ecological productivity instead of individual growth rate. Other groups 
have since used related methods to explore questions that concern the boundary 
between biofilm microbiology and social evolution; the table below depicts the 
chronology of this field, along with a growing body of empirical support for the key 
predictions.

Summarized predictions Theory 
(references)

Experiments 
(references)

Spatial structuring in biofilms favours 
yield-maximizing metabolic strategies with 
group-level benefits

159 No direct tests

Secreted matrix provides cell lineages with greater 
access to locations with higher nutrient availability

79 30,32

Quorum sensing-mediated regulation of matrix 
secretion fine-tunes a trade-off between biofilm 
competition and dispersal

113 No direct tests

Genetic drift in expanding cell groups is 
proportional to the width of their active layer; 
spontaneous lineage segregation favours the 
evolution of diffusible public goods as a function of 
population structure and public goods transport

10,44,62 48–50,52,72

Bacteriocin secretion is favoured when lineages 
are mixed and nutrient competition is local; 
toxin-sensitive strains can coexist with or 
outcompete secretors under conditions that lead to 
segregation of different cell lineages

47,85,87 47,86,87

Competition with other species can socially insulate 
cooperators against cheating; lineage mixing 
favours the evolution of mutualistic secretion 
behaviours, whereas segregation does not

68 51,95

Cross-feeding and detoxification mutualisms both 
induce spatial mixing of mutualists

68,94,102 102

Self-organized mixing of cross-feeding mutualists 
can protect them against invasion by cheating 
strains

68,95,128 95,128

Host-supplied nutrients can select strongly for 
microorganisms at the epithelium

160 No direct tests

Cells with higher cell–surface and cell–cell adhesion 
properties can physically displace less-adhesive 
strains from biofilms and outcompete them

31 31
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Antibiotics
Molecules that are produced 
by various microorganisms and 
act as toxins against other 
microorganisms; some 
antibiotics have been co-opted 
as pharmaceuticals for the 
treatment of microbial 
infections.

Bacteriocins
Antibiotics that are produced 
by bacteria and specifically 
target other bacteria. 
Bacteriocins often occur as 
toxin–antitoxin pairs that are 
encoded on the same plasmid 
or in the same genomic 
neighbourhood.

Contact-dependent 
inhibition
A mechanism of inhibiting the 
growth of neighbouring cells by 
the extension of a helical 
structure to contact target cells 
and deliver toxic effector 
molecules.

Syntrophic relationships
Interactions in which one 
species benefits by using the 
product of another as a 
nutrient source; the producing 
species may in turn benefit 
from the removal of this 
product.

Proteus mirabilis expresses a T6SS along with the motil-
ity machinery that is required for collective move-
ment on agar surfaces, and thus deploys a pre-emptive 
attack against susceptible competitors as it prepares to 
migrate89. This behaviour maintains the clonal structure 
of a growing cell cluster; in fact, many social phenotypes 
have a strong reciprocal influence on spatial structure 
(see below).

Spatial mixing: benefits between genotypes. Although 
microbial antagonism is common, spatial population 
mixing can enable cells to receive benefits from other 
strains or species68 (FIGS 1c,2e−h). In the simplest cases, 
such benefits are unidirectional: cells of one genotype 
release a factor that benefits another genotype, receiving 
nothing in return. For example, Bacteroides spp. digest 
host-ingested polysaccharides and excrete acetate as a 
metabolic waste product. The excreted acetate is used as 
a carbon source by other members of the microbiota that 
do not, as far as we know at present, produce anything 
useful in return90. When the released factor is costly to 
produce (that is, if it is not a waste product; see BOX 1), 
the recipient of such unidirectional benefits is essentially 
a cheating strain, as discussed above.

A recently introduced idea that is qualitatively similar 
to cross-species cheating is that of black queen evolu-
tion: one species survives the loss of a catabolic capacity 
because another species in the vicinity leaks comple-
mentary metabolites into their shared environment91. 
This process is thought to have occurred for the marine 
bacterial group ‘Candidatus Pelagibacter ubique’, which 
depends on reduced sulfur that is released by cohabit-
ing microorganisms92. Cheating and black queen effects 
both depend on a cell density that is high enough to 
generate usable concentrations of the exchanged com-
pound, and on a sufficiently mixed community struc-
ture in which recipient cells can access the compounds 
released by producers93,94.

Spatial mixing of cell lineages also enables reciprocal 
benefits and the evolution of cooperation between spe-
cies68,94,95 (FIG. 2e−h). A potential evolutionary trajectory 
to such mutualisms is through syntrophic relationships96 in 
which a secreted waste product of the first species renders 
one of its core metabolic reactions thermodynamically 
unfavourable. If this waste product is absorbed and used 
as a nutrient source by a second species, the second species 
can help the first species to grow94. Such an interaction 
occurs within oil-degrading microbial communities: the 
recently sequenced species Desulfatibacillum alkenivorans 
metabolizes alkanes when paired with Methanospirillum 
hungatei JF-1, which absorbs the hydrogen and formate 
that are produced by D. alkenivorans as a result of this 
metabolic process97. This form of exchanged benefit can 
occur whenever two species with complementary pre-
evolved metabolic profiles are in close proximity, and it 
is particularly evolutionarily stable because it does not 
require either species to pay a cost for the sake of the other.

In principle, between-species cooperation that 
requires costly investment from each party may also 
arise, including cross-feeding partnerships whereby 
metabolites that are produced by one species mitigate the 

auxotrophy of another, and vice versa98. Several groups 
have constructed synthetic obligate mutualisms, includ-
ing a pair of E. coli amino acid auxotrophs that comple-
ment each other when cultured together99. Recent work 
has also found evidence for evolved cooperation between 
Bacteroides spp. in the human gut100, but the wider prev-
alence of cooperation between species remains to be 
determined. Importantly, both cross-feeding and syn-
trophy can also represent commensalism or even mutual 
exploitation, depending on by-product consumption 
rates and the extent of interspecific competition among 
interacting partners93,101. Theory and experiments with 
synthetic systems agree that some mixing of cell line-
ages is essential for mutualisms to evolve68,94,102 (FIG. 2f–h).  
By contrast, theory suggests that overly homogeneous 
mixing can undermine mutualistic interactions by 
exposing them to cheating genotypes, or to passive geno-
types that ‘socially insulate’ mutually beneficial partners 
from interacting with each other51,68,93.

In summary, spatial mixing of genotypes can favour 
strong antagonism, as is widely seen in antibiotic war-
fare, but it also enables dependencies to evolve between 
strains, whereby one strain uses the beneficial products 
of another. Under specific conditions, these dependen-
cies may further evolve into mutualistic cooperation, 
although the spatial mixing of many different genetic 
lineages can lead to cheating and social insulation, and 
can thus compromise between-genotype cooperation.

Regulation of social phenotypes
Above, we discuss cooperative and competitive traits 
within biofilm communities under the assumption that 
these traits are constitutively expressed. However, social 
phenotypes are often strictly regulated in response to 
biotic and abiotic inputs. The evolution of these regu-
latory strategies depends on how the reproductive costs 
and benefits of a particular trait change as a function of 
the chemical and biological environment of a cell.

Reducing the reproductive cost of social phenotypes 
(that is, minimizing their negative effect on survival 
and division rates) is one of the broadest principles that 
underlies their regulation. For example, P. aeruginosa 
regulates the synthesis of the iron-scavenging molecule 
pyoverdin depending on iron availability in a manner  
that minimizes its marginal production cost103,104. 
Pyoverdin is durable over several bacterial generations; as 
the compound accumulates locally, P. aeruginosa reduces 
its investment into pyoverdin, thus decreasing the 
trans-generational cost of production104,105. P. aeruginosa 
also secretes copious rhamnolipid surfactants, which are 
thought to improve motility and resource acquisition at 
the edge of expanding colonies. Although the production 
of rhamnolipids involves substantial resource allocation, 
its mode of regulation has little negative impact on the 
cell division rate, as rhamnolipids are synthesized only 
by cells with access to more carbon than they need for 
growth16. This strategy of metabolic prudence seems to 
apply to many secretion phenotypes16,106.

