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Introduction

Given local adaptation between a resident population and

its environment, how can a nonadapted competitor invade?

Invasion can easily be conceived when the invaders are

more adapted than the residents. However, if the invader is

at a disadvantage in the context of the resident’s environ-

ment, one solution could be to modify the environment

into a configuration favouring the invaders. Many organ-

isms are indeed known to modify the environment, such

action is also called niche construction (Odling-Smee et al.

2003). When the environmental modification is triggered

by the organisms that benefit from it, natural selection can

retain it as an extended phenotype (Dawkins 1982). Build-

ing nests, spider webs or beaver dams are examples of

extended phenotypes improving the actors’ niche, whereas

the secretion of toxins is an example of niche-deterioration

(although offering a relative inclusive fitness advantage to

the actor), also referred to as interference competition, or

allelopathy (Fitter 2003).

Here we review three broad classes of microbial allelop-

athy, each associated with the release of a distinct class of

targeted weapon:

1 The release of chemical toxins that directly kill

competitors.

2 The release of viral propagules that directly kill

competitors and subsequently amplify to kill more

competitors.

3 The release of chemical toxins which provoke an

inflammatory response within a vertebrate host, which

preferentially kills competitors.

Chemical weapons

Bacteria can express allelopathy via the expression of bac-

tericidal toxin genes. These ‘carrier’ lineages carry genes

causing the explosive suicide of the host, with a low

probability, the explosive suicide of the host, and the

release of bactericidal toxins or bacteriocins (small

peptides or heat stable proteins, Riley and Wertz 2002).

Furthermore, nonlysed carriers are immune to the bacte-

riocin, thanks to the specific antidote coding genes

carried along with the bacteriocin genes. Thus, the

environmental change resulting from the release of bacte-

riocins can favour the carriers over any susceptible resi-

dent populations (Fig. 1a). This type of interference
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Abstract

Invading an occupied niche is a formidable ecological challenge, and one of

particular human importance in the context of food-borne microbial patho-

gens. We discuss distinct categories of invader-triggered environmental change

that facilitate invasion by emptying their niche of competitors. Evidence is

reviewed that gut bacteria use such strategies to manipulate their environment

(via bacteriocins, temperate phage viruses or immuno-manipulation) at the

expense of their competitors are reviewed. The possible virulence implications

of microbial warfare among multiple co-infecting strains are diverse. Killing

competitors can reduce virulence by reducing overall microbial densities, or

increase virulence if for example the allelopathic mechanism involves immuno-

manipulation. Finally, we place microbial anti-competitor strategies in a social

evolution framework, highlighting how costly anti-competitor strategies can be

understood as examples of microbial spite. We conclude by discussing other

invasive species that have also developed such proactive strategies of invasion.
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competition is found across a range of different bacterial

species and analogous examples can even be found in

eukaryotic yeasts (Wickner 1996; Riley and Wertz 2002).

One well-documented example is that of Escherichia

coli strains producing colicins, bacteriocins active against

other E. coli. Previous experimental and theoretical stud-

ies of colicin-mediated bacterial competition have shown

that colicin-producers can invade in a spatially structured

environment and if unstructured, then only if sufficiently

abundant (Chao and Levin 1981; Levin 1988; Frank 1994;

Durrett and Levin 1997). In a spatially structured envi-

ronment, the modification of the environment due to the

secretion of colicins is a local phenomenon: with high

local colicin concentrations killing neighbouring competi-

tors, and thereby freeing nutrients for the invaders.

Invaders can then spread as a consequence of sequential

waves of colicins followed by colicin-mediated resident

death leaving a competitive vacuum (Chao and Levin

1981; Levin 1988; Frank 1994; Durrett and Levin 1997).

