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Major transitions in evolution of complexity

John Maynard Smith and Eörs Szathmáry

Transitions in information transmission:

~ Independent replicators now replicate as part of a larger whole
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Major transitions in evolution of complexity

John Maynard Smith and Eörs Szathmáry

Transitions in information transmission:

~ Independent replicators now replicate as part of a larger whole

gene ⟶ chromosomes

prokaryotes + mitochondria/
chloroplasts ⟶ eukaryotes

clonal or asexual reproduction ⟶ sexual reproduction

independent living cells ⟶ multicellular organisms

independent individuals ⟶ social groups 
(eusociality)
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C-value enigma will require the integration of insights 
derived from various disciplines including cytogenet-
ics, cell biology, morphology, developmental biology, 
physiology, evolutionary theory, phylogenetics, ecol-
ogy !BOX 2" and, as argued here, complete genome 
sequencing.

A detailed review of either genome sequencing 
or genome size is neither the intent nor within the 
scope of this discussion (for this, see REFS 10#12). 
Instead, the following sections outline some cru-
cial new insights into the study of genome size that 
have been derived from complete sequences, and 
the importance of genome size in the generation 
and interpretation of genome sequences. The key 
message throughout this article is that considerable 
benefits are to be had by bridging the current divide 
between sequence and size.

Using sequences to understand sizes
Most previous work on genome-size evolution has 
involved carrying out interspecific comparisons of 
total DNA content, mostly to the exclusion of gene-
level analyses. In particular, the primary focus has 
been on correlating variation in DNA content with 
a range of parameters, from the sizes of individual 
chromosomes to the geographical distribution of spe-
cies10,11,13–15 !BOX 2". Phenotypic associations such as 
these have had an important role in shaping discussions 

of genome-size evolution, but the obvious problem 
is that they deal only with the subset of the C-value 
enigma that relates to the implications of DNA-content 
variation. The equally important components of the 
puzzle that involve the sub-genomic processes and 
specific sequences that generate variation in genome 
size have received less attention. For the most part, 
this is because these issues can only be examined 
in detail through large-scale comparisons of DNA 
sequences, an approach that has become possible only 
relatively recently.

Fortunately, interest in the molecular bases of 
genome-size change has been increasing steadily over 
the past 10 years. This has included not only rudimen-
tary analyses of the sequences and processes that add 
to genomic bulk, but also of previously overlooked 
mechanisms for genome shrinkage. The net result has 
been a recognition that genome sizes can change — in 
either direction — by various processes that operate 
at many physical and temporal scales, from individual 
replication events within genomes to filtering at the 
level of populations and higher-order lineages10,15 
!BOX 2". Some specific contributions of large-scale 
sequencing to this new understanding of genome-size 
change are highlighted in the following sections. A 
few warnings are also provided in an effort to prevent 
an overextension of these valuable, but still limited, 
genome-sequence data.

Box 1 | Extensive variation in genome size within and among the main groups of life

Ever since the first general 
surveys of nuclear DNA 
content were carried out in 
the early 1950s it has been 
apparent that eukaryotic 
genome sizes vary 
enormously and that this is 
unrelated to intuitive ideas of 
morphological complexity2. 
This discrepancy between 
genome size and complexity 
remains clear more than half 
a century later, with genome 
sizes now available for nearly 
9,000 species of animals and 
plants10,11. In prokaryotes, 
genome size and gene number 
are strongly correlated86, but 
in eukaryotes the vast majority 
of nuclear DNA is non-coding 
(FIG. 1; BOX 3". Nevertheless, 
there is some overlap in genome 
size between the largest bacteria 
and the smallest parasitic 
protists. The figure illustrates 
the means and overall ranges 
of genome size that have been 
observed so far in the main groups of living organisms, and are loosely arranged according to common ideas of 
complexity to further emphasize the disparity between this parameter and genome size. Some commonly cited extreme 
values for amoebae (700,000 Mb) have been omitted, as there is considerable uncertainty about the accuracy of these 
measurements and the ploidy level of the species involved10,87.

700 | SEPTEMBER 2005 | VOLUME 6  www.nature.com/reviews/genetics
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C-value enigma will require the integration of insights 
derived from various disciplines including cytogenet-
ics, cell biology, morphology, developmental biology, 
physiology, evolutionary theory, phylogenetics, ecol-
ogy !BOX 2" and, as argued here, complete genome 
sequencing.

A detailed review of either genome sequencing 
or genome size is neither the intent nor within the 
scope of this discussion (for this, see REFS 10#12). 
Instead, the following sections outline some cru-
cial new insights into the study of genome size that 
have been derived from complete sequences, and 
the importance of genome size in the generation 
and interpretation of genome sequences. The key 
message throughout this article is that considerable 
benefits are to be had by bridging the current divide 
between sequence and size.

Using sequences to understand sizes
Most previous work on genome-size evolution has 
involved carrying out interspecific comparisons of 
total DNA content, mostly to the exclusion of gene-
level analyses. In particular, the primary focus has 
been on correlating variation in DNA content with 
a range of parameters, from the sizes of individual 
chromosomes to the geographical distribution of spe-
cies10,11,13–15 !BOX 2". Phenotypic associations such as 
these have had an important role in shaping discussions 

of genome-size evolution, but the obvious problem 
is that they deal only with the subset of the C-value 
enigma that relates to the implications of DNA-content 
variation. The equally important components of the 
puzzle that involve the sub-genomic processes and 
specific sequences that generate variation in genome 
size have received less attention. For the most part, 
this is because these issues can only be examined 
in detail through large-scale comparisons of DNA 
sequences, an approach that has become possible only 
relatively recently.

Fortunately, interest in the molecular bases of 
genome-size change has been increasing steadily over 
the past 10 years. This has included not only rudimen-
tary analyses of the sequences and processes that add 
to genomic bulk, but also of previously overlooked 
mechanisms for genome shrinkage. The net result has 
been a recognition that genome sizes can change — in 
either direction — by various processes that operate 
at many physical and temporal scales, from individual 
replication events within genomes to filtering at the 
level of populations and higher-order lineages10,15 
!BOX 2". Some specific contributions of large-scale 
sequencing to this new understanding of genome-size 
change are highlighted in the following sections. A 
few warnings are also provided in an effort to prevent 
an overextension of these valuable, but still limited, 
genome-sequence data.

Box 1 | Extensive variation in genome size within and among the main groups of life

Ever since the first general 
surveys of nuclear DNA 
content were carried out in 
the early 1950s it has been 
apparent that eukaryotic 
genome sizes vary 
enormously and that this is 
unrelated to intuitive ideas of 
morphological complexity2. 
This discrepancy between 
genome size and complexity 
remains clear more than half 
a century later, with genome 
sizes now available for nearly 
9,000 species of animals and 
plants10,11. In prokaryotes, 
genome size and gene number 
are strongly correlated86, but 
in eukaryotes the vast majority 
of nuclear DNA is non-coding 
(FIG. 1; BOX 3". Nevertheless, 
there is some overlap in genome 
size between the largest bacteria 
and the smallest parasitic 
protists. The figure illustrates 
the means and overall ranges 
of genome size that have been 
observed so far in the main groups of living organisms, and are loosely arranged according to common ideas of 
complexity to further emphasize the disparity between this parameter and genome size. Some commonly cited extreme 
values for amoebae (700,000 Mb) have been omitted, as there is considerable uncertainty about the accuracy of these 
measurements and the ploidy level of the species involved10,87.