In addition to reducing the cost burden of social traits, 
their regulation can increase the likelihood that their 
associated fitness effects are delivered to the appropriate 
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target cells. As discussed above, the evolutionary fitness 
consequences of a particular secretion phenotype depend 
heavily on the presence and genetic identity of other cells 
nearby. Consequently, natural selection might favour 
regulatory networks that predict both the density and 
identity of cells in the vicinity107 — that is, networks that 
differentiate between the population structure scenarios 
described in FIG. 1. Cells sense various signals to distin-
guish biofilm spatial structures, including environmental 
stressors and molecules that correlate with cell density.

Many cooperative secretion phenotypes are controlled 
by quorum sensing, a microbial regulatory mechanism 
that involves the secretion of and response to diffusible 
molecules termed autoinducers108,109. Quorum sensing 
is typically considered to be a means of assessing local 
cell population density and monitoring fluid transport  
processes in the immediate environment110–112. Biofilm 
modelling and experiments with V. cholerae in micro-
fluidic devices indicate that quorum sensing could also 
be used to fine-tune the timing of extracellular matrix 
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secretion, as the matrix confers an advantage in compe-
tition for limited space but reduces dispersal ability30,113. 
Quorum sensing and the phenotypes that it regulates are 
themselves susceptible to exploitation by mutants that 
either do not produce or do not respond to autoinducers, 
as has been observed in vivo for P. aeruginosa33. However, 
biofilm simulations indicate that quorum sensing might 
act to predict when clonal patches occur along cell group 
fronts, enabling cells to time the secretion of public goods 
to avoid exploitation114.

Quorum sensing has also been found to regulate 
competitive traits, including the production of bacteri-
ocin by Streptococcus spp.115,116 and Lactobacillus spp.117. 
This is consistent with the hypothesis that toxin-secreting 
strains can mount effective attacks only at a sufficiently 
high cell density or under restricted fluid transport con-
ditions107. Regardless of their population density, toxin 
secretors cannot gain a net benefit from their antagonistic 
behaviour without the presence of susceptible target cells. 
Toxin secretors can detect nearby target cells by sensing 
many other diffusible cues that are not canonical quorum 
sensing autoinducers but still correlate with population 
density107,118. For example, P. aeruginosa releases the toxin 
pyocyanin in response to N-acetylglucosamine that is 
shed from the cell walls of Gram-positive bacteria119.

Another mechanism for detecting the presence of 
competitors is through the stresses they induce when 
they are in close proximity. Such ‘competition sensing’ 
can manifest as a response to nutrient limitation or, per-
haps more reliably, to cell damage107. One potentially 
general way to detect cell damage is through reactive 
oxygen species, which occur in E. coli cells in response 

to T6SS-mediated aggression and antibiotic treatment120. 
In support of the competition sensing idea, the secretion 
of antibacterial toxins is indeed commonly upregulated 
after the recognition of stresses that are associated with 
competitors (for example, starvation or cell wall degra-
dation), but not stresses that are strictly abiotic in origin 
(for example, heat or osmotic shock)107. For instance, 
the P. aeruginosa T6SS is activated following hetero-
logous T6SS attack from V. cholerae and Acinetobacter 
baylyi 29. Biofilm formation itself also seems to be a 
response to competition sensing77. Increasing evidence 
suggests that biofilm production confers a competitive 
advantage to matrix-secreting strains30–32,79, and natural 
isolates of P. aeruginosa upregulate biofilm production 
after encountering bacteriocins that have been secreted 
by competing cells77. A recent study suggested another, 
similar mechanism of competitor detection: P. aeruginosa 
upregulates the T6SS after detecting the solutes released 
by lysed clonemates121. This gives rise to the intriguing 
idea that bacteria can sense when clonemates have been 
killed by competition in the vicinity and can respond 
accordingly (an example of ‘danger sensing’)118.

Collectively, these studies show that bacteria experi-
ence highly variable chemical and social environments, 
and that their regulatory networks have evolved to 
respond to this complexity. The upregulation of social 
traits is a function of their fitness costs, their benefits, 
and whether there are cells in the environment, be they 
friend or foe, that can be targeted appropriately.

Social interactions alter population structure
The spatial arrangement of different genotypes within 
microbial communities is central to the evolution of 
cooperative and antagonistic phenotypes and their regu-
latory patterns. Importantly, these social phenotypes also 
feed back and influence the arrangement of genotypes 
within biofilms. These feedback mechanisms fall into two 
general categories. First, any of the cooperative or com-
petitive phenotypes discussed above can modify the fit-
ness of neighbouring cells, thereby changing population 
structure by increasing or decreasing the local abundance 
of different strains (FIG. 3). Second, many microorganisms 
can modify their interaction neighbourhoods through 
adhesion-driven spatial assortment or the secretion of 
matrix components that organize biofilm architecture.

Fitness modification. Ecologists and evolutionary biol-
ogists have long recognized that social interactions 
influence population structure by locally altering repro-
ductive rates122–124, and theoretical and experimental 
work has demonstrated that the same principle applies 
for microorganisms (BOX 2). For example, public good 
secretion together with restricted movement and nutri-
ent limitation within a biofilm can lead to patches of a 
single genotype44,68,125. This is partially an amplification of 
the structure that is caused by limited dispersal. In addi-
tion, biofilm growth is often limited to individuals on the 
advancing edge of a cell group, such that the reproduc-
tive fitness of a cell depends strongly on its proximity to 
the biofilm front126. Theory has shown how public good 
secretion can enable a cooperative genotype to grow 

Figure 2 | Simulations and experiments exploring social phenotypes in biofilms. 
a,b | Cell lineage segregation on the front of expanding cell groups enables cells  
that secrete public goods (red) to gain a competitive advantage and outcompete 
non-secreting cells (green). This was first predicted using biofilm simulations44 (part a) 
and was verified by several studies, including a public goods system (part b) using 
wild-type cells (red) and invertase-null mutants (non-producing cells; green) of 
Saccharomyces cerevisiae50. c,d | Biofilm simulations (part c and left image, part d) 
illustrate the potential for coexistence between toxin-secreting cells (black) and 
susceptible cells (orange) when cell lineages segregate in space. The simulations in part c 
also show quiescent, nutrient-deprived cells in grey. The study depicted in part d47 also 
includes resistant but non-toxin-secreting cells (teal) and experimentally verified the 
model of coexistence in the left image by using bacteriocin-secreting (unlabelled and 
thus appearing black), bacteriocin-sensitive (orange), and non-secreting but bacteriocin- 
resistant (teal) strains of Escherichia coli (right image, part d). e,f | Simulations68,94,95,102 
predict that mutually beneficial strains spatially segregate on expanding fronts when 
mutualism is weak relative to competition (part e; mutually beneficial strains are shown 
in yellow and blue; non-producers are shown in green). This prediction is borne out in 
experiments with synthetic yeast strains (yellow and blue), which do segregate over time 
when mutualism is negligible relative to competition51. g,h | When mutualism is strong 
relative to competition, simulations (part g) predict that mutually beneficial strains 
(yellow and blue) spatially assort together and exclude non-producer strains (green)68. 
Spatial mixing of beneficial genotypes and exclusion of non-beneficial genotypes has 
been demonstrated experimentally51,95,102 (part h; colours are as in part g). Part a is 
adapted from REF. 44. Part b is reproduced with permission from REF. 50, Elsevier. Part c  
is adapted with permission from REF. 85, © 2011 by The University of Chicago. Part d is 
adapted from REF. 47, Royal Society. Parts e and g are adapted with permission from 
REF. 68, National Academy of Sciences. Part f is reproduced with permission from REF. 51, 
National Academy of Sciences. Part h is adapted from REF. 95. The colour schemes in 
panels a, c, d, e, g and h were altered from the original to facilitate comparison.
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Flocculation
Aggregation of yeast cells to 
form large multicellular groups 
that precipitate from liquid 
cultures and exhibit 
heightened stress tolerance.

locally, expand, and propel itself to the colony front at the 
expense of other strains in the vicinity44. This effect cuts 
off non-cooperative cell lineages from further access to 
nutrients, which prevents them from replicating for the 
duration of biofilm growth10,44 (FIGS 2a,3c). In a recent 
study, co-inoculation of wild-type S. cerevisiae and an 
invertase-null mutant on agar surfaces provided direct 
support for this prediction50 (FIG. 2b). Invertase digests 
sucrose into glucose and fructose, both of which can dif-
fuse away from the cell and act as public goods. When the 
two strains are mixed and spotted on agar, clonal cluster-
ing occurs spontaneously owing to spatial genetic drift, 
enabling wild-type invertase secretors to preferentially 
benefit their clonemates. Clusters of invertase secretors 
expand more rapidly than clusters of cheating mutants 
and eventually dominate the entire colony front50.