The invasion of the bacteriocin producers favours the

evolution of resistant bacteria. Resistance often comes at

some cost to bacteria (either metabolically through the

production of an immunity compound or through the

loss of membrane receptors), and so allows for the coexis-

tence, in a spatially structured environment (through neg-

ative frequency-dependent selection) of producer,

sensitive, and resistant bacteria; producers out-compete

sensitives, resistants beat producers, and sensitives beat

resistants, creating a ‘rock-paper-scissors dynamic’

(Czárán et al. 2002; Kerr et al. 2002; Czárán and Hoekstra

2003). The pleiotropic fitness cost associated with resis-

tance is also likely to explain the diversity in bacteriocin

types seen within a microbial species. Being resistant to

all bacteriocin types will often be too costly, so resistance

to the most common bacteriocins will be frequent. This

favours bacteria producing rare bacteriocins, which

should then in turn become more widespread, thereby

maintaining diversity (West et al. 2007).

More recently work on yeasts infected with double

stranded RNA viruses has helped to further elucidate the

ecological conditions that favour the production of

anti-competitor toxins. These viruses can be considered

similar to bacteriocins as there is no known horizontal

transmission of the virus between yeast cells: daughter

cells are instead infected via the cytoplasm of their

parents (Magliani et al. 1997). In Saccharomyces cerevisiae,

the K1 toxin system requires two viruses, one that

encodes the toxin and immunity proteins and a second

that is involved in encapsulating the virus. Unlike most

bacteriocins, lysis is not required to release the toxin, but

there is a pronounced fitness cost when carrying the virus

(Wloch-Salamon et al. 2008).

Using this system, Grieg and Travisano (2008) were

able to show the importance of density in determining

the success of toxin-producing strains. Density depen-

dence has previously been shown to be an important eco-

logical determinant in allelopathic interactions (Brown

et al. 2006), but experimental work has focused on the

frequency of the producing and sensitive strains. Grieg

and Travisano (2008) demonstrated that toxin producers,

even when at intermediate frequencies, were unable to

invade if the overall microbial density was low. This effect

was also observed in structured environments, which tend

to favour toxin production. When both producers and

sensitive strains are rare there will only be limited interac-

tion between them and there will be little benefit in pro-

ducing toxins. Instead toxin producers will be at a

disadvantage due to the metabolic and pleiotropic costs

of producing toxins.

Nutrient availability, dispersal, and their effect on inter-

ference competition in yeast have also been considered

experimentally. It has been suggested that toxin produc-

tion might act as strategy of last resort among starving

cells by killing competitors for nutrients (Ivanovska and

Hardwick 2005). Wloch-Salamon et al. (2008) grew S. ce-

revisiae toxin-producing strains in competition with sensi-

tives under low and high nutrient conditions. Nutrient

availability was manipulated by varying the rate of nutri-

ent replacement, following initial growth to carrying

capacity (therefore controlling initial densities). Wloch-

Salamon et al. (2008) found that toxin producers were

able to out-compete sensitive cells only in high nutrient

environments and were out-competed when grown under

low nutrient conditions. They argued that the lack of

toxin production seen in the low nutrient environment is

unlikely to be solely due to a nutritional constraint, but

rather due in addition to a physiological change in toxin

production or resistance developing after the nutrients

(a) (b) (c)

Figure 1 Schematic diagrams of (a) chemical, (b) viral and (c)

immuno-manipulative weapons of mass microbial destruction. Squares

represent microbial densities of competing weapons-carriers (C) and

susceptibles (S). Circles represent the density of ‘weapon’, the agent

of environmental change (B for bacteriocin, or other chemical toxin, V

for temperate phage virus, and T for immuno-provocative toxin). The

cylinder represents a multicellular host, the subject of immuno-manip-

ulation by T. Pointed arrows represent a positive relationship (e.g. C

increase the density of B), flat arrows represent a negative relationship

(e.g. B decrease the density of S).
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have been depleted (Wloch-Salamon et al. 2008). They

conclude that this acts as support for Frank’s (1994) the-

oretical prediction that toxin production has evolved to

occur as a competitive strategy under conditions where

resources are abundant and growth is allowed. This

makes it unlikely that toxin production is used to acquire

resources from sensitive cells, but is more important in

the invasion of high nutrient patches. They also looked at

the effect on dispersal, finding that limited dispersal

favoured toxin producers. A benefit was still observed in

treatments with high dispersal, but it was insufficient to

compensate for the resource cost of carrying the toxin-

producing virus. These results are consistent with Chao

and Levin’s (1981) results in spatially structured environ-

ments as dispersal will reduce the chances that related

cells will profit from toxin production.