700 | SEPTEMBER 2005 | VOLUME 6  www.nature.com/reviews/genetics
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but the smaller genome of zebrafish contains more 
than 30 distinct lineages of this element21. In chickens, 
85% of the constituent sequences cannot be identified, 
which probably reflects a high quantity of ancient trans-
posable elements that have become degraded beyond 
recognition35. However, even here, several distinct 
lineages persist in the dominant chicken transposable 
element, the LINE element CR1 !REF. 35".

Although it is probable that the overall abundance 
of each type of transposable element correlates posi-
tively with genome size28, it is also evident that the pro-
portion of element types varies tremendously among 
genomes. For example, LINE elements and SINE ele-
ments are dominant in mammals, but no active SINE 
elements have existed in avian genomes since the 
origin of birds16,31,35,36. LTR retrotransposons are the 
most common transposable elements in the grasses 
and in the silkworm moth Bombyx mori37,38, whereas 
DNA transposons predominate in nematodes39. In 
the smallest genomes only a few — or in some cases 
no — transposable elements are found40–45.

Lessons from the study of transposable elements. The 
evidence that has emerged from complete genome-
sequencing projects indicates that small genomes are 
engaged in an active campaign to keep their diverse 
and active transposable-element populations in 
check, whereas in larger genomes one or a few types 
might spread relatively unhindered and then persist 
as identifiable fossils long after they lose their capa-
bilities for self-replication. Conversely, it could be 
that organism- level selection for a small genome 
creates strong intragenomic selective pressure for the 
maintenance and/or diversification of active transpos-
able elements. Certainly, deciphering the nature of the 
dynamics between the size and other features of host 
genomes and the genetic parasites of which many are 
largely composed represents a promising avenue for 
future investigation.

In short, although only a handful of eukaryotic 
genome sequences are currently available for compari-
son, it is already clear that the evolution of transposable 
elements — and by extension genome size — is a highly 
complex process that varies considerably in its specif-
ics from one genome to the next, even among related 
organisms. Transposable elements might indeed 
propagate as ‘selfish’ elements with varying degrees of 
virulence and with diverse effects on genomes while 
they remain active, but once extinct (as the majority 
probably are in larger genomes) their abundance will 
depend on a complex interplay of mutational mecha-
nisms, interactions with other elements, and evolution-
ary forces that are both internal and external to the 
genome !BOX 2".

Small-scale duplications. As with transposable ele-
ments, it seems that the total abundance of pseudo-
genes (‘junk DNA’, properly defined) might correlate 
positively with genome size, although overall these 
elements constitute a relatively small fraction of 
genome size. For example, only 51 pseudogenes are 

found in the chicken genome35, 14,000 in the mouse31, 
18,755 in the rat36 and 19,000 in the human46, in 
accordance with their rankings with respect to genome 
size. The truly small-genomed species that have been 
sequenced so far all have low pseudogene numbers: 
only 33 are found in Schizosaccharomyces pombe 47, 
166 in Anopheles gambiae, 176 in D. melanogaster48 and 
400 in Oikopleura dioica41. In keeping with this, there 
is evidence of a positive relationship between genome 
size and the estimated half-lives of new gene duplicates 
across species28, further supporting the idea that a gen-
eral propensity to delete non-coding DNA of all types 
correlates inversely with genome size49,50.

Pseudogene evolution, similar to that of transpos-
able elements, is being revealed by complete genome-
sequence data as a complex process that can be 
influenced by several genomic factors. For example, 
there seem to be ‘hot spots’ of pseudogene formation 
near the centromeres of human chromosomes46. In 
mice and humans, the local abundance of processed 
pseudogenes seems to be linked to within-genome 
variation in GC content, as occurs with transposable 
elements51. Intriguingly, processed pseudogenes are 
especially rare in chickens, probably because the most 
prevalent chicken transposable element, CR1 — unlike 
LINE1 in humans — encodes a reverse transcriptase 
that is unlikely to copy polyadenylated mRNAs and 
therefore fails to generate them35.

In terms of medium-scale duplication processes, it 
seems that more than 5% of the euchromatic human 
genome is composed of relatively recent segmental 
duplications (<40 Mya). It is interesting to note that 
the proportion of the rat genome (3%) that is made 
up of segmental duplications of at least 5 kb is inter-
mediate between that of humans (5.3%) and mice 
(1–2%), which is in keeping with its intermediate 
genome size. This finding is consistent with the fact 

Figure 1 | The relative contributions of two key 
components of eukaryotic genomes. The relationships 
between haploid genome size and the percentage of the 
genome that consists of protein-coding genes (white circles) 
and transposable elements (black circles) are shown. The 
data are based on species that have been the subject of 
large-scale sequencing studies. Larger genomes contain 
proportionately fewer genes and more transposable elements 
than small genomes. A log10 (x + 1) transformation was used 
because some tiny genomes contain no recognizable 
transposable elements.
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Tension between individual and group benefit
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For the good of the group

Traits that benefit the group may spread because groups full of 
individuals with such traits will persist longer than groups without 
such individuals.

“A tribe including many members who...were always ready to aid one 
another, and to sacrifice themselves for the common good, would be 
victorious over most other tribes; and this would be natural selection.”

           Charles Darwin
           The Descent of Man and 
           Selection in Relation to Sex (1871)
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For the good of the group

Task specialization: 
eusociality
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For the good of the group

Group defense: alarm calls
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For the good of the group

Group defense: warfare 

Wednesday, June 22, 2011



Santa Fe InstituteMultilevel selection

For the good of the group

Meiosis: the parliament of genes
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 The virtue of selfishness

Traits that benefit an individual at the cost of others in the group will 
spread within the group.

“It is extremely doubtful whether the offspring of... parents... which 
were the most faithful to their comrades, would be reared in greater 
number than the children of selfish and treacherous parents of the 
same tribe.”

           Charles Darwin
           The Descent of Man and 
           Selection in Relation to Sex (1871)

Wednesday, June 22, 2011



Santa Fe InstituteMultilevel selection
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Worker reproduction in bees and wasps
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killed by a paternal effect from infected fathers, with a
net increase in the frequency of infected individuals.

In some cases, these elements spread through 
PANMICTIC POPULATIONS, whereas others require struc-
tured populations or competition among siblings for
resources (for example, Medea) for their spread.

Supernumerary B chromosomes represent another
class of segregation distorters. These chromosomes,
which are widespread in eukaryotes, are not essential for
organism function and can be present in one or more
copies per individual. They spread through populations
and persist by virtue of their capacity to be inherited by
greater than 50% of progeny as a result of preferential
segregation at meiosis, and through accumulation in
mitotic events before gamete formation18.

Post-segregation distorters. Some selfish elements
reduce the frequency of non-carrier individuals after
fertilization and the commencement of development.
Several of these act by killing individuals that have not
received the selfish element (TABLE 1) and are analogous
to post-segregation-killing plasmids, such as pIK137 in
Escherichia coli (REF. 19,but also see REF. 20 for an alterna-
tive view). The Medea locus (maternal-effect dominant
embryonic arrest) in the flour beetle Tribolium casta-
neum involves a maternal effect allele that kills progeny
that do not inherit the allele21. Although biochemical
mechanisms are still unclear, they probably involve a
modification of the egg (by protein or mRNA) that
must be rescued by the presence of the Medea locus in
the zygote. CYTOPLASMIC INCOMPATIBILITY, induced by the
cytoplasmically inherited bacterium Wolbachia (which
is widespread in insects, arachnids (spiders), crustaceans
and nematodes), also involves a modification–rescue
system22,23.However, in this case,uninfected zygotes are

GENE CONVERSION

A non-reciprocal
recombination process that
results in an alteration of the
sequence of a gene to that of its
homologue during meiosis.