Antagonistic and mutualistic interactions also 
strongly affect the distribution of genetic lineages within 
biofilm communities. For example, bacteriocin pro-
duction and T6SS expression can destroy susceptible 

competitor cells in the vicinity. Some of the earliest 
experiments that explored antagonistic interactions 
among bacteria growing on agar surfaces showed local 
clearance of susceptible cells by bacteriocin-secreting 
E. coli 127. Consequently, interstrain antagonism can 
increase genetic segregation by locally eliminating 
all but one cell type85. This finding has the interesting 
implication that toxin secretion, by reducing the local 
abundance of other genotypes, breaks down the well-
mixed population structure that favoured this secretion 
in the first place (FIG. 3a). It is perhaps not surprising then 
that bacteriocidal toxin secretion is often tightly regu-
lated based on the cues of competitors in close proximity  
(see above).

Mutualistic and commensal interactions between 
strains or species can have the opposite effect to toxin 
secretion; theory predicts that lineage mixture increases 
specifically among those cell lineages that benefit from 
each other’s presence68,94,95,102,128 (FIG. 3b). Mutualistic cell 
types grow faster in proportion to their proximity and 
can become entangled as they divide, which can spatially 
exclude potential cheating strains that do not contrib-
ute to the mutualism68,95,102,129. This theoretical predic-
tion was first experimentally verified using strains of  
S. cerevisiae that were engineered to behave as obli-
gate mutualists, including an adenine-secreting lysine 
auxo troph, a lysine-secreting adenine auxotroph and 
a cheating lysine auxotroph95,102. In liquid culture, the 
cheating strain can exploit the two mutualists, but on solid  
surfaces, colonies of the two mutualistic strains spontane-
ously interdigitate, spatially excluding the cheating strain 
and obtaining a collective competitive advantage (FIG. 2g,h).

Adhesion and matrix secretion. Given the strong links 
between spatial structuring and the outcome of compet-
itive dynamics for social phenotypes, it is not surprising 
that microbial species have evolved strategies to directly 
influence population structure. Such active structuring 
can serve at least two complementary functions. First, 
it can enable cells to bias their interactions towards 
preferred partners of the same or other genotypes. 
Second, it can enable cell lineages to collectively alter 
their location within biofilms and gain optimal access to 
limited resources.

Many examples of genotypic assortment are now 
known in microorganisms and can evolve rapidly in 
laboratory settings130. In this Review, we focus on exam-
ples that are most relevant to biofilm-like growth (see 
REF. 131 for a broader discussion). Different cell lineages 
of Neisseria gonorrhoeae can self-assort from initially 
mixed populations owing to variation in the density 
and chemical properties of cell surface pili132. The yeast 
S. cerevisiae associates with cells of the same genotype 
by flocculation under physical and chemical stresses133. 
The resulting flocs, similar to bacterial biofilms, are far 
more resistant to various environmental assaults than 
individual cells. Yeast cell aggregation is dependent on 
the expression of flocculation protein 1 (Flo1), a surface 
protein that binds to the cell wall of other cells. Cells 
that lack Flo1 are predominantly omitted from flocs and 
killed under stressful conditions. In the vernacular of 

Nature Reviews | Microbiology

Antagonism

Mutualism Public goods

a

b c

+ +
+ +

+

Figure 3 | The influence of social phenotypes on the spatial structure of biofilm 
communities. Cells of the same colour represent distinct cell lineages (that is, different 
species or different strains within a species). a | From an initially well-mixed population, 
antagonistic phenotypes, such as the secretion of toxins or the expression of the type VI 
secretion system, can eliminate susceptible cells in the vicinity, culling the population to 
one genotype. b | Mutualistic cell lineages tend to become entangled, as their growth rates 
are proportional to their spatial proximity. This can result in spatial mixing of the mutualists 
and exclusion of cheating or non-interacting third parties. c | If populations contain limited 
early clonal clustering (for example, clustering caused by spatial constraint or spatial 
genetic drift), then cells that secrete public goods can preferentially benefit nearby 
clonemates (as these cells are closer), which proliferate more rapidly than neighbouring 
lineages and thus cut these lineages off from the actively growing front of the biofilm.
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Greenbeard gene
A gene (or a set of closely 
linked genes) that is responsible 
for both an identifying 
phenotypic trait and a 
cooperative behaviour that 
targets that identifying trait, 
ensuring that the greenbeard 
gene bearer preferentially 
benefits other bearers of the 
greenbeard gene.

social evolution, Flo1 is a greenbeard gene that identi-
fies copies of itself in other cells and selectively confers a 
cooperative benefit to them134.

Cells can also increase their chances of residing next 
to clonemates simply by remaining attached to their pro-
genitors following cell division. Such mother–daughter 
cell adhesion is pronounced in several facultatively 
unicellular prokaryotes and eukaryotes, and it is widely 
thought to be a primary driver of evolutionary transitions 
to multicellularity135–137. Natural strains of S. cerevisiae 
form small multicellular clonal clumps, and laboratory 
strains that lost this phenotype during domestication can 
re-evolve it rapidly138,139. Moreover, clusters of yeast cells 
can use cooperative digestive enzymes more efficiently 
than single cells, which lose most digestion products to 
advection and diffusion139,140. Similarly, bacteria con-
trol their population structure using surface adhesion 
strategies and even their cell shape. Numerous species, 
such as Anabaena spp. and Streptomyces spp.137, undergo 
incomplete cell division to produce multi cellular  
filaments or clusters that confer protection against 
environmental stresses, especially predation by protists 
and the phagocytic cells of host immune systems141.  
The lake-dwelling bacterium Caulobacter crescentus 

exploits its curved shape and a surface-adhesive polar 
holdfast to increase the likelihood that daughter cells are 
deposited onto substrata directly adjacent to mother cells 
under fluid flow. This behaviour creates a foundation on 
which clonal microcolonies are subsequently built142.

The secreted matrix, a ubiquitous and defining fea-
ture of biofilms, has a central role in organizing local 
and global biofilm architecture143 as well as the spatial 
arrangement of cell lineages2,17,144. Shortly after initiating 
biofilm growth, V. cholerae secretes the matrix protein 
RbmA to enforce tight binding of mother and daughter 
cells to each other and to the surrounding polysaccha-
ride matrix145. Moreover, cell clusters bound by RbmA 
are protected from invasion by cells in the surrounding 
planktonic phase, promoting local genetic similarity 
within the biofilm146,147.