There is still much about the ecology and evolution of

interference competition through toxin production that

remains to be properly understood. A huge diversity

exists in the types of toxins used from bacteriocins to

antibiotics: they can differ in the specificity of killing

action, in their ability to diffuse, and even in their respec-

tive half-lives in the environment (Ito et al. 1970; Michel-

Briand and Baysse 2002; Riley and Wertz 2002; Cascales

et al. 2007). All of these factors will greatly change how

the environment is modified to allow toxin producers to

invade. One constraint, however, that is faced by all toxin

producers trying to invade a population is that for every

halving of the invader population, the cost to individual

invaders of successful environmental modification will

double. Given limited resources, these increasing costs

will ultimately present a rarity threshold to invasion

(Chao and Levin 1981; Levin 1988; Frank 1994; Durrett

and Levin 1997; Gordon and Riley 1999).

Escaping the rarity threshold: biological weapons

We have just seen that for chemical allelopathy in an

unstructured environment, there exists a rarity threshold,

below which allelopathic lineages cannot invade. Brown

et al. (2006) demonstrated that this threshold can be

reduced or eliminated for other forms of allelopathy.

Specifically, weapons that are capable of self-amplification

can allow vanishingly rare carrier lineages to invade and

replace residents.

A microbial example is provided by bacteria and some

of their phages (viruses that can infect bacteria), which

can function as bacteriocins (Bossi et al. 2003) but with

the additional capacity of autocatalytic amplification on

victims (Brown et al. 2006). More specifically, we focus

on temperate phages, which are viruses that are able to be

transmitted either vertically or horizontally. Infection of

susceptible bacteria by temperate phage can result in two

possible outcomes. The most common is the lytic cycle

(rapid host lysis and production of numerous horizon-

tally transmissible viral particles). Very rarely, however,

the phage can lysogenise the host, persisting in a dormant

state while allowing the survival of the infected bacteria.

This dormant phage is then replicated with the bacterial

genome, and thus vertically transmitted upon bacterial

division. Furthermore, this vertically transmitted carried-

phage provides immunity to its carrier-bacteria against

further horizontal infection by this phage (Adams 1959;

Campbell 1996). Upon rare spontaneous induction of the

carried-phage, viral progeny are released through host

lysis.

Experimental competition of isogenic phage-carrying

and susceptible bacterial lineages over a range of initial

ratios illustrates that the ability of the released temperate

phage ‘weapon’ to amplify itself on susceptible hosts

(Fig. 1b) allows the phage-resistant carrier lineage to

invade more rapidly when rare (Brown et al. 2006). Auto-

catalytic environmental modification, such as the one

triggered by the release of phage, can be seen as a public

good that is expensive to produce initially but which can

then be amplified at a negligible cost, therefore allowing

an escape from the rarity threshold (Brown et al. 2006).

The basic ‘indirect mutualist’ (the enemy of your

enemy is your friend) interaction between bacteria and

temperate phage can also be viewed in terms of parasite-

mediated apparent competition, whereby the outcome of

competition between two competitors is determined by

their relative susceptibility to a shared parasite (Hudson

and Greenman 1998; Tompkins et al. 2001; Joo et al.

2006). For instance, one of the leading hypotheses for the

replacement of resident red squirrels by invasive grey

squirrels in the UK is the differential susceptibility to a

parapoxvirus brought by the invasive greys (Rushton

et al. 2000; Tompkins et al. 2002). However, unlike the

one-off invasion of the UK by grey squirrels plus a para-

poxvirus, food-borne pathogens such as E. coli O157::H7

and its suite of phages continuously invade new digestive

tracts. We will propose below that this distinction

between once-off lucky and recurrent ‘proactive’ parasite-

mediation can be explained in an evolutionary frame-

work.

