
DOI: 10.1126/science.1227512
, 1184 (2012);337 Science

Hélène Morlon
Microbial Cooperative Warfare

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): September 6, 2012 www.sciencemag.org (this information is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/337/6099/1184.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

 http://www.sciencemag.org/content/337/6099/1184.full.html#related
found at:

can berelated to this article A list of selected additional articles on the Science Web sites 

 http://www.sciencemag.org/content/337/6099/1184.full.html#ref-list-1
, 3 of which can be accessed free:cites 14 articlesThis article 

 http://www.sciencemag.org/cgi/collection/microbio
Microbiology

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2012 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

S
ep

te
m

be
r 

7,
 2

01
2

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/1863264918/Top1/AAAS/PDF-R-and-D-Systems-Science-120806/RandDSystems-v2.raw/71304a356c56424a4d50454143565771?x
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/337/6099/1184.full.html
http://www.sciencemag.org/content/337/6099/1184.full.html#related
http://www.sciencemag.org/content/337/6099/1184.full.html#ref-list-1
http://www.sciencemag.org/cgi/collection/microbio
http://www.sciencemag.org/


7 SEPTEMBER 2012    VOL 337    SCIENCE    www.sciencemag.org 1184

PERSPECTIVES

          C
ooperation among individuals of the 

same population directed against 

competing populations (cooperative 

warfare) is widespread in animals and plants. 

What happens in the microbial world is much 

less understood. Microbes can interact with 

one another through chemical signals, but lit-

tle is known about the nature of their inter-

actions, particularly outside the laboratory. 

On page 1228 of this issue, Cordero et al. 

( 1) present a detailed analysis of ecological 

interaction networks, population structures, 

and genetic relatedness of microbes in the 

wild. They suggest that cooperative warfare 

is common in the microbial world.

To defend against invasion or invade estab-

lished communities, microbes use a myriad of 

antibiotics. The interactions between produc-

ing (P), resistant (R), and sensitive (S) strains 

are often similar to the children’s game “rock-

scissors-paper,” whereby P dominates S, S 

outcompetes R, and R outcompetes P (see 

the fi gure, panel A) ( 2). These strains can-

not coexist in well-mixed populations (panel 

B). In spatially structured populations, they 

continuously displace one another, resulting 

in a dynamic mosaic of nearly clonal popula-

tions (panel C). Both theory and experiments 

suggest that such interactions promote coex-

istence and biodiversity ( 2– 4). However, the 

extent to which they promote biodiversity in 

nature remains unclear.

To explore chemical warfare in the wild, 

Cordero et al. analyzed interactions within 

and between populations of bacteria of the 

family Vibrionaceae in the coastal ocean. 

The authors had previously identified eco-

logical populations of Vibrio on the basis of 
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of isotopes produced and delivered at half 

the speed of light.

SHIPTRAP ( 10) at GSI in Germany 

is the only ion trap facility specifically 

designed for the study of the heaviest ele-

ments. SHIPTRAP is connected to GSI’s 

velocity fi lter SHIP, one of the few instru-

ments in the world for the synthesis of 

superheavy elements. After a fi rst demon-

stration of mass measurements of the heavi-

est elements ( 11), the SHIPTRAP team has 

now studied long series of nobelium and 

lawrencium isotopes in the vicinity of neu-

tron number 152, where theory predicts a 

subshell closure (that is, stability).

The experimental results of Minaya 

Ramirez et al. corroborate the existence of 

this localized region of enhanced binding 

due to shell effects above the doubly magic 

lead-208 and confi rm 152 to be a magic neu-

tron number. Together with the shell effect 

strength that is extracted from the differ-

ences of the measured masses, this serves as 

a critical test for theoretical models describ-

ing the nuclear properties of the heaviest ele-

ments. Determination of this number is deci-

sive for better predicting the location and the 

strength of the shell closures in heavier and 

superheavy elements.

Measurements such as those reported by 

Minaya Ramirez et al. are extremely diffi cult 

and require extraordinary care and prepa-

ration given the very low production rates 

of these very heavy elements and the need 

for high accuracy. In addition to providing 

a very important result, SHIPTRAP has set 

a new record by demonstrating that direct 

mass measurements of radioactive isotopes 

can be performed with detection rates as low 

as one ion every few hours while reaching 

an accuracy better than one part per million. 

The precise measurement of the mass of law-

rencium-256 required the detection of about 

50 ions and took 93 hours.

Extending such measurements to iso-

topes of even heavier elements is highly 

desirable and important but extraordinarily 

challenging; continued technical and meth-

odological improvements will be needed. A 

new detection scheme is planned at SHIP-

TRAP where the mass of a single ion is 

measured by listening to the electric current 

it induces in electrodes due to its motion 

in the trap ( 12). Such single-ion sensitiv-

ity would be an important step in paving 

the way to the superheavy elements, in 

particular rutherfordium (proton number 

104) and dubnium (proton number 105). If 

SHIPTRAP succeeds in measuring isotope 

masses of these elements, then it would 

help to unambiguously identify the new ele-

ments with proton numbers 113, 115, and 

117 ( 3) by providing reliable mass anchor 

points for the alpha decay chains originat-

ing from these elements. 
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Trap and probe. (Left) Concept of a Penning trap and (right) example of a Penning trap confi guration as 
used at LEBIT ( 9). With such electrode confi gurations, an ion can be stored in a strong magnetic fi eld under 
vacuum for a long time. The frequency of the circular, cyclotron, motion performed by a trapped ion is con-
nected to its charge, mass, and the magnetic-fi eld strength. By determining this frequency, it is possible to 
obtain the ion’s mass. Minaya Ramirez et al. have used a similar device in SHIPTRAP ( 10) for their study of 
nuclear binding of the heaviest elements.
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a protein-coding gene phylogeny and 

habitat associations ( 5). In the present 

study, they systematically analyzed 

pairwise interactions among 185 Vib-

rio isolates by means of local growth 

inhibition tests.