In addition to genotypic assortment, a second and 
parallel function of matrix-driven population structur-
ing is to achieve favourable spatial positions within a 
biofilm community relative to competitors. Individual-
based modelling (BOX 2) has identified at least two ways 
by which cell lineages can improve their spatial position 
in such contexts (FIG. 4). Secreting extracellular matrix 
can expand cell cluster volume more rapidly than cell 
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Figure 4 | Effects of structural matrix secretion on competition in 
biofilms. a | Simulations79 first predicted that if extracellular matrix 
(yellow) were spatially retained by secreting cells (red), this would  
enable producer cell clusters to expand in volume more rapidly than 
non-producing cell clusters (blue), thus propelling the producing cells 
into regions of higher nutrient availability. b,c | This prediction was 
experimentally confirmed32 in laboratory evolution experiments with 
Pseudomonas fluorescens. When wild-type cells (green) are inoculated on 
agar, mutants (red) consistently emerge that hyper-secrete matrix relative 
to wild type. Part b shows a top-down fluorescence micrograph of the 
colony, and part c shows a confocal 3D reconstruction of a segment of an 
agar colony. d | Experiments using biofilms grown in microfluidic 

chambers30 demonstrated that matrix-secreting pathogenic Vibrio cholerae 
cell clusters (red) also expand in volume over time and gain a competitive 
advantage against isogenic non-secretors (blue); here, we have re-analysed 
the published experimental data and rendered these results using 
single-cell biofilm imaging techniques introduced in REF. 143. This 
system supports additional simulation predictions31 that indicate that 
cell–cell and cell–surface adhesion can enable matrix-secreting cells to 
physically displace competitors from surfaces. Part a is adapted with 
permission from Xavier, J. B. & Foster, K. R. Cooperation and conflict in 
microbial biofilms. Proc. Natl Acad. Sci. USA 104, 876–881 (2007). 
Copyright (2007) National Academy of Sciences, U.S.A. Parts b and c are 
adapted with permission from REF. 32, National Academy of Sciences.
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division alone, placing a secreting strain at the edge of 
advancing fronts in a manner analogous to plants com-
peting for access to light79 (FIG. 4a). This result has been 
observed experimentally in agar-grown P. fluorescens 
biofilms32, in which mutants arise that hyper-secrete 
matrix components and position themselves on the 
outer surface of colonies (FIG. 4b,c). Another mechanism 
for improving spatial position within biofilms is simply 
through strong adhesion to substrata31. This result was 
confirmed in V. cholerae biofilms, in which matrix- 
secreting strains displace non-secreting strains from 
biofilms through increased cell–cell and cell–substratum 
adhesion30,31 (FIG. 4d).

The links between microbial social behaviour 
and biofilm spatial structure are strongly reciprocal. 
Phenotypes that help or impair neighbours can alter 
biofilm structure through their effects on local popula-
tion dynamics. Microorganisms have also evolved to use 
specialized adhesins and the extracellular matrix to alter 
biofilm structure and thereby tip the balance of social 
interactions in their favour.

Outlook
Our appreciation of the ubiquity of biofilms has dramat-
ically shifted our understanding of microbial natural  
history148. Despite the complexity of biofilm commu-
nities, the application of ecological and evolutionary 
ideas has identified core principles that underlie many 
of their key properties and phenotypes. Central among 
these principles is the importance of spatial structuring 
for the evolution of cell–cell interactions.

Many challenges remain, however. Studies of spatial 
organization in microbial communities have relied mostly 
on laboratory assays that do not always replicate natural 
environments149. Advances in microfluidics and micros-
copy, including single-cell imaging of biofilm-dwelling 
bacteria143, have greatly improved our ability to study 
complex biofilm microhabitats37,150. Nonetheless, we 

know relatively little about the spatial details of cell–cell 
interactions in ecologically realistic settings (but see 
REFS 38,42,151–153 for new advances on this front). Thus, 
several important questions remain to be answered. How 
common are competitive versus cooperative phenotypes 
in nature? What are the typical spatial structures of differ-
ent strains and species within biofilms in soil or on host 
epithelia? Studies of microbial consortia in natural set-
tings have been revolutionized by metagenomics, but this 
approach (by necessity) largely ignores the small spatial 
and temporal scales on which microorganisms interact 
with each other. New theo retical and experimental tools 
are required to determine how the ecological and evo-
lutionary dynamics that occur within biofilms relate to 
the compositional changes in community structure that 
have been revealed by metagenomics.

Biofilm communities affect many aspects of our lives. 
They can be devastating as agents of infection and indus-
trial contamination, but highly beneficial in their con-
tribution to healthy microbiota, biogeochemical cycling 
and bioremediation. Understanding how to disrupt or 
to promote the function of such microbial communi-
ties is a priority for modern microbiology. What, then, 
is the key to making or breaking a productive biofilm? 
We predict that, all else being equal, clonal patchiness 
will often increase ecological productivity by stabilizing 
local cooperative traits and reducing the damage from 
anti biotic warfare. Conversely, spatial mixing of geno-
types will shift the system towards antagonism by plac-
ing competing strains next to one another. The exception 
is when cooperation between species is essential for 
biofilm community functioning, in which case spatial 
genotype mixing will promote productivity. However, 
highly connected networks of mutualism may be unsta-
ble because the loss of a small number of species can 
compromise the whole community154. How to shape 
microbial interactions to control biofilm productivity and 
stability is a fundamental question for the future.

1. Hall-Stoodley, L., Costerton, J. W. & Stoodley, P. 
Bacterial biofilms: from the natural environment to 
infectious diseases. Nat. Rev. Microbiol. 2, 95–108 
(2004).

2. Hobley, L., Harkins, C., MacPhee, C. E. & Stanley-
Wall, N. R. Giving structure to the biofilm matrix: an 
overview of individual strategies and emerging 
common themes. FEMS Microbiol. Rev. 39, 649–669 
(2015).

3. Arnosti, C. Microbial extracellular enzymes and the 
marine carbon cycle. Annu. Rev. Mar. Sci. 3, 401–425 
(2011).

4. Battin, T. J., Kaplan, L. A., Newbold, J. D. & 
Hansen, C. M. E. Contributions of microbial biofilms to 
ecosystem processes in stream mesocosms. Nature 
426, 439–442 (2003).

5. Macfarlane, S., Bahrami, B. & Macfarlane, G. T. 
Mucosal biofilm communities in the human intestinal 
tract. Adv. Appl. Microbiol. 75, 111–143 (2011).

6. Hoiby, N., Bjarnsholt, T., Givskov, M., Molin, S. 
& Ciofu, O. Antibiotic resistance of bacterial 
biofilms. Int. J. Antimicrob. Agents 35, 322–332 
(2010).

7. Bixler, G. D. & Bhushan, B. Biofouling: lessons from 
nature. Philos. Trans. A Math. Phys. Eng. Sci. 370, 
2381–2417 (2012).

8. Drescher, K., Shen, Y., Bassler, B. L. & Stone, H. A. 
Biofilm streamers cause catastrophic disruption of flow 
with consequences for environmental and medical 
systems. Proc. Natl Acad. Sci. USA 110, 4345–4350 
(2013).

9. Harding, J. L. & Reynolds, M. M. Combating medical 
device fouling. Trends Biotechnol. 32, 140–146 
(2014).

10. Nadell, C. D. et al. Cutting through the complexity of 
cell collectives. Proc. Biol. Sci. 280, 20122770  
(2013).

11. Nadell, C. D., Xavier, J. B. & Foster, K. R. 
The sociobiology of biofilms. FEMS Microbiol. Rev. 
33, 206–224 (2009).

12. Visca, P., Imperi, F. & Lamont, I. Pyoverdine 
siderophores: from biogenesis to biosignificance. 
Trends Microbiol. 15, 22–30 (2007).

13. Griffin, A. S., West, S. A. & Buckling, A. 
Cooperation and competition in pathogenic 
bacteria. Nature 430, 1024–1027 (2004).
A key proof‑of‑principle investigation finding that 
secreted siderophores can act as public goods 
that are susceptible to the evolution of cheating 
behaviour.

14. Allison, S. D. Cheaters, diffusion and nutrients 
constrain decomposition by microbial enzymes 
in spatially structured environments. Ecol. Lett. 8, 
626–635 (2005).

15. Absalon, C., Van Dellen, K. & Watnick, P. I. A 
communal bacterial adhesin anchors biofilm and 
bystander cells to surfaces. PLoS Pathog. 7, 
e1002210 (2011).

16. Xavier, J. B., Kim, W. & Foster, K. R. A molecular 
mechanism that stabilizes cooperative secretions in 
Pseudomonas aeruginosa. Mol. Microbiol. 79,  
166–179 (2011).

17. Flemming, H.-C. & Wingender, J. The biofilm matrix. 
Nat. Rev. Microbiol. 8, 623–633 (2010).

18. West, S. A., Diggle, S. P., Buckling, A., Gardner, A. & 
Griffins, A. S. The social lives of microbes. Annu. Rev. 
Ecol. Evol. Syst. 38, 53–77 (2007).

19. Meibom, K. L. et al. The Vibrio cholerae chitin 
utilization program. Proc. Natl Acad. Sci. USA 101, 
2524–2529 (2004).