FIXATION

Increase in allele frequency to
the point where all individuals
in a population are
homozygous.

MEIOTIC DRIVE

Distortion of meiosis such that
one of a pair of chromosomes
in a heterozygote is recovered in
greater than half of the progeny.
A subset of segregation
distortion.

CYTOPLASMIC

INCOMPATIBILITY

A sperm–egg incompatibility
usually associated with
Wolbachia infections. Wolbachia
modify the host sperm in testes
and the same strain of
Wolbachia must be present in
the egg to rescue this
modification. Absence of rescue
results in incompatibility and
zygotic lethality.

HEG – (recipient)

Transcription

Translation of homing
endonuclease (HE)

HEG+ (donor)

AAAA

Binding of HE to the
recognition motif on HEG –

Double-stranded break in
HEG – recognition motif

Repair using HEG+

as a template

Figure 2 | Homing endonucleases. A donor allele, homing
endonuclease gene (HEG)+, encodes a homing
endonuclease that introduces double-stranded breaks in
15–20-bp sequence motifs. The breaks are then repaired
using the HEG donor sequence as a template, resulting in a
gene conversion. The repair splits the recognition motif and
therefore prevents future re-excision. The net result is the
inheritance of the HEG in nearly all meiotic products. 

Sd

Rsp i

Sd+

Rsps

Male germline cell

Meiosis

Sperm

Sd
Rsp i

Sd
Rsp i

Sd+

Rsps
Sd+

Rsps

Figure 3 | Model of Segregation distorter (Sd) action in
Drosophila melanogaster. In its simplest form, the system
involves an interaction between two linked loci, Sd and Rsp
(responder)78–80. The Rsp locus can harbour either the Rspi

allele (insensitive to distortion by Sd) or the Rsps (sensitive 
to distortion by Sd). Sd produces a truncated version of 
the RanGAP nuclear transport protein, and its presence
interferes with the normal processing of Rsps-bearing
sperm, by mechanisms that are still unclear. Sd and Rspi

are often found coupled together. If this is the case, and the
homologous chromosome bears the sensitive allele Rsps,
then sperm that bear Rsps degenerate and the chromosome
that bears Sd and Rspi is inherited by up to 99% of all
progeny. In the diagram, the male is heterozygous, bearing
Sd with Rspi on one copy of chromosome 2, and Rsps and
no copy of Sd (Sd+) on the other. Four meiotic products are
formed, but those that bear Rsps fail to mature. All functional
sperm produced by the male bear both Sd and Rspi.
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Wolbachia: anti-male bias 

Segregation distortion
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 The virtue of selfishness

Free-riding or shirking
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Multilevel selection theory
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Multilevel selection theory

Due to the work of George R. Price
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Multilevel selection theory

Due to the work of George R. Price

Price equation: 
 exact and general description of 
 evolutionary change
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Multilevel selection theory

Due to the work of George R. Price

Price equation: 
 exact and general description of 
 evolutionary change

 statistical partition of the 
 components of evolutionary 
 change
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Multilevel selection theory

Due to the work of George R. Price

Price equation: 
 exact and general description of 
 evolutionary change

 statistical partition of the 
 components of evolutionary 
 change

~ Tool for clarifying concepts

~ Not useful for dynamics
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Multilevel selection theory

Goal: partition the evolutionary change in some variable into 
components due to natural selection and other forces
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Multilevel selection theory

Goal: partition the evolutionary change in some variable into 
components due to natural selection and other forces

What kinds of variables?
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Multilevel selection theory

Goal: partition the evolutionary change in some variable into 
components due to natural selection and other forces

What kinds of variables?

~ Phenotypes: height, coat color, amount of effort in cooperative hunt,
    $$$ donated in economic game, etc

~  Frequency of types: the frequency of a particular allele at a locus,
      the frequency of defectors in a population, etc

~ Fitness: the number of offspring left by each individual
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Multilevel selection theory
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Multilevel selection theory

Let z be some variable we want to measure in a population
– suppose z measures some phenotype
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Multilevel selection theory

Let z be some variable we want to measure in a population
– suppose z measures some phenotype

The change in the average value of z,    , over a single generation is:

 : frequency and phenotype of type i in current generation
 : frequency and phenotype of descendants of type i 
   in next generation
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Multilevel selection theory
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Multilevel selection theory

,     wi = fitness of type i , 
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Multilevel selection theory

Price equation!

,     wi = fitness of type i , 
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Multilevel selection theory: Price equation
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Multilevel selection theory: Price equation

: evolutionary change in z due to natural selection
– statistical association between fitness and phenotype
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Multilevel selection theory: Price equation

: evolutionary change in z due to natural selection
– statistical association between fitness and phenotype

: evolutionary change in z due to imperfect transmission
– e.g. mutation, non-random mating, segregation distortion
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Multilevel selection theory: Price equation

Using the Price equation, we can derive three of the most 
fundamental expressions of evolutionary change due to natural 
selection:
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Multilevel selection theory: Price equation

Using the Price equation, we can derive three of the most 
fundamental expressions of evolutionary change due to natural 
selection:

1. Fisher’s fundamental theorem of natural selection (FTNS)
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Multilevel selection theory: Price equation

Using the Price equation, we can derive three of the most 
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“The rate of increase in fitness of any organism at any time is equal to 
its genetic variance in fitness at that time.”

           Ronald A. Fisher
           The Genetical Theory of 
           Natural Selection (1930)

No genetic variance implies no increase in fitness
(equilibrium condition)

Variance > 0 implies that fitness is always increasing
(stability condition: adaptive peaks)

Mathematization of the concept Darwinian natural selection
(cf. Arrow & Debreu theorems of Welfare Economics and Invisible Hand) 
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Multilevel selection theory: FTNS

Phenotypes have a genetic basis (alleles at loci).

Least-squares regress phenotype value on genetic values (x)

Breeding value: gi ,      Residual: δi 

Mean(δi) = 0,       (gi , δi) uncorrelated

Phenotype of interest is fitness, w :
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“a gene may receive positive selection even though disadvantageous 
to its bearers if it causes them to confer sufficiently large advantages 
on relatives.”

           William D. Hamilton
           J. Theor. Biol. (1964)

Hamilton’s rule: r b – c > 0
     relatedness × benefit – cost > 0

The effect of natural selection on a gene is a function all copies of a 
gene, not just that copy present in the focal individual.

Inclusive fitness
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: evolutionary change in due to natural selection 
– Hamilton’s rule!

: evolutionary change due to imperfect transmission

andSet
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Multilevel selection theory: group selection

“...discussing the evolution of courage and self-sacrifice in man, 
[Darwin] left a difficulty apparent and unresolved. He saw that such 
traits would naturally be counterselected within a social group 
whereas in competition between groups the groups with the most of 
such qualities would be the ones best fitted to survive and increase.”