Both experimental and model results illustrate how the

level of amplification is determined by the availability of

susceptibles in the initial population (Brown et al. 2006).

When susceptibles are sufficiently rare, the phage and

colicin models converge as the phage ceases to gain any

multiplicative advantage due to the rarity of susceptibles,

acting purely through its direct killing effect. Whereas

phage can act essentially as a colicin-style nonmultiplica-

tive killer when their carriers are numerically dominant,

they do so in a less efficient manner due to their

Microbial warfare Brown et al.
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relatively wasteful capacity for replication (e.g. effective

colicin ‘burst-size’ is at least 10-fold greater, Gordon and

Riley 1999). Therefore for a high carrier frequency, colicin

production is more efficient. Given these differences

between colicin and phage mediation, phage-carriers are

more likely to be successful in invasive lineages, as they

grow in the wake of the competitive vacuum left by their

virulent indirect-mutualists. In contrast, a colicin-strategy

specialising on killing without amplification by the suscep-

tibles has an advantage over phage-carriers in a defensive

context: their higher productivity ensures that they cannot

be as easily invaded when residents (Brown et al. 2006).

Provoking the superpower: immuno-manipulation

To this point we have focused solely on a single invasion

event into a resident population consisting entirely of sus-

ceptibles. However, given the diversity of normal micro-

bial communities within the gut, only a minority of the

resident bacteria will be susceptible to any specific bacte-

riocin or phage. Consider a distinct resistant lineage, and

the problem is made plain. The carriers can only attack

susceptibles, and resistants gain from the suppression of

the susceptible population, along with the carriers. Fol-

lowing the eradication of susceptibles, resistants will out-

compete carriers due to the latter’s lytic behaviour,

leaving an endpoint of pure resistants.

This might not be the end of the game; however, given

that phage-resistant bacteria are likely to carry a cost rela-

tive to susceptibles (resistance is often generated via the

loss of useful membrane proteins that are recognized by

both phages and bacteriocins). Resistants could be out-

competed by susceptibles which are in turn outcompeted

by carriers (at least, in a structured environment for bac-

teriocin producers) that are themselves outcompeted by

these resistant bacteria, potentially promoting ‘rock/

paper/scissors’ dynamics (Czárán et al. 2002; Kerr et al.

2002; Kirkup and Riley 2004; Brown et al. 2008).

A possible mechanism allowing a broader niche empty-

ing involves the production of toxins active against the

animal host. If the toxin carrier had superior resistance to

the resulting immunological response, manipulating the

host immune state would then competitively benefit a

suitably protected pathogen (Fig. 1c, Brown et al. 2008).

Consistently with this hypothesis, phages from E. coli

O157::H7 carry genes coding for both immune-provoking

toxins expressed just before lysis and for protection

against the immune response (Plunkett et al. 1999;

Hendrix et al. 2000; Ohnishi et al. 2001) expressed in the

lysogenic association. Residents that are susceptible to the

invaders’ phage can act as a phage-multiplying factory,

and consequently multiply the phage-coded toxin as well

(Gamage et al. 2003). Upon infection by the virus,

susceptibles are turned into factories producing more

viruses. If the virus also coded for niche-modifying pro-

teins (proteins impacting the extracellular environment),

the susceptibles would then also become factories for such

proteins, directly or indirectly triggering a change in the

environment benefiting the phage carrier. The resultant

immune response can then favour the protected invaders,

at the expense of a broad spectrum of residents including

those that resist the phage but are susceptible to the

immune response. As genes allowing even further protec-

tion from the inflammatory response are also carried in

the E. coli O157::H7 genome outside of the released phage

(Hayashi et al. 2001; Ohnishi et al. 2001; Perna et al.