20. Drescher, K., Nadell, C., Stone, H., Wingreen, N.  
& Bassler, B. Solutions to the public goods  
dilemma in bacterial biofilms. Curr. Biol. 24,  
50–55 (2014).

21. Cordero, O. X., Ventouras, L. A., DeLong, E. F. & 
Polz, M. F. Public good dynamics drive evolution of 
iron acquisition strategies in natural bacterioplankton 
populations. Proc. Natl Acad. Sci. USA 109,  
20059–20064 (2012).

22. Matz, C. et al. Biofilm formation and phenotypic 
variation enhance predation-driven persistence of 
Vibrio cholerae. Proc. Natl Acad. Sci. USA 102, 
16819–16824 (2005).

23. Hibbing, M. E., Fuqua, C., Parsek, M. R. & 
Peterson, S. B. Bacterial competition: surviving and 
thriving in the microbial jungle. Nat. Rev. Microbiol. 8, 
15–25 (2010).

24. Rendueles, O. & Ghigo, J. M. Mechanisms of 
competition in biofilm communities. Microbiol. Spectr. 
3, 3 (2015).

25. Riley, M. A. & Wertz, J. E. Bacteriocins: evolution, 
ecology, and application. Annu. Rev. Microbiol. 56, 
117–137 (2002).

R E V I E W S

10 | ADVANCE ONLINE PUBLICATION www.nature.com/nrmicro

©
 
2016

 
Macmillan

 
Publishers

 
Limited.

 
All

 
rights

 
reserved. ©

 
2016

 
Macmillan

 
Publishers

 
Limited.

 
All

 
rights

 
reserved.



26. Hayes, C. S., Aoki, S. K. & Low, D. A. Bacterial contact-
dependent delivery systems. Annu. Rev. Genet. 44, 
71–90 (2010).

27. Ho, B. T., Dong, T. G. & Mekalanos, J. J. A view to a 
kill: the bacterial type VI secretion system. Cell Host 
Microbe. 15, 9–21 (2014).

28. Russell, A. B., Peterson, S. B. & Mougous, J. D. Type VI 
secretion system effectors: poisons with a purpose. 
Nat. Rev. Microbiol. 12, 137–148 (2014).

29. Basler, M., Ho, B. T. & Mekalanos, J. J. Tit-for-tat: type 
VI secretion system counterattack during bacterial 
cell-cell interactions. Cell 152, 884–894 (2013).
A report showing that the T6SS of P. aeruginosa is 
deployed in response to the T6SS‑mediated attack 
from other species in the vicinity.

30. Nadell, C. D. & Bassler, B. L. A fitness trade-off 
between local competition and dispersal in Vibrio 
cholerae biofilms. Proc. Natl Acad. Sci. USA 108, 
14181–14185 (2011).

31. Schluter, J., Nadell, C. D., Bassler, B. L. & Foster, K. R. 
Adhesion as a weapon in microbial competition. 
ISME J. 9, 139–149 (2015).

32. Kim, W., Racimo, F., Schluter, J., Levy, S. B. & 
Foster, K. R. Importance of positioning for microbial 
evolution. Proc. Natl Acad. Sci. USA 111,  
E1639–E1647 (2014).

33. Rumbaugh, K. P. et al. Quorum sensing and the social 
evolution of bacterial virulence. Curr. Biol. 19,  
341–345 (2009).
A study demonstrating that phenotypes that are 
regulated by quorum sensing can be exploited by 
cheating mutants within a population of 
P. aeruginosa during infection of a mouse model 
system.

34. Inglis, R. F., Gardner, A., Cornelis, P. & Buckling, A. 
Spite and virulence in the bacterium Pseudomonas 
aeruginosa. Proc. Natl Acad. Sci. USA 106,  
5703–5707 (2009).

35. Brown, S. P., Inglis, R. F. & Taddei, F. Evolutionary 
ecology of microbial wars: within-host competition 
and (incidental) virulence. Evol. Appl. 2, 32–39 
(2009).

36. Levin, S. A. Complex adaptive systems: exploring the 
known, the unknown, and the unknowable. Bull. Am. 
Math. Soc. 40, 3–19 (2003).

37. Persat, A. et al. The mechanical world of bacteria. Cell 
161, 988–997 (2015).

38. Stacy, A., McNally, L., Darch, S., Brown, S. P. & 
Whiteley, M. The biogeography of polymicrobial 
infection. Nat. Rev. Microbiol. 14, 93–105 (2015).
A major recent review of processes that generate the 
spatial structure of different bacterial strains and 
species in microbial communities associated with 
infection.

39. Driscoll, W. W. & Pepper, J. W. Theory for the evolution of 
diffusible external goods. Evolution 64, 2682–2687 
(2010).

40. Lion, S. & van Baalen, M. Self-structuring in spatial 
evolutionary ecology. Ecol. Lett. 11, 277–295 (2008).

41. O’Toole, G. A. & Wong, G. C. Sensational biofilms: surface 
sensing in bacteria. Curr. Opin. Microbiol. 30, 139–146 
(2016).

42. Millet, Y. A. et al. Insights into Vibrio cholerae intestinal 
colonization from monitoring fluorescently labeled 
bacteria. PLoS Pathog. 10, e1004405 (2014).

43. Anderson, M. S., Garcia, E. C. & Cotter, P. A. Kind 
discrimination and competitive exclusion mediated by 
contact-dependent growth inhibition systems shape 
biofilm community structure. PLoS Pathog. 10, 
e1004076 (2014).

44. Nadell, C. D., Foster, K. R. & Xavier, J. B. Emergence of 
spatial structure in cell groups and the evolution of 
cooperation. PLoS Comput. Biol. 6, e1000716 (2010).

45. Thomas, C. D. & Kunin, W. E. The spatial structure of 
populations. J. Animal Ecol. 68, 647–657 (1999).

46. Hallatschek, O., Hersen, P., Ramanathan, S. & 
Nelson, D. R. Genetic drift at expanding frontiers 
promotes gene segregation. Proc. Natl Acad. Sci. USA 
104, 19926–19930 (2007).
A theoretical and experimental paper that outlines 
how spatial structure emerges along the leading edge 
of expanding bacterial colonies owing to genetic drift, 
which generates clonal patches of one genotype.

47. Weber, M. F., Poxleitner, G., Hebisch, E., Frey, E. & 
Opitz, M. Chemical warfare and survival strategies in 
bacterial range expansions. J. R. Soc. Interface 11, 
20140172 (2014).

48. van Gestel, J., Weissing, F. J., Kuipers, O. P. & 
Kovacs, A. T. Density of founder cells affects spatial 
pattern formation and cooperation in Bacillus subtilis 
biofilms. ISME J. 8, 2069–2079 (2014).

49. Mitri, S., Clarke, E. & Foster, K. R. Resource limitation 
drives spatial organization in microbial groups. ISME J. 
10,1471–1482 (2016).

50. Van Dyken, J. D., Muller, M. J. I., Mack, K. M. L. & 
Desai, M. M. Spatial population expansion promotes the 
evolution of cooperation in an experimental prisoner’s 
dilemma. Curr. Biol. 23, 919–923 (2013).

51. Müller, M., Neugeboren, B. I., Nelson, D. R. & 
Murray, A. W. Genetic drift opposes mutualism during 
spatial population expansion. Proc. Natl Acad. Sci. USA 
111, 1037–1042 (2014).
Research demonstrating that genetic drift in 
expanding S. cerevisiae colonies generates a spatial 
structure that inhibits cooperation between two 
genotypes in a synthetic system. By contrast, strong 
mutualism is shown to counteract the lineage‑ 
segregating influence of radial population growth.

52. Buttery, N. et al. Structured growth and genetic drift 
raise relatedness in the social amoeba Dictyostelium 
discoideum. Biol. Lett. 8, 794–797 (2012).

53. Poilane, I., Karjalainen, T., Barc, M.-C., Bourlioux, P. & 
Collignon, A. Protease activity of Clostridium difficile 
strains. Can. J. Microbiol. 44, 157–161 (1998).