           William D. Hamilton
           Biosocial Anthropology (1975)
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: evolutionary change due to between group selection 

: evolutionary change due to within group selection

– equation is recursive:           could be partitioned
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Multilevel selection theory: summary

FTNS :

Kin selection :

Group selection :

Price equation

~ Price equation: unitary framework for understanding evolutionary change 

~ Evolutionary change has natural selection and transmission components

~ Natural selection is a function of heritable types in the population

~ Natural selection can be partitioned in different ways:
– associations due to heritable types or group membership
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Multilevel selection theory: a tangled history

The relationship between evolutionary change, natural selection, and 
kin and group selection was not always so clear.

Beginning in the mid 1960’s, ethologists began to seriously consider 
the evolutionary explanations for behavior;

~ Konrad Lorenz and Niko Tinbergen

~ Tinbergen: proximate vs. ultimate (how vs. why)

e.g. black headed gulls
remove eggs shells from nest
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A tangled history: group selection

Selection between groups as 
explanation for phenotypes:
“for the good of the species”

~ Konrad Lorenz:
ritualistic fights

~ V.C. Wynne-Edwards:
self-regulation of population 
density

~ H. G. Muller:
genetic recombination
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A tangled history: group selection

Backlash against “naive” group 
selectionism

~ individual-level selection 
often sufficient

~ group selection outweighs 
individual selection only in 
narrow parameter regimes

Kin selection became dominant 
conceptual tool
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NEWS AND COMMENT

Sociobiology: Troubled Birth
for New Discipline

Cambridge, Massachusetts. Sociobiol-
ogy is the title of an ambitious synthesis
that aims to found a new discipline, the
systematic study of the biological basis of
sociality. Published last June to generally
laudatory reviews in the scientific press,
the book has since come under heavy criti-
cism for allegedly concealing a reactionary
political message. Its theories have been
held analogous to those of Nazi eugenics
and its author has countercharged his
critics with intimidation and inhibiting free
inquiry. Beneath the smoke is a scientific
issue-which some spectators regard as
part of a historic debate-that of the ex-
tent to which human social behavior is
genetically determined.
Though the controversy about Socio-

biology is far ranging, the protagonist and
his critic-in-chief work in the same build-
ing almost within shouting distance of each
other. Author Edward 0. Wilson is curator
in entomology at the Harvard Museum of
Comparative Zoology. Richard Lewontin
is professor of zoology at the museum.

Slime molds, ants, and apes belong to
the three groups of species among which

sociality has evolved in nature. Only the
last chapter of Sociobiology, comprising
some 30 of its 600 pages, is devoted to the
species at nature's fourth social pinnacle,
man. It is this chapter which is the focus of
a vehement attack by a phalanx of Cam-
bridge based academics and others. The
group, which calls itself the Sociobiology
Study Group, is affiliated with the radical-
ly oriented Science for the People. Besides
Lewontin and Steven Gould, also a mem-
ber of Wilson's department, the group in-
cludes four other Harvard professors.*

Every other Tuesday for the last 6
months, the group has held meetings to cri-
tique Wilson's text. The chief outcome of
this assiduous study has been two articles,
one published as a letter in the 13 Novem-
ber issue of the New York Review of
Books, the other a 30-page document of
which a condensed version is to appear in
BioScience together with a reply by Wil-
son. According to the theme developed in
both these articles, Wilson contends that
man's social behavior is mostly or wholly
determined by his genes. Such a position,
which the group labels "biological deter-
minism," conveys a justification of the
existing political order of society by im-
plying that it is genetically determined. In
any case, the group adds, there is no direct
scientific evidence to suppose that any of
man's social behavior is determined by the
genes.
The Sociobiology Study Group operates

as a collective and objects to any sugges-
tion that it has a leader. Attention focuses
more equally on Lewontin than on other
members, however, because he has actively
promoted the campaign against Sociobiol-
ogy by giving lectures and writing letters to
the Harvard Crimson. Lewontin has long,
been a prominent and articulate member_0
of Science for the People. He is also a dis-
tinguished expertn on the subject at hand.
He and Richard Levins, another member-
of the group, are widely regarded as

brilliant population geneticists. Both have
been elected to the National Academy of
Sciences, but Lewontin resigned on a point
of principle (issuance by the academy of
classified reports) and Levins, a Marxist,
declined to accept membership because of
the academy's participation in military
matters. According to sources close to
Wilson, it was he, as an admirer of their
work, who was in large measure respon-
sible for bringing Lewontin to Harvard
over political opposition in the faculty and
for promoting Levins as a candidate for
election to the academy. Wilson cites gen-
erously from their work and, at least until
the present controversy was ignited, is said
to have been a reasonably close colleague
and friend of Lewontin's.
Whereas Lewontin and his radical col-

leagues profess to see a political message
in Sociobiology, its author, who describes
himself as a liberal, sees none and says
none was intended. Wilson's best known
work before Sociobiology was The Insect
Societies, a magisterial survey of the social
systems of wasps, ants, bees, and termites.
His office, on the floor above Lewontin's, is
dominated by a potted orange tree whose
leaves have been stitched together by a col-
lective of weaver ants. Nearby containers
are homes to colonies of fire ants, leaf-cut-
ting ants, and other exotic myrmecoids.
The stray members of these societies that
forage through the papers on Wilson's
desk do not disturb him; "Inevitable leak-
age," he says.
The Wilson-Lewontin debate has every

_ The 35 present members of the collective include the
following academics Jon Beckwith, professor, Har-
yvard Medical School; Steven Chorover, profeor of
psychology, MIT; David Culver, professor of biology,
Harvard Medical School; Steven Gould, professor,
Harvard University-, Ruth Hubbaird, professor of biol-
ogy, Harvard University, Hiroshi Inouye, resident fel-
low, Harvard Medical School; Anthony Leeds, profes-
sor of anthropology, Boston University; Richard Le-
wontin, professor of biology, H4arvard Utniversity. An-
other member, Richard Levins of Harvard University,was not a signatory of thw letter to the New York Re-
view ofBooks. Edward 0. Wils,. 1151

ls ;.
Richard Lewontin
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Cambridge, Massachusetts. Sociobiol-
ogy is the title of an ambitious synthesis
that aims to found a new discipline, the
systematic study of the biological basis of
sociality. Published last June to generally
laudatory reviews in the scientific press,
the book has since come under heavy criti-
cism for allegedly concealing a reactionary
political message. Its theories have been
held analogous to those of Nazi eugenics
and its author has countercharged his
critics with intimidation and inhibiting free
inquiry. Beneath the smoke is a scientific
issue-which some spectators regard as
part of a historic debate-that of the ex-
tent to which human social behavior is
genetically determined.
Though the controversy about Socio-

biology is far ranging, the protagonist and
his critic-in-chief work in the same build-
ing almost within shouting distance of each
other. Author Edward 0. Wilson is curator
in entomology at the Harvard Museum of
Comparative Zoology. Richard Lewontin
is professor of zoology at the museum.