2001), even if rare residents are able to become lysogen-

ised, they will not carry all the genes required for long-

term persistence. We propose below that E. coli O157::H7

would thus preserve a competitive advantage during inva-

sions. Given the long co-existence of multiple phages

within the E. coli O157::H7 lineage (Feng et al. 1998;

Ohnishi et al. 2001) these bacteria may have been proac-

tive invaders for a long time.

Several more microbial examples of an immuno-

manipulative anti-competitor strategy have been recently

proposed (Lysenko et al. 2005, Stecher et al. 2007, Brown

et al. 2008). For example, Lysenko et al. 2005 demon-

strated in vivo that Haemophilus influenze outcompetes

Streptococcus pneumoniae in the upper respiratory tract by

recruiting and then by activating neutrophils and comple-

ment, to which Streptococcus is more sensitive than

Haemophilus. Similarly, Raberg et al. (2006) demonstrated

that more virulent strains of the rodent malaria parasite

Plasmodium chabaudi experience a stronger within-host

competitive advantage in immuno-competent hosts,

relative to competition in immunodeficient hosts. Stecher

et al. (2007) demonstrated that host inflammatory

responses triggered by Salmonella enterica serovar

Typhimurium aid its ability to invade resident gut

microbiota.

Discussion

Social evolution

A broad strand of experimental and theoretical work on

the ecology of bacteriocin-mediated competition high-

lights the importance of spatial structure in mediating the

outcome of competition, with a broad consensus recogn-

ising that structured environments promote the invasion

of rare killers by increasing the local density of chemical

weapons to an effective dose (Chao and Levin 1981; Levin

1988; Frank 1994; Durrett and Levin 1997; Gordon and

Riley 1999).

The impact of spatial structure on the relative costs

and benefits of investment in allelopathy also have strong

Brown et al. Microbial warfare

ª 2009 The Authors

Journal compilation ª 2009 Blackwell Publishing Ltd 2 (2009) 32–39 35



implications on an evolutionary time scale. Modelling

work by Gardner et al. (2004) showed that the evolution

of bacteriocin production should be most favoured when

producers and sensitives interact locally at intermediate

frequencies. When toxin producers are locally scarce, they

are unable to generate sufficient chemical weapons (and

therefore sufficient competitor deaths) to compensate for

the cost of production. In contrast when toxin producers

are locally dominant, producing toxins has little benefit as

there are few competitors to kill, and hence less available

resources to gain from their death. Only when producers

are at intermediate local frequencies will bacteriocin pro-

duction confer the greatest fitness advantage, by maximis-

ing gains from competitive escape for a given investment

in killing.

Gardner et al. (2004) go on to illustrate that the pro-

duction of anti-competitor chemical weapons can be

understood as an example of microbial spite. A spiteful

trait imposes costs on both actor and recipient (Hamilton

1964, 1–16; Hamilton 1970; Gardner and West 2006;

Gardner et al. 2007), and so allelopathy can be considered

a spiteful trait as it has a negative fitness impact on the

actor cell producing the toxin (due to metabolic costs of

toxin production, and for many bacteriocins, cell lysis so

as to release the toxins) and imposes a clear cost on reci-

pient cells that are sensitive to the action of the toxin.

For spite to evolve, Hamilton’s rule rb > c must be satis-

fied. For a spiteful trait, c refers to the cost to the actor

(c > 0) and b refers to the cost (or ‘negative benefit’,

b < 0) to the recipients. Given c > 0 > b, Hamilton’s rule

can be satisfied, only if relatedness r is negative. Negative

relatedness occurs between individuals that are less geneti-

cally similar (at the social trait of interest) than individu-

als chosen at random from the competitive arena

(Hamilton 1970; Grafen 1985; Queller 1994). Thus, if a

spiteful bacterium killed a random selection of neigh-

bours (who by definition have relatedness of zero, Queller

1994), then this trait would not be favoured. However,

the specificity of bacteriocin action allows for the molecu-

lar discrimination between kin (who carry appropriate

immunity genes) and non-kin (who do not), and there-

fore the generation of negative relatedness between dis-

criminately spiteful actor and unfortunate recipient. On

the level of a clonal bacteriocin-producing lineage, bacte-

riocins are selfish (i.e. returning direct benefits to the

lineage through release from competition); however bac-

teriocin production is certainly spiteful (c > 0 > b) at the

level of a self-destructing bacterium producing the toxins

(Gardner et al. 2004).