54. Hungate, R. The anaerobic mesophilic cellulolytic 
bacteria. Bacteriol. Rev. 14, 1 (1950).

55. Gilbert, H. J. & Hazlewood, G. P. Bacterial cellulases and 
xylanases. Microbiology 139, 187–194 (1993).

56. Ross-Gillespie, A., Gardner, A., West, S. A. & Griffin, A. S. 
Frequency dependence and cooperation: theory and a 
test with bacteria. Am. Nat. 170, 331–342 (2007).

57. Kümmerli, R., Schiessl, K. T., Waldvogel, T., McNeill, K. & 
Ackermann, M. Habitat structure and the evolution of 
diffusible siderophores in bacteria. Ecol. Lett. 17,  
1536–1544 (2014).

58. West, S. A., Griffin, A. S., Gardner, A. & Diggle, S. P. 
Social evolution theory for microorganisms. Nat. Rev. 
Microbiol. 4, 597–607 (2006).

59. Köhler, T., Buckling, A. & van Delden, C. Cooperation and 
virulence of clinical Pseudomonas aeruginosa 
populations. Proc. Natl Acad. Sci. USA 106, 6339–6344 
(2009).

60. Andersen, S. B. et al. Long-term social dynamics drive 
loss of function in pathogenic bacteria. Proc. Natl Acad. 
Sci. USA 112, 10756–10761 (2015).

61. Allen, B., Gore, J. & Nowak, M. A. Spatial dilemmas of 
diffusible public goods. eLife 2, e01169 (2013).

62. Borenstein, D. B., Meir, Y., Shaevitz, J. W. & 
Wingreen, N. S. Non-local interaction via diffusible 
resource prevents coexistence of cooperators and 
cheaters in a lattice model. PLoS ONE 8, e63304 
(2013).

63. Damore, J. A. & Gore, J. Understanding microbial 
cooperation. J. Theor. Biol. 299, 31–41 (2012).

64. Dobay, A., Bagheri, H. C., Messina, A., Kümmerli, R. & 
Rankin, D. J. Interaction effects of cell diffusion, cell 
density and public goods properties on the evolution of 
cooperation in digital microbes. J. Evol. Biol. 27, 
1869–1877 (2014).

65. Popat, R. et al. Quorum-sensing and cheating in 
bacterial biofilms. Proc. Biol. Sci. 279, 4765–4771 
(2012).

66. Hamilton, W. D. The genetical evolution of social 
behaviour I. J. Theor. Biol. 7, 1–16 (1964).

67. Hamilton, W. D. The genetical evolution of social 
behaviour II. J. Theor. Biol. 7, 17–52 (1964).
Landmark papers in evolutionary biology, 
establishing the fundamental theory and 
broad‑ranging importance of genetic identity 
between individuals for the evolution of 
cooperation.

68. Mitri, S., Xavier, J. B. & Foster, K. R. Social evolution in 
multispecies biofilms. Proc. Natl Acad. Sci. USA 108, 
10839–10846 (2011).

69. Kümmerli, R., Griffin, A. S., West, S. A., Buckling, A. & 
Harrison, F. Viscous medium promotes cooperation in 
the pathogenic bacterium Pseudomonas aeruginosa. 
Proc. Biol. Sci. 276, 3531–3538 (2009).

70. Julou, T. et al. Cell–cell contacts confine public goods 
diffusion inside Pseudomonas aeruginosa clonal 
microcolonies. Proc. Natl Acad. Sci. USA 110,  
12577–12582 (2013).

71. Seminara, A. et al. Osmotic spreading of Bacillus 
subtilis biofilms driven by an extracellular matrix. Proc. 
Natl Acad. Sci. USA 109, 1116–1121 (2012).

72. Datta, M. S., Korolev, K. S., Cvijovic, I., Dudley, C. & 
Gore, J. Range expansion promotes cooperation in an 
experimental microbial metapopulation. Proc. Natl 
Acad. Sci. USA 110, 7354–7359 (2013).
This paper and reference 50 provide evidence that 
genetic drift in expanding metapopulations of 
S. cerevisiae generates a spatial structure which 

favours the use of a cooperative enzyme by a single 
genotype. 

73. Korolev, K. S., Xavier, J. B., Nelson, D. R. & 
Foster, K. R. A. Quantitative test of population genetics 
using spatiogenetic patterns in bacterial colonies. Am. 
Nat. 178, 538–552 (2011).

74. Hol, F. J. H. et al. Spatial structure facilitates 
cooperation in a social dilemma: empirical evidence 
from a bacterial community. PLoS ONE 8, e77042 
(2013).

75. Mitri, S. & Foster, K. R. The genotypic view of social 
interactions in microbial communities. Annu. Rev. 
Genet. 47, 247–273 (2013).

76. Foster, K. R. & Bell, T. Competition, not cooperation, 
dominates interactions among culturable microbial 
species. Curr. Biol. 22, 1845–1850 (2012).

77. Oliveria, N. M. et al. Biofilm formation as a response to 
ecological competition. PLoS Biol. 13, e1002191 
(2015).

78. Pfeiffer, T. Cooperation and competition in the 
evolution of ATP-producing pathways. Science 292, 
504–507 (2001).

79. Xavier, J. B. & Foster, K. R. Cooperation and conflict in 
microbial biofilms. Proc. Natl Acad. Sci. USA 104, 
876–881 (2007).

80. Durrett, R. & Levin, S. Allelopathy in spatially 
distributed populations. J. Theor. Biol. 185, 165–171 
(1997).

81. Ratcliff, W. & Denison, R. Alternative actions for 
antibiotics. Science 332, 547–548 (2011).

82. Abrudan, M. I. et al. Socially mediated induction 
and suppression of antibiosis during bacterial 
coexistence. Proc. Natl Acad. Sci. USA 112,  
11054–11059 (2015).

83. Borgeaud, S., Metzger, L. C., Scrignari, T. & 
Blokesch, M. The type VI secretion system of Vibrio 
cholerae fosters horizontal gene transfer. Science 347, 
63–67 (2015).

84. Gardner, A. & West, S. A. Spite and the scale of 
competition. J. Evol. Biol. 17, 1195–1203 (2004).

85. Bucci, V., Nadell, C. D. & Xavier, J. B. The evolution of 
bacteriocin production in bacterial biofilms. Am. Nat. 
178, E162–E173 (2011).

86. Tait, K. & Sutherland, I. W. Antagonistic interactions 
amongst bacteriocin-producing enteric bacteria in dual 
species biofilms. J. Appl. Microbiol. 93, 345–352 
(2002).

87. Borenstein, D. B., Ringel, P., Basler, M. & 
Wingreen, N. S. Established microbial colonies can 
survive type VI secretion assault. PLoS Comput. Biol. 
11, e1004520 (2015).

88. Wexler, A. G. et al. Human symbionts inject and 
neutralize antibacterial toxins to persist in the gut. 
Proc. Natl Acad. Sci. USA 113, 3639–3644 (2016).

89. Alteri, C. J. et al. Multicellular bacteria deploy the type 
VI secretion system to preemptively strike neighboring 
cells. PLoS Pathog. 9, e1003608 (2013).

90. Karlsson, F. H., Nookaew, I., Petranovic, D. & Nielsen, J. 
Prospects for systems biology and modeling of the gut 
microbiome. Trends Biotechnol. 29, 251–258 (2011).

91. Morris, J. J., Lenski, R. E. & Zinser, E. R. The black 
queen hypothesis: evolution of dependencies through 
adaptive gene loss. mBio 3, e00036-12 (2012).

92. Tripp, H. J. et al. SAR11 marine bacteria require 
exogenous reduced sulphur for growth. Nature 452, 
741–744 (2008).

93. Oliveira, N. M., Niehus, R. & Foster, K. R. Evolutionary 
limits to cooperation in microbial communities. Proc. 
Natl Acad. Sci. USA 111, 17941–17946 (2014).

94. Estrela, S. & Brown, S. P. Metabolic and demographic 
feedbacks shape the emergent spatial structure and 
function of microbial communities. PLoS Comput. Biol. 
9, e1003398 (2013).

95. Momeni, B., Waite, A. J. & Shou, W. Spatial self-
organization favors heterotypic cooperation over 
cheating. eLife 2, e00960 (2013).
A study in which synthetic obligate mutualist strains 
of S. cerevisiae are found to spatially exclude a 
cheating strain in surface‑bound colonies in a 
manner that promotes cooperation between 
mutualists.