Slime molds, ants, and apes belong to
the three groups of species among which

sociality has evolved in nature. Only the
last chapter of Sociobiology, comprising
some 30 of its 600 pages, is devoted to the
species at nature's fourth social pinnacle,
man. It is this chapter which is the focus of
a vehement attack by a phalanx of Cam-
bridge based academics and others. The
group, which calls itself the Sociobiology
Study Group, is affiliated with the radical-
ly oriented Science for the People. Besides
Lewontin and Steven Gould, also a mem-
ber of Wilson's department, the group in-
cludes four other Harvard professors.*

Every other Tuesday for the last 6
months, the group has held meetings to cri-
tique Wilson's text. The chief outcome of
this assiduous study has been two articles,
one published as a letter in the 13 Novem-
ber issue of the New York Review of
Books, the other a 30-page document of
which a condensed version is to appear in
BioScience together with a reply by Wil-
son. According to the theme developed in
both these articles, Wilson contends that
man's social behavior is mostly or wholly
determined by his genes. Such a position,
which the group labels "biological deter-
minism," conveys a justification of the
existing political order of society by im-
plying that it is genetically determined. In
any case, the group adds, there is no direct
scientific evidence to suppose that any of
man's social behavior is determined by the
genes.
The Sociobiology Study Group operates

as a collective and objects to any sugges-
tion that it has a leader. Attention focuses
more equally on Lewontin than on other
members, however, because he has actively
promoted the campaign against Sociobiol-
ogy by giving lectures and writing letters to
the Harvard Crimson. Lewontin has long,
been a prominent and articulate member_0
of Science for the People. He is also a dis-
tinguished expertn on the subject at hand.
He and Richard Levins, another member-
of the group, are widely regarded as

brilliant population geneticists. Both have
been elected to the National Academy of
Sciences, but Lewontin resigned on a point
of principle (issuance by the academy of
classified reports) and Levins, a Marxist,
declined to accept membership because of
the academy's participation in military
matters. According to sources close to
Wilson, it was he, as an admirer of their
work, who was in large measure respon-
sible for bringing Lewontin to Harvard
over political opposition in the faculty and
for promoting Levins as a candidate for
election to the academy. Wilson cites gen-
erously from their work and, at least until
the present controversy was ignited, is said
to have been a reasonably close colleague
and friend of Lewontin's.
Whereas Lewontin and his radical col-

leagues profess to see a political message
in Sociobiology, its author, who describes
himself as a liberal, sees none and says
none was intended. Wilson's best known
work before Sociobiology was The Insect
Societies, a magisterial survey of the social
systems of wasps, ants, bees, and termites.
His office, on the floor above Lewontin's, is
dominated by a potted orange tree whose
leaves have been stitched together by a col-
lective of weaver ants. Nearby containers
are homes to colonies of fire ants, leaf-cut-
ting ants, and other exotic myrmecoids.
The stray members of these societies that
forage through the papers on Wilson's
desk do not disturb him; "Inevitable leak-
age," he says.
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Sociobiology: Troubled Birth
for New Discipline

Cambridge, Massachusetts. Sociobiol-
ogy is the title of an ambitious synthesis
that aims to found a new discipline, the
systematic study of the biological basis of
sociality. Published last June to generally
laudatory reviews in the scientific press,
the book has since come under heavy criti-
cism for allegedly concealing a reactionary
political message. Its theories have been
held analogous to those of Nazi eugenics
and its author has countercharged his
critics with intimidation and inhibiting free
inquiry. Beneath the smoke is a scientific
issue-which some spectators regard as
part of a historic debate-that of the ex-
tent to which human social behavior is
genetically determined.
Though the controversy about Socio-

biology is far ranging, the protagonist and
his critic-in-chief work in the same build-
ing almost within shouting distance of each
other. Author Edward 0. Wilson is curator
in entomology at the Harvard Museum of
Comparative Zoology. Richard Lewontin
is professor of zoology at the museum.

Slime molds, ants, and apes belong to
the three groups of species among which

sociality has evolved in nature. Only the
last chapter of Sociobiology, comprising
some 30 of its 600 pages, is devoted to the
species at nature's fourth social pinnacle,
man. It is this chapter which is the focus of
a vehement attack by a phalanx of Cam-
bridge based academics and others. The
group, which calls itself the Sociobiology
Study Group, is affiliated with the radical-
ly oriented Science for the People. Besides
Lewontin and Steven Gould, also a mem-
ber of Wilson's department, the group in-
cludes four other Harvard professors.*

Every other Tuesday for the last 6
months, the group has held meetings to cri-
tique Wilson's text. The chief outcome of
this assiduous study has been two articles,
one published as a letter in the 13 Novem-
ber issue of the New York Review of
Books, the other a 30-page document of
which a condensed version is to appear in
BioScience together with a reply by Wil-
son. According to the theme developed in
both these articles, Wilson contends that
man's social behavior is mostly or wholly
determined by his genes. Such a position,
which the group labels "biological deter-
minism," conveys a justification of the
existing political order of society by im-
plying that it is genetically determined. In
any case, the group adds, there is no direct
scientific evidence to suppose that any of
man's social behavior is determined by the
genes.
The Sociobiology Study Group operates

as a collective and objects to any sugges-
tion that it has a leader. Attention focuses
more equally on Lewontin than on other
members, however, because he has actively
promoted the campaign against Sociobiol-
ogy by giving lectures and writing letters to
the Harvard Crimson. Lewontin has long,
been a prominent and articulate member_0
of Science for the People. He is also a dis-
tinguished expertn on the subject at hand.
He and Richard Levins, another member-
of the group, are widely regarded as

brilliant population geneticists. Both have
been elected to the National Academy of
Sciences, but Lewontin resigned on a point
of principle (issuance by the academy of
classified reports) and Levins, a Marxist,
declined to accept membership because of
the academy's participation in military
matters. According to sources close to
Wilson, it was he, as an admirer of their
work, who was in large measure respon-
sible for bringing Lewontin to Harvard
over political opposition in the faculty and
for promoting Levins as a candidate for
election to the academy. Wilson cites gen-
erously from their work and, at least until
the present controversy was ignited, is said
to have been a reasonably close colleague
and friend of Lewontin's.
Whereas Lewontin and his radical col-

leagues profess to see a political message
in Sociobiology, its author, who describes
himself as a liberal, sees none and says
none was intended. Wilson's best known
work before Sociobiology was The Insect
Societies, a magisterial survey of the social
systems of wasps, ants, bees, and termites.
His office, on the floor above Lewontin's, is
dominated by a potted orange tree whose
leaves have been stitched together by a col-
lective of weaver ants. Nearby containers
are homes to colonies of fire ants, leaf-cut-
ting ants, and other exotic myrmecoids.
The stray members of these societies that
forage through the papers on Wilson's
desk do not disturb him; "Inevitable leak-
age," he says.
The Wilson-Lewontin debate has every
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following academics Jon Beckwith, professor, Har-
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Santa Fe InstituteMultilevel selection

A tangled history: group selection

Backlash against “naive” group 
selectionism

~ individual-level selection 
often sufficient

~ group selection outweighs 
individual selection only in 
narrow parameter regimes

Kin selection became dominant 
conceptual tool

Rise of sociobiology and the 
“selfish” gene
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A tangled history: the new group selection

“Old” group selection
(e.g. Wynne-Edwards)