They identify a certain degree of 

genetic difference above which the 

potential for antagonistic interactions 

increases sharply. This threshold coin-

cides almost exactly with the average 

genetic distance separating ecologi-

cal populations. Hence, antagonism 

occurs mostly between rather than 

within natural Vibrio populations. 

Moreover, whole-genome analyses 

reveal that genomes of the same pop-

ulation share on average only 72% of 

their genes. Thus, populations are not 

nearly clonal, contrary to what would 

be expected under cyclic replacement 

[(2), panel C]. Rather, coexistence is 

maintained by a cooperative popula-

tion structure (panel D).

The idea that microorganisms can 

participate in social behaviors simi-

lar to those of macroorganisms is not 

new ( 6,  7). Microorganisms cooper-

ate to better exploit resources ( 8), to 

form microbial mats or fruiting bod-

ies ( 6), and to resist stressful envi-

ronments ( 9). Cordero et al. show 

that cooperation is also a major force 

in antibiotic-mediated interference 

competition between populations. 

Research on interference competi-

tion in microbes has focused on the 

role of proteins ( 10), but the authors 

show that most interactions (96%) are in fact 

mediated by small antibiotic molecules. A 

single specifi c antibiotic biosynthesis clus-

ter, apparently subject to frequent horizontal 

transfer, seems responsible for the antago-

nistic activity.

Cordero et al.’s study suggests that in 

socially cohesive bacterial populations, 

superkiller strains release antibiotics that act 

as “public goods.” But how can such social 

systems evolve? Antibiotic production 

comes at a fi tness cost to the superkillers, 

and in a Darwinian world of survival of the 

fi ttest, why should an individual help others 

at its own expense? Hamilton’s theory of kin 

selection stipulates that cooperation can be 

maintained in a population if the cooperative 

behavior is directed toward relatives carry-

ing the cooperative genes ( 11). Antagonism 

decreases with genetic relatedness in Vibrio 

populations, which could suggest a form of 

kin selection. However, the authors found 

that the nonproducing cells toward which 

cooperation is directed do not carry genes 

from the antibiotic biosynthesis cluster.

This observation raises the intriguing pos-

sibility that cooperation can be maintained 

in microbial populations if it is directed 

not only toward cells carrying the coopera-

tive genes, but also toward cells that have 

a greater potential to acquire these genes. 

Indeed, the cells benefi ting from coopera-

tion are already resistant and can thus readily 

acquire antibiotic-producing genes by hori-

zontal transfer. Nonresistant cells are much 

less likely to acquire these genes, because 

producing genes are not genetically linked 

to their resistance factors. Further empiri-

cal and theoretical work aimed at testing this 

hypothesis will advance our understanding 

of microbial social structure.

Cordero et al. have assembled one of the 

largest microbial interaction networks to 

date. A similar network was recently com-

piled for Streptomyces ( 4). Studies of this 

kind open promising avenues for analyz-

ing ecological networks and will 

likely bring new insights into the 

evolutionary ecology of communi-

ties. However, the high-throughput 

growth methods used in these stud-

ies have shortcomings. Experiments 

carried out in a fi xed culture medium 

might not capture what happens 

in nature, because interactions can 

vary drastically with environmental 

conditions ( 12). Likewise, cultiva-

tion-dependent techniques presum-

ably miss many strains. It would 

be insightful to compare these net-

works to in silico networks con-

structed from genome-scale models 

( 12), or to networks estimated from 

spatial and temporal associations 

among microbial taxa identifi ed by 

molecular techniques ( 13).

Still, a property that seems to 

emerge across microbial networks 

is that interactions evolve quickly. 

This contrasts with the evolution-

ary conservatism of interactions 

generally observed in macroor-

ganisms ( 14). Rapid evolutionary 

changes of ecological interactions 

imply that we face a daunting task 

of predicting the future effect of 

environmental changes or clinical 

treatments on microbial commu-

nities. Further exploration of the 

evolution of microbial interaction 

networks may prove crucial to meet 

major challenges ahead, including 

evaluating how the ecological ser-

vices provided by microorganisms 

will respond to global change and designing 

effective treatments against resistant bacte-

rial infections. 
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Status of the cell regarding antibiotic 1 ( ) and antibiotic 2 ( )
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P kills S R out-

competes P

S
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Producing Resistant strainsSensitive

Rock-scissors-paper–type interactions

B Diversity collapse in well-mixed populations

C
Diversity maintained by cyclic dynamics

in spatially structured habitats

D Diversity maintained through cooperation

Diverse views of coexistence. (A) Antibiotic production often results 
in rock-scissors-paper–type interactions between bacterial strains. (B) In 
the absence of spatial structure, producing strains kill sensitive strains 
and resistant strains outcompete producing strains, resulting in diver-
sity collapse. (C) In structured habitats, clonal populations are constantly 
invaded and replaced in a dynamic game, thus maintaining diversity. (D) 
Cordero et al.’s results suggest that in nature, cooperation within non-
clonal populations prevents invasion and maintains diversity.
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