The relative weighting of the indirect and direct effects

of microbial spite change markedly when we consider the

more complex dynamics created by temperate phage

weapons amplifying on susceptibles (Dionisio 2007), or

immunological responses being ramped up by a sensitive

multicellular host (Fig. 1). In particular, the autocatalytic

dynamic most evident in the amplification of phage on

susceptibles will allow a greater destruction of competi-

tors when the focal spiteful lineage is rare and sensitives

are common, broadening the ecological conditions

favouring microbial spite. Of course, the temperate phage

symbiont cannot be considered a mere adaptation of its

carrier. Rather, one should consider the strategic interests

of both players in such dangerous liaisons (van Baalen

and Jansen 2001). The functional similarities from the

carrier perspective between bacteriocins and temperate

phage propagules (Bossi et al. 2003; Brown et al. 2006;

Joo 2006) present an intrguing bridge between public

goods (weapons are a public good of the producer line-

age, liberating them from competitors) and symbionts

(Brown and Taddei 2007).

Virulence

The impact of within-host competition on the evolution of

virulence has been the subject of a diverse range of models,

offering contrasting explanations for either an increase or

a decrease in virulence as within-host diversity increases

(Van Baalen and Sabelis 1995; Frank 1996; Brown et al.

2002; West and Buckling 2003). In contrast, in the case of

chemical warfare overall virulence is predicted to be maxi-

mised at intermediate within-host diversities, at the point

where spiteful killing is maximised and therefore overall

microbial growth is most disrupted (Gardner et al. 2004).

A partial test of this theory using Photorhabdus spp. in

caterpillars showed that single strain infections were more

virulent than mixes of bacteriocin producer and a sensitive

species of Photorhabdus (Massey et al. 2004). Further work

looking at the effect of migration on virulence in a bacte-

ria/nematode system found that virulence is reduced at

high migration rates, leading to more local diversity and

therefore more bacterial interference competition is likely

to occur (Vigneux et al. 2008).

The relationship between virulence and within-host

diversity changes yet again when alternative mechanisms

of microbial interference competition are considered.

Temperate phage mediated killing will create the greatest

demographic disruption to overall microbial growth when

phage carriers are scarce and susceptibles are common

(Brown et al. 2006). In the case of immuno-manipulative

strategies, when pro-inflammatory toxins are involved,

virulence is likely to become decoupled from overall bac-

terial density, and be largely driven by the provocative

actions of the toxin-producing lineage (Brown et al.

2008). In contrast, immuno-manipulation may reduce

virulence in other systems, if the manipulation is carried

out by resident chronic infections to skew or neutralise

Microbial warfare Brown et al.
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an inflammatory response (Riffkin et al. 1996; Graham

2002; Graham et al. 2005; Sansonetti and Di Santo 2007;

Alizon and van Baalen 2008) or to increase resistance to

superinfection (Brown and Grenfell 2001). More gener-

ally, the complex links between microbes and immunopa-

thology are likely to limit the applicability of general rules

for the evolution of virulence (Graham et al. 2005; Day

et al. 2007).

Proactive invaders

In this review we have briefly sketched three distinct

mechanisms of microbial allelopathy, each with a distinct

mediator of competition: chemicals, viruses or immunity.

The study of chemically mediated microbial competition

is by far the most advanced experimentally and theoreti-

cally, and can therefore serve as a template for future

studies on virus- and immune-mediated allelopathy (e.g.

understanding and characterising density and frequency

dependence, specificity and diversity). In return, the study

of virus- and immune-mediated allelopathy bring to the

fore issues of co-evolutionary ‘dangerous liaisons’ between

microbial provocator and their ‘weapon’ (virus or multi-

cellular host) that are also present, yet less evident, in

chemically mediated competition. For instance, numerous

bacteriocinogenic bacteria owe their allelopathy to mobile

genetic elements, mostly plasmids but also transposons

and even to extinct phages (Riley and Wertz 2002).