Avoiding confusion

In addition to the problems associated with the term
‘weak altruism’, the group selection literature has pro-
duced three other sources of semantic confusion. First,
the different types of group selection can be mixed up
(Grafen, 1984; Trivers, 1998; Okasha, 2005). This can
give the impression that the validity of the new group
selection justifies the application of the old group
selection (Trivers, 1998). This can be a particular problem
with nonspecialists or nontheoreticians, and we believe
that it plays a major role in explaining why old group
selection lingers in some fields, such as areas of micro-
biology (e.g. Shapiro & Dworkin, 1997; Shapiro, 1998;
Bassler, 2002; Henke & Bassler, 2004), parasitology
(reviewed by West et al., 2001, 2003), and agronomy
(reviewed by Denison et al., 2003). Numerous examples
of this problem are also provided by Sober & Wilson
(1998), who switch confusingly between old and new
group selection (Trivers, 1998).
The potential for confusion is increased when the

impression is gained that evolutionary biologists do not
use the new group selection methodology because they
think it is unimportant (as they do with the old). In
reality, the kin selection (or inclusive fitness) approach is
generally preferred over new group selection because it is
usually easier to construct models, interpret the predic-
tions, and then apply these to real biological cases. For
example: (i) recent methodological advances mean that
kin selection and inclusive fitness models can be
constructed and analysed much more simply, and for
much more general cases (Taylor & Frank, 1996; Frank,

1997, 1998; Taylor et al., 2007); (ii) in some of the most
successful areas of social evolution, such as split sex ratios
in social insects or extensions of Hamilton’s (1967) basic
local mate competition theory, predictions arise elegantly
from kin-selection models, whereas the corresponding
group selection models would be either unfeasible or so
complex that they have not been developed (Frank,
1986b, 1998; Boomsma & Grafen, 1991; Queller, 2004;
Shuker et al., 2005); (iii) kin selection methodologies can
usually be linked more clearly to empirical research, both
empirically (Queller & Goodnight, 1989) and concep-
tually – ‘knowing that r ! 0.22 gives many biologists an
understanding of the genetic closeness described; the
knowledge that n ! 10 and v/vb ! 2.98 is (at least for the
present) less illuminating’ (Grafen, 1984); (iv) the group
selection approach tends to hide the distinction between
direct and indirect benefits of behaviours, which many
find extremely useful; (v) the group selection approach
has been less useful for identifying and quantifying issues
of reproductive conflict, which have provided some of
the most useful areas for empirical testing of theory
(Trivers, 1974; Ratnieks et al., 2006); (vi) inclusive fitness
theory leads to the recovery of a maximizing principle for
social settings (individuals should behave as if maxim-
izing their inclusive fitness), which is a useful reasoning
tool (it is easier to think of individuals optimizing
something rather than the evolutionary dynamics),
provides formal justification for the use of intentional
language (selfishness, altruism, conflict), and legitimizes
discussion of ‘function’ and ‘design’ of social behaviours
(Hamilton, 1964; Grafen, 1999, 2006) – whereas the
group selection view does not lead so easily to a

A B

Fig. 2 The difference between old and new group selection. Panel A shows the old group selection, with well-defined groups with little gene

flow between them (solid outline). The white circles represent cooperators, whereas the grey circles represent selfish individuals who do not

cooperate. Competition and reproduction is between groups. The groups with more cooperators do better, but selfish individuals can spread

within groups. Panel B shows the new group selection, with arbitrarily defined groups (dashed lines), and the potential for more geneflow

between them. The different groups make different contributions to the same reproductive pool (although there is also the possibility of factors

such as limited dispersal leading to more structuring), from which new groups are formed.
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The evolution of eusociality
Martin A. Nowak1, Corina E. Tarnita1 & Edward O. Wilson2

Eusociality, in which some individuals reduce their own lifetime reproductive potential to raise the offspring of others,
underlies the most advanced forms of social organization and the ecologically dominant role of social insects and humans.
For the past four decades kin selection theory, based on the concept of inclusive fitness, has been the major theoretical
attempt to explain the evolution of eusociality. Here we show the limitations of this approach. We argue that standard
natural selection theory in the context of precisemodels of population structure represents a simpler and superior approach,
allows the evaluation of multiple competing hypotheses, and provides an exact framework for interpreting empirical
observations.

F
or most of the past half century, much of sociobiological
theory has focused on the phenomenon called eusociality,
where adult members are divided into reproductive and (par-
tially) non-reproductive castes and the latter care for the

young. How can genetically prescribed selfless behaviour arise by
natural selection, which is seemingly its antithesis? This problem
has vexed biologists since Darwin, who in The Origin of Species
declared the paradox—in particular displayed by ants—to be the
most important challenge to his theory. The solution offered by the
master naturalist was to regard the sterile worker caste as a ‘‘well-
flavoured vegetable’’, and the queen as the plant that produced it.
Thus, he said, the whole colony is the unit of selection.

Modern students of collateral altruism have followed Darwin in
continuing to focus on ants, honeybees and other eusocial insects,
because the colonies ofmostof their species are dividedunambiguously
into different castes. Moreover, eusociality is not a marginal pheno-
menon in the living world. The biomass of ants alone composes more
than half that of all insects and exceeds that of all terrestrial nonhuman
vertebrates combined1. Humans, which can be loosely characterized
as eusocial2, are dominant among the land vertebrates. The ‘super-
organisms’ emerging from eusociality are often bizarre in their consti-
tution, and represent a distinct level of biological organization (Fig. 1).

Rise and fall of inclusive fitness theory
For the past four decades, kin selection theory has had a profound
effect on the interpretation of the genetic evolution of eusociality
and, by extension, of social behaviour in general. The defining feature
of kin selection theory is the concept of inclusive fitness. When
evaluating an action, inclusive fitness is defined as the sum of the
effect of this action on the actor’s own fitness and on the fitness of the
recipient multiplied by the relatedness between actor and recipient,
where ‘recipient’ refers to anyone whose fitness is modified by the
action.

The ideawas first stated by J.B. S.Haldane in1955, and a foundation
of a full theory3 was laid out by W. D. Hamilton in 1964. The pivotal
idea expressed by both writers was formalized by Hamilton as the
inequality R. c/b, meaning that cooperation is favoured by natural
selection if relatedness is greater than the cost to benefit ratio. The
relatedness parameter R was originally expressed as the fraction of the
genes shared between the altruist and the recipient due to their com-
mondescent, hence the likelihood the altruistic genewill be shared. For
example, altruism will evolve if the benefit to a brother or sister is

greater than two times the cost to the altruist (R5 1/2) or eight times
in the case of a first cousin (R5 1/8).

Due to its originality and seeming explanatory power, kin selection
came to bewidely accepted as a cornerstone of sociobiological theory.
Yet it was not the concept itself in its abstract form that first earned
favour, but the consequence suggested by Hamilton that came to
be called the ‘‘haplodiploid hypothesis.’’ Haplodiploidy is the sex-
determiningmechanism inwhich fertilized eggs become females, and
unfertilized eggs males. As a result, sisters are more closely related to
one another (R5 3/4) than daughters are to their mothers (R5 1/2).
Haplodiploidy happens to be the method of sex determination in the
Hymenoptera, the order of ants, bees and wasps. Therefore, colonies
of altruistic individuals might, due to kin selection, evolve more
frequently in hymenopterans than in clades that have diplodiploid
sex determination.

In the 1960s and 1970s, almost all the clades known to have evolved
eusociality were in the Hymenoptera. Thus the haplodiploid hypo-
thesis seemed to be supported, at least at first. The belief that haplo-
diploidy and eusociality are causally linked became standard textbook
fare. The reasoning seemed compelling and even Newtonian in con-
cept, travelling in logical steps from a general principle to a widely
distributed evolutionary outcome4,5. It lent credence to a rapidly
developing superstructure of sociobiological theory based on the pre-
sumed key role of kin selection.