96. Morris, B. E. L., Henneberger, R., Huber, H. & Moissl-
Eichinger, C. Microbial syntrophy: interaction for the 
common good. FEMS Microbiol. Rev. 37, 384–406 
(2013).

97. Callaghan, A. et al. The genome sequence of 
Desulfatibacillum alkenivorans AK-01: a blueprint for 
anaerobic alkane oxidation. Environ. Microbiol. 14, 
101–113 (2012).

98. Schink, B. Synergistic interactions in the microbial 
world. Antonie Van Leeuwenhoek 81, 257–261 (2002).

R E V I E W S

NATURE REVIEWS | MICROBIOLOGY  ADVANCE ONLINE PUBLICATION | 11

©
 
2016

 
Macmillan

 
Publishers

 
Limited.

 
All

 
rights

 
reserved. ©

 
2016

 
Macmillan

 
Publishers

 
Limited.

 
All

 
rights

 
reserved.



99. Pande, S. et al. Fitness and stability of obligate cross-
feeding interactions that emerge upon gene loss in 
bacteria. ISME J. 8, 953–962 (2014).

100. Rakoff-Nahoum, S., Foster, K. R. & Comstock, L. The 
evolution of cooperation within the gut microbiota. 
Nature 533, 255–259 (2016).

101. Estrela, S., Trisos, C. H. & Brown, S. P. From 
metabolism to ecology: cross-feeding interactions 
shape the balance between polymicrobial conflict and 
mutualism. Am. Nat. 180, 566–576 (2012).

102. Momeni, B., Brileya, K. A., Fields, M. W. & Shou, W. 
Strong inter-population cooperation leads to partner 
intermixing in microbial communities. eLife 2, e00230 
(2013).

103. Kümmerli, R., Jiricny, N., Clarke, L. S., West, S. A. & 
Griffin, A. S. Phenotypic plasticity of a cooperative 
behaviour in bacteria. J. Evol. Biol. 22, 589–598 
(2009).

104. Kümmerli, R. & Brown, S. P. Molecular and regulatory 
properties of a public good shape the evolution of 
cooperation. Proc. Natl Acad. Sci. USA 107,  
18921–18926 (2010).

105. Brown, S. P. & Taddei, F. The durability of public goods 
changes the dynamics and nature of social dilemmas. 
PLoS ONE 2, e593 (2007).

106. Mellbye, B. & Schuster, M. Physiological framework for 
the regulation of quorum sensing-dependent public 
goods in Pseudomonas aeruginosa. J. Bacteriol. 196, 
1155–1164 (2014).

107. Cornforth, D. M. & Foster, K. R. Competition sensing: 
the social side of bacterial stress responses. Nat. Rev. 
Microbiol. 11, 285–293 (2013).

108. Schuster, M., Sexton, D. J., Diggle, S. P. & 
Greenberg, E. P. Acyl-homoserine lactone quorum 
sensing: from evolution to application. Annu. Rev. 
Microbiol. 67, 43–63 (2013).

109. Ng, W.-L. & Bassler, B. L. Bacterial quorum-sensing 
network architectures. Annu. Rev. Genet. 43, 197–222 
(2009).

110. Redfield, R. J. Is quorum sensing a side effect of 
diffusion sensing? Trends Microbiol. 10, 365–370 
(2002).

111. Cornforth, D. M. et al. Combinatorial quorum sensing 
allows bacteria to resolve their social and physical 
environment. Proc. Natl Acad. Sci. USA 111,  
4280–4284 (2014).

112. Kim, M. K., Ingremeau, F., Zhao, A., Bassler, B. L. & 
Stone, H. A. Local and global consequences of flow on 
bacterial quorum sensing. Nat. Microbiol. 1, 15005 
(2016).

113. Nadell, C. D., Xavier, J. B., Levin, S. A. & Foster, K. R. 
The evolution of quorum sensing in bacterial biofilms. 
PLoS Biol. 6, e14 (2008).

114. Schluter, J., Schoech, A., Foster, K. R. & Mitri, S. The 
evolution of quorum sensing as a mechanism to infer 
kinship. PLoS Comput. Biol. 12, e1004848 (2016).

115. van der Ploeg, J. R. Regulation of bacteriocin 
production in Streptococcus mutans by the quorum-
sensing system required for development of genetic 
competence. J. Bacteriol. 187, 3980–3989 (2005).

116. Fontaine, L. et al. Quorum-sensing regulation of the 
production of Blp bacteriocins in Streptococcus 
thermophilus. J. Bacteriol. 189, 7195–7205 (2007).

117. Risøen, P. A., Brurberg, M. B., Eijsink, V. G. & Nes, I. F. 
Functional analysis of promoters involved in quorum 
sensing-based regulation of bacteriocin production in 
Lactobacillus. Mol. Microbiol. 37, 619–628 (2000).

118. LeRoux, M., Peterson, S. B. & Mougous, J. D. Bacterial 
danger sensing. J. Mol. Biol. 427, 3744–3753 
(2015).

119. Korgaonkar, A. K. & Whiteley, M. Pseudomonas 
aeruginosa enhances production of an antimicrobial in 
response to N-acetylglucosamine and peptidoglycan. 
J. Bacteriol. 193, 909–917 (2011).

120. Dong, T. G. et al. Generation of reactive oxygen species 
by lethal attacks from competing microbes. Proc. Natl 
Acad. Sci. USA 112, 2181–2186 (2015).

121. LeRoux, M. et al. Kin cell lysis is a danger signal that 
activates antibacterial pathways of Pseudomonas 
aeruginosa. eLife 4, e05701 (2015).
An investigation showing that cell lysate 
upregulates the T6SS of P. aeruginosa such that 
cells attack when they detect cues of clonemate 
death in the near surroundings.

122. Nakamaru, M., Matsuda, H. & Iwasa, Y. The evolution 
of cooperation in a lattice-structured population. 
J. Theor. Biol. 184, 65–81 (1997).

123. Durrett, R. & Levin, S. The importance of being 
discrete (and spatial). Theor. Popul. Biol. 46, 363–394 
(1994).

124. Mitteldorf, J. & Wilson, D. S. Population viscosity and 
the evolution of altruism. J. Theor. Biol. 204, 481–496 
(2000).

125. Ratzke, C. & Gore, J. Self-organized patchiness 
facilitates survival in cooperatively growing Bacillus 
subtilis populations. Nat. Microbiol. 1, 16022 (2016).

126. Hallatschek, O. & Nelson, D. R. Gene surfing in 
expanding populations. Theor. Popul. Biol. 73,  
158–170 (2008).

127. Kerr, B., Riley, M. A., Feldman, M. W. & 
Bohannan, B. J. M. Local dispersal promotes 
biodiversity in a real-life game of rock-paper-scissors. 
Nature 418, 171–174 (2002).

128. Pande, S. et al. Privatization of cooperative benefits 
stabilizes mutualistic cross-feeding interactions in 
spatially structured environments. ISME J. 10,  
1413–1423 (2016).

129. Tolker-Nielsen, T. & Molin, S. Spatial organization of 
microbial biofilm communities. Microb. Ecol. 40, 
75–84 (2000).

130. Rendueles, O. et al. Rapid and widespread de novo 
evolution of kin discrimination. Proc. Natl Acad. Sci. 
USA 112, 9076–9081 (2015).

131. Strassmann, J. E., Gilbert, O. M. & Queller, D. C. Kin 
discrimination and cooperation in microbes. Annu. Rev. 
Microbiol. 65, 349–367 (2011).

132. Oldewurtel, E. R., Kouzel, N., Dewenter, L., Henseler, K. 
& Maier, B. Differential interaction forces govern 
bacterial sorting in early biofilms. eLife 4, e10811 
(2015).

133. Smukalla, S. et al. FLO1 is a variable green beard gene 
that drives biofilm-like cooperation in budding yeast. 
Cell 135, 726–737 (2008).