The study of microbial allelopathy may have broader

lessons for the study of competition. A population that

increases on arriving in a new habitat can do so in one of

three ways. First, because of some chance preadaptation,

mutation or environmental change, organisms find them-

selves favoured in their new environment (Sakai et al.

2001). Parasites can play a determining role in

these chance events, both through preadapted resistance

(Rushton et al. 2000; Tompkins et al. 2002) or through

chance losses in parasitic environment (competitive

release hypothesis, Torchin et al. 2003; Mitchell and

Power 2003). Second, organisms which exploit, through

repeated generations, regularly appearing environmental

disturbances (for instance new forest patches following

the death of a mature tree) can evolve adaptations

favouring their growth in these disturbed environments

(Crawley 1997). Third, given certain genotypes become

better adapted than their competitors to disturbed envi-

ronments, they can then evolve adaptations to increase

the environmental disturbance from which they benefit,

i.e. become proactive invaders (Brown et al. 2008). Cheat-

grass, Bromus tectorum, is one candidate example, a plant

that not only grows well on niches emptied by fire, but

also favours fire itself (Melgoza et al. 1990; Billings 1993;

Kerr et al. 1999). Similarly, bacteria inhabiting hosts

where inflammation is recurrent will be selected to resist

the associated immune response. Given better adaptation

to inflammation, selection could then favour the provoca-

tion of inflammation itself, through the acquisition of vir-

ulence factors. This principle of relative advantage

suggests that invaders can gain by actively deteriorating

their own environment. When the invader is a pathogen

and the environment is a host, this strategy can have

important implications for virulence.

Acknowledgements

We thank Angus Buckling and Troy Day for helpful com-

ments on an earlier draft, and the Wellcome Trust (SPB),

NERC (RFI) and EURYI (FT) for funding.

Literature cited

Adams, M. H. 1959. Bacteriophages. Interscience Publishers

Ltd, London.

Alizon, S., and M. van Baalen. 2008. Multiple infections,

immune dynamics and the evolution of virulence. American

Naturalist 172:E150–E168.

van Baalen, M., and V. A. A. Jansen. 2001. Dangerous liaisons:

the ecology of private interest and common good. Oikos

95:211–224.

Billings, W. D. 1993. Ecology, Management and Restoration of

Inter-Mountain Annual Rangelands. US Forest Service,

Ogdon Utah.

Bossi, L., J. A. Fuentes, G. Mora, and N. Figueroa-Bossi. 2003.

Prophage contribution to bacterial population dynamics.

Journal of Bacteriology 185:6467–6471.

Brown, S. P., and B. T. Grenfell. 2001. An unlikely partnership:

parasites, concomitant immunity and host defence. Proceed-

ings of the Royal Society of London. Series B: Biological

Sciences 268:2543–2549.

Brown, S. P., and F. Taddei. 2007. The durability of public

goods changes the dynamics and nature of social dilemmas.

PLoS ONE 2:e593.

Brown, S. P., M. E. Hochberg, and B. T. Grenfell. 2002. Does

multiple infection select for raised virulence? Trends in

Microbiology 10:401–405.

Brown, S. P., L. Le Chat, M. De Paepe, and F. Taddei. 2006.

Ecology of microbial invasions: Amplification allows virus

carriers to invade more rapidly when rare. Current

Biology 16:2048–2052.

Brown, S. P., L. Le Chat, and F. Taddei. 2008. Evolution of

virulence: triggering host inflammation allows invading

pathogens to exclude competitors. Ecology Letters 11:44–51.

Campbell, A. M. 1996. Cryptic prophages. In F. C. Neidhardt,

ed. Escherichia coli and Salmonella, pp. 2325–2338. ASM

Press, Washington, D.C.

Cascales, E., S. K. Buchanan, D. Duché, C. Kleanthous,
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