By the 1990s, however, the haplodiploid hypothesis began to fail.
The termites had never fitted this model of explanation. Then more
eusocial species were discovered that use diplodiploid rather than
haplodiploid sex determination. They included a species of platypo-
did ambrosia beetles, several independent lines of Synalpheus sponge-
dwelling shrimp (Fig. 2) and bathyergid mole rats. The association
between haplodiploidy and eusociality fell below statistical signifi-
cance. As a result the haplodiploid hypothesis was in time abandoned
by researchers on social insects6–8.

Although the failure of the hypothesis was not by itself considered
fatal to inclusive fitness theory, additional kinds of evidence began to
accumulate that were unfavourable to the basic idea that relatedness is
a driving force for the emergence of eusociality. One is the rarity of
eusociality in evolution, and its odd distribution through the Animal
Kingdom. Vast numbers of living species, spread across the major
taxonomic groups, use either haplodiploid sexdeterminationor clonal
reproduction, with the latter yielding the highest possible degree of
pedigree relatedness, yet with only one major group, the gall-making
aphids, known to have achieved eusociality. For example, among the
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2Museum of Comparative Zoology, Harvard University, Cambridge, Massachusetts 02138, USA.

Vol 466j26 August 2010jdoi:10.1038/nature09205

1057
Macmillan Publishers Limited. All rights reserved©2010

ANALYSIS

The evolution of eusociality
Martin A. Nowak1, Corina E. Tarnita1 & Edward O. Wilson2

Eusociality, in which some individuals reduce their own lifetime reproductive potential to raise the offspring of others,
underlies the most advanced forms of social organization and the ecologically dominant role of social insects and humans.
For the past four decades kin selection theory, based on the concept of inclusive fitness, has been the major theoretical
attempt to explain the evolution of eusociality. Here we show the limitations of this approach. We argue that standard
natural selection theory in the context of precisemodels of population structure represents a simpler and superior approach,
allows the evaluation of multiple competing hypotheses, and provides an exact framework for interpreting empirical
observations.

F
or most of the past half century, much of sociobiological
theory has focused on the phenomenon called eusociality,
where adult members are divided into reproductive and (par-
tially) non-reproductive castes and the latter care for the

young. How can genetically prescribed selfless behaviour arise by
natural selection, which is seemingly its antithesis? This problem
has vexed biologists since Darwin, who in The Origin of Species
declared the paradox—in particular displayed by ants—to be the
most important challenge to his theory. The solution offered by the
master naturalist was to regard the sterile worker caste as a ‘‘well-
flavoured vegetable’’, and the queen as the plant that produced it.
Thus, he said, the whole colony is the unit of selection.

Modern students of collateral altruism have followed Darwin in
continuing to focus on ants, honeybees and other eusocial insects,
because the colonies ofmostof their species are dividedunambiguously
into different castes. Moreover, eusociality is not a marginal pheno-
menon in the living world. The biomass of ants alone composes more
than half that of all insects and exceeds that of all terrestrial nonhuman
vertebrates combined1. Humans, which can be loosely characterized
as eusocial2, are dominant among the land vertebrates. The ‘super-
organisms’ emerging from eusociality are often bizarre in their consti-
tution, and represent a distinct level of biological organization (Fig. 1).

Rise and fall of inclusive fitness theory
For the past four decades, kin selection theory has had a profound
effect on the interpretation of the genetic evolution of eusociality
and, by extension, of social behaviour in general. The defining feature
of kin selection theory is the concept of inclusive fitness. When
evaluating an action, inclusive fitness is defined as the sum of the
effect of this action on the actor’s own fitness and on the fitness of the
recipient multiplied by the relatedness between actor and recipient,
where ‘recipient’ refers to anyone whose fitness is modified by the
action.

The ideawas first stated by J.B. S.Haldane in1955, and a foundation
of a full theory3 was laid out by W. D. Hamilton in 1964. The pivotal
idea expressed by both writers was formalized by Hamilton as the
inequality R. c/b, meaning that cooperation is favoured by natural
selection if relatedness is greater than the cost to benefit ratio. The
relatedness parameter R was originally expressed as the fraction of the
genes shared between the altruist and the recipient due to their com-
mondescent, hence the likelihood the altruistic genewill be shared. For
example, altruism will evolve if the benefit to a brother or sister is

greater than two times the cost to the altruist (R5 1/2) or eight times
in the case of a first cousin (R5 1/8).

Due to its originality and seeming explanatory power, kin selection
came to bewidely accepted as a cornerstone of sociobiological theory.
Yet it was not the concept itself in its abstract form that first earned
favour, but the consequence suggested by Hamilton that came to
be called the ‘‘haplodiploid hypothesis.’’ Haplodiploidy is the sex-
determiningmechanism inwhich fertilized eggs become females, and
unfertilized eggs males. As a result, sisters are more closely related to
one another (R5 3/4) than daughters are to their mothers (R5 1/2).
Haplodiploidy happens to be the method of sex determination in the
Hymenoptera, the order of ants, bees and wasps. Therefore, colonies
of altruistic individuals might, due to kin selection, evolve more
frequently in hymenopterans than in clades that have diplodiploid
sex determination.

In the 1960s and 1970s, almost all the clades known to have evolved
eusociality were in the Hymenoptera. Thus the haplodiploid hypo-
thesis seemed to be supported, at least at first. The belief that haplo-
diploidy and eusociality are causally linked became standard textbook
fare. The reasoning seemed compelling and even Newtonian in con-
cept, travelling in logical steps from a general principle to a widely
distributed evolutionary outcome4,5. It lent credence to a rapidly
developing superstructure of sociobiological theory based on the pre-
sumed key role of kin selection.

By the 1990s, however, the haplodiploid hypothesis began to fail.
The termites had never fitted this model of explanation. Then more
eusocial species were discovered that use diplodiploid rather than
haplodiploid sex determination. They included a species of platypo-
did ambrosia beetles, several independent lines of Synalpheus sponge-
dwelling shrimp (Fig. 2) and bathyergid mole rats. The association
between haplodiploidy and eusociality fell below statistical signifi-
cance. As a result the haplodiploid hypothesis was in time abandoned
by researchers on social insects6–8.

Although the failure of the hypothesis was not by itself considered
fatal to inclusive fitness theory, additional kinds of evidence began to
accumulate that were unfavourable to the basic idea that relatedness is
a driving force for the emergence of eusociality. One is the rarity of
eusociality in evolution, and its odd distribution through the Animal
Kingdom. Vast numbers of living species, spread across the major
taxonomic groups, use either haplodiploid sexdeterminationor clonal
reproduction, with the latter yielding the highest possible degree of
pedigree relatedness, yet with only one major group, the gall-making
aphids, known to have achieved eusociality. For example, among the

1Program for Evolutionary Dynamics, Department of Mathematics, Department of Organismic and Evolutionary Biology, Harvard University, Cambridge, Massachusetts 02138, USA.
2Museum of Comparative Zoology, Harvard University, Cambridge, Massachusetts 02138, USA.

Vol 466j26 August 2010jdoi:10.1038/nature09205

1057
Macmillan Publishers Limited. All rights reserved©2010

Wednesday, June 22, 2011



Santa Fe InstituteMultilevel selection

A tangled history: synthesis and conflict

ANALYSIS

The evolution of eusociality
Martin A. Nowak1, Corina E. Tarnita1 & Edward O. Wilson2

Eusociality, in which some individuals reduce their own lifetime reproductive potential to raise the offspring of others,
underlies the most advanced forms of social organization and the ecologically dominant role of social insects and humans.
For the past four decades kin selection theory, based on the concept of inclusive fitness, has been the major theoretical
attempt to explain the evolution of eusociality. Here we show the limitations of this approach. We argue that standard
natural selection theory in the context of precisemodels of population structure represents a simpler and superior approach,
allows the evaluation of multiple competing hypotheses, and provides an exact framework for interpreting empirical
observations.