134. Dawkins, R. The Selfish Gene (Oxford Univ. Press, 
1989).

135. Maynard Smith, J. & Szathmary, E. The Major 
Transitions in Evolution (Oxford Univ. Press, 1995).

136. Tarnita, C. E., Taubes, C. H. & Nowak, M. A. 
Evolutionary construction by staying together and 
coming together. J. Theor. Biol. 320, 10–22 (2013).

137. Claessen, D., Rozen, D. E., Kuipers, O. P., Søgaard-
Andersen, L. & van Wezel, G. P. Bacterial solutions to 
multicellularity: a tale of biofilms, filaments and fruiting 
bodies. Nat. Rev. Microbiol. 12, 115–124 (2014).

138. Ratcliff, W. C., Denison, R. F., Borrello, M. & 
Travisano, M. Experimental evolution of multicellularity. 
Proc. Natl Acad. Sci. USA 109, 1595–1600 (2012).

139. Koschwanez, J. H., Foster, K. R. & Murray, A. Improved 
use of a public good selects for the evolution of 
undifferentiated multicellularity. eLife 2, e00367 (2013).

140. Koschwanez, J. H., Foster, K. R. & Murray, A. W. 
Sucrose utilization in budding yeast as a model for the 
origin of undifferentiated multicellularity. PLoS Biol. 9, 
e1001122 (2011).

141. Justice, S. S., Hunstad, D. A., Cegelski, L. & 
Hultgren, S. J. Morphological plasticity as a bacterial 
survival strategy. Nat. Rev. Microbiol. 6, 162–168 
(2008).

142. Persat, A., Stone, H. A. & Gitai, Z. The curved shape of 
Caulobacter crescentus enhances surface colonization 
in flow. Nat. Commun. 5, 3824 (2014).

143. Drescher, K. et al. Architectural transitions in Vibrio 
cholerae biofilms at single-cell resolution. Proc. Natl 
Acad. Sci. USA 113, E2066–E2072 (2016).

144. Teschler, J. K. et al. Living in the matrix: assembly and 
control of Vibrio cholerae biofilms. Nat. Rev. Microbiol. 
13, 255–268 (2015).

145. Berk, V. et al. Molecular architecture and assembly 
principles of Vibrio cholerae biofilms. Science 337, 
236–239 (2012).

146. Nadell, C. D., Drescher, K., Wingreen, N. S. & 
Bassler, B. L. Extracellular matrix structure governs 
invasion resistance in bacterial biofilms. ISME J. 9, 
1700–1709 (2015).

147. Smith, D. R. et al. In situ proteolysis of the Vibrio 
cholerae matrix protein RbmA promotes biofilm 
recruitment. Proc. Natl Acad. Sci. USA 112,  
10491–10496 (2015).

148. Costerton, J. W., Lewandowski, Z., Caldwell, D. E., 
Korber, D. R. & Lappinscott, H. M. Microbial biofilms. 
Annu. Rev. Microbiol. 49, 711–745 (1995).

149. Roberts, A. E., Kragh, K. N., Bjarnsholt, T. & 
Diggle, S. P. The limitations of in vitro experimentation 
in understanding biofilms and chronic infection. J. Mol. 
Biol. 427, 3646–3661 (2015).

150. Rusconi, R., Garren, M. & Stocker, R. Microfluidics 
expanding the frontiers of microbial ecology. Annu. Rev. 
Biophys. 43, 65–91 (2014).

151. Earle, K. A. et al. Quantitative imaging of gut 
microbiota spatial organization. Cell Host Microbe 18, 
478–488 (2015).

152. Harrison, F., Muruli, A., Higgins, S. & Diggle, S. P. 
Development of an ex vivo porcine lung model for 
studying growth, virulence, and signaling of 
Pseudomonas aeruginosa. Infect. Immun. 82,  
3312–3323 (2014).

153. Welch, J. L. M., Rossetti, B. J., Rieken, C. W., 
Dewhirst, F. E. & Borisy, G. G. Biogeography of a human 
oral microbiome at the micron scale. Proc. Natl Acad. 
Sci. USA 113, E791–E800 (2016).

154. Coyte, K. Z., Schluter, J. & Foster, K. R. The ecology of 
the microbiome: network, competition, and stability. 
Science 350, 663–666 (2015).

155. Hamilton, W. D. Altruism and related phenomena, 
mainly in social insects. Annu. Rev. Ecol. Evol. Syst. 3,  
192–232 (1972).

156. Foster, K. R. & Wenseleers, T. A general model for the 
evolution of mutualisms. J. Evol. Biol. 19, 1283–1293 
(2006).

157. Kreft, J. U., Picioreanu, C., Wimpenny, J. W. T. & van 
Loosdrecht, M. C. M. Individual-based modelling of 
biofilms. Microbiology 147, 2897–2912 (2001).

158. Xavier, J. B., Picioreanu, C. & van Loosdrecht, M. C. M. 
A framework for multidimensional modelling of activity 
and structure of multispecies biofilms. Environ. 
Microbiol. 7, 1085–1103 (2005).

159. Kreft, J. U. Biofilms promote altruism. Microbiology 
150, 2751–2760 (2004).
A landmark individual‑based modelling study 
demonstrating how the spatial structure of cell 
lineages can promote the evolution of cooperation 
in biofilms.

160. Schluter, J. & Foster, K. R. The evolution of mutualism 
in gut microbiota via host epithelial selection. PLoS 
Biol. 10, e1001424 (2012).

161. Zhao, K. et al. Psl trails guide exploration and 
microcolony formation in Pseudomonas aeruginosa 
biofilms. Nature 497, 388–391 (2013).

Acknowledgements
The authors are grateful to A. Persat, A. Stacy, D. Cornforth, 
N. Oliveira, W. Kim, S. Diggle and two anonymous reviewers for 
providing comments on the manuscript. P. Singh and 
R. Hartmann provided invaluable help in the preparation of 
figure 4d. Work in the contributing laboratories was supported 
by European Research Council grant 242670 (K.R.F.), The Max 
Planck Society (K.D.), the Human Frontier Science Program 
(K.D.) and the Alexander von Humboldt Foundation (C.D.N.).

Competing interests statement
The authors declare no competing interests.

R E V I E W S

12 | ADVANCE ONLINE PUBLICATION www.nature.com/nrmicro

©
 
2016

 
Macmillan

 
Publishers

 
Limited.

 
All

 
rights

 
reserved. ©

 
2016

 
Macmillan

 
Publishers

 
Limited.

 
All

 
rights

 
reserved.


	Abstract | Bacteria often live within matrix-embedded communities, termed biofilms, which are now understood to be a major mode of microbial life. The study of biofilms has revealed their vast complexity both in terms of resident species composition and p
	Box 1 | Social evolution: what is a ‘social’ phenotype?
	Spatial structure and social interaction
	Figure 1 | Spatial structuring in microbial biofilms and its influence on the evolution of social phenotypes. Cells of the same colour represent distinct cell lineages (that is, different species or different strains within a species). a | When cells are 
	Box 2 | Individual-based modelling of biofilms
	Regulation of social phenotypes
	Figure 2 | Simulations and experiments exploring social phenotypes in biofilms. a,b | Cell lineage segregation on the front of expanding cell groups enables cells 
that secrete public goods (red) to gain a competitive advantage and outcompete non-secretin
	Social interactions alter population structure
	Figure 3 | The influence of social phenotypes on the spatial structure of biofilm communities. Cells of the same colour represent distinct cell lineages (that is, different species or different strains within a species). a | From an initially well-mixed p
	Figure 4 | Effects of structural matrix secretion on competition in biofilms. a | Simulations79 first predicted that if extracellular matrix (yellow) were spatially retained by secreting cells (red), this would enable producer cell clusters to expand in v
	Outlook
	Figure 2. Part a is adapted from REF. 44. Part b is reproduced with permission from REF. 50, Elsevier. Part c is adapted with permission from REF. 85, © 2011 by The University of Chicago. Part d is adapted from REF. 47, Royal Society. Parts e and g are ad
	Figure 4. Part a is adapted with permission from Xavier, J. B. & Foster, K. R. Cooperation and conflict in microbial biofilms. Proc. Natl Acad. Sci. USA 104, 876–881 (2007). Copyright (2007) National Academy of Sciences, U.S.A. Parts b and c are adapted w