F
or most of the past half century, much of sociobiological
theory has focused on the phenomenon called eusociality,
where adult members are divided into reproductive and (par-
tially) non-reproductive castes and the latter care for the

young. How can genetically prescribed selfless behaviour arise by
natural selection, which is seemingly its antithesis? This problem
has vexed biologists since Darwin, who in The Origin of Species
declared the paradox—in particular displayed by ants—to be the
most important challenge to his theory. The solution offered by the
master naturalist was to regard the sterile worker caste as a ‘‘well-
flavoured vegetable’’, and the queen as the plant that produced it.
Thus, he said, the whole colony is the unit of selection.

Modern students of collateral altruism have followed Darwin in
continuing to focus on ants, honeybees and other eusocial insects,
because the colonies ofmostof their species are dividedunambiguously
into different castes. Moreover, eusociality is not a marginal pheno-
menon in the living world. The biomass of ants alone composes more
than half that of all insects and exceeds that of all terrestrial nonhuman
vertebrates combined1. Humans, which can be loosely characterized
as eusocial2, are dominant among the land vertebrates. The ‘super-
organisms’ emerging from eusociality are often bizarre in their consti-
tution, and represent a distinct level of biological organization (Fig. 1).

Rise and fall of inclusive fitness theory
For the past four decades, kin selection theory has had a profound
effect on the interpretation of the genetic evolution of eusociality
and, by extension, of social behaviour in general. The defining feature
of kin selection theory is the concept of inclusive fitness. When
evaluating an action, inclusive fitness is defined as the sum of the
effect of this action on the actor’s own fitness and on the fitness of the
recipient multiplied by the relatedness between actor and recipient,
where ‘recipient’ refers to anyone whose fitness is modified by the
action.

The ideawas first stated by J.B. S.Haldane in1955, and a foundation
of a full theory3 was laid out by W. D. Hamilton in 1964. The pivotal
idea expressed by both writers was formalized by Hamilton as the
inequality R. c/b, meaning that cooperation is favoured by natural
selection if relatedness is greater than the cost to benefit ratio. The
relatedness parameter R was originally expressed as the fraction of the
genes shared between the altruist and the recipient due to their com-
mondescent, hence the likelihood the altruistic genewill be shared. For
example, altruism will evolve if the benefit to a brother or sister is
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Yet it was not the concept itself in its abstract form that first earned
favour, but the consequence suggested by Hamilton that came to
be called the ‘‘haplodiploid hypothesis.’’ Haplodiploidy is the sex-
determiningmechanism inwhich fertilized eggs become females, and
unfertilized eggs males. As a result, sisters are more closely related to
one another (R5 3/4) than daughters are to their mothers (R5 1/2).
Haplodiploidy happens to be the method of sex determination in the
Hymenoptera, the order of ants, bees and wasps. Therefore, colonies
of altruistic individuals might, due to kin selection, evolve more
frequently in hymenopterans than in clades that have diplodiploid
sex determination.

In the 1960s and 1970s, almost all the clades known to have evolved
eusociality were in the Hymenoptera. Thus the haplodiploid hypo-
thesis seemed to be supported, at least at first. The belief that haplo-
diploidy and eusociality are causally linked became standard textbook
fare. The reasoning seemed compelling and even Newtonian in con-
cept, travelling in logical steps from a general principle to a widely
distributed evolutionary outcome4,5. It lent credence to a rapidly
developing superstructure of sociobiological theory based on the pre-
sumed key role of kin selection.

By the 1990s, however, the haplodiploid hypothesis began to fail.
The termites had never fitted this model of explanation. Then more
eusocial species were discovered that use diplodiploid rather than
haplodiploid sex determination. They included a species of platypo-
did ambrosia beetles, several independent lines of Synalpheus sponge-
dwelling shrimp (Fig. 2) and bathyergid mole rats. The association
between haplodiploidy and eusociality fell below statistical signifi-
cance. As a result the haplodiploid hypothesis was in time abandoned
by researchers on social insects6–8.

Although the failure of the hypothesis was not by itself considered
fatal to inclusive fitness theory, additional kinds of evidence began to
accumulate that were unfavourable to the basic idea that relatedness is
a driving force for the emergence of eusociality. One is the rarity of
eusociality in evolution, and its odd distribution through the Animal
Kingdom. Vast numbers of living species, spread across the major
taxonomic groups, use either haplodiploid sexdeterminationor clonal
reproduction, with the latter yielding the highest possible degree of
pedigree relatedness, yet with only one major group, the gall-making
aphids, known to have achieved eusociality. For example, among the
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F
or most of the past half century, much of sociobiological
theory has focused on the phenomenon called eusociality,
where adult members are divided into reproductive and (par-
tially) non-reproductive castes and the latter care for the

young. How can genetically prescribed selfless behaviour arise by
natural selection, which is seemingly its antithesis? This problem
has vexed biologists since Darwin, who in The Origin of Species
declared the paradox—in particular displayed by ants—to be the
most important challenge to his theory. The solution offered by the
master naturalist was to regard the sterile worker caste as a ‘‘well-
flavoured vegetable’’, and the queen as the plant that produced it.
Thus, he said, the whole colony is the unit of selection.

Modern students of collateral altruism have followed Darwin in
continuing to focus on ants, honeybees and other eusocial insects,
because the colonies ofmostof their species are dividedunambiguously
into different castes. Moreover, eusociality is not a marginal pheno-
menon in the living world. The biomass of ants alone composes more
than half that of all insects and exceeds that of all terrestrial nonhuman
vertebrates combined1. Humans, which can be loosely characterized
as eusocial2, are dominant among the land vertebrates. The ‘super-
organisms’ emerging from eusociality are often bizarre in their consti-
tution, and represent a distinct level of biological organization (Fig. 1).

Rise and fall of inclusive fitness theory
For the past four decades, kin selection theory has had a profound
effect on the interpretation of the genetic evolution of eusociality
and, by extension, of social behaviour in general. The defining feature
of kin selection theory is the concept of inclusive fitness. When
evaluating an action, inclusive fitness is defined as the sum of the
effect of this action on the actor’s own fitness and on the fitness of the
recipient multiplied by the relatedness between actor and recipient,
where ‘recipient’ refers to anyone whose fitness is modified by the
action.

The ideawas first stated by J.B. S.Haldane in1955, and a foundation
of a full theory3 was laid out by W. D. Hamilton in 1964. The pivotal
idea expressed by both writers was formalized by Hamilton as the
inequality R. c/b, meaning that cooperation is favoured by natural
selection if relatedness is greater than the cost to benefit ratio. The
relatedness parameter R was originally expressed as the fraction of the
genes shared between the altruist and the recipient due to their com-
mondescent, hence the likelihood the altruistic genewill be shared. For
example, altruism will evolve if the benefit to a brother or sister is

greater than two times the cost to the altruist (R5 1/2) or eight times
in the case of a first cousin (R5 1/8).

Due to its originality and seeming explanatory power, kin selection
came to bewidely accepted as a cornerstone of sociobiological theory.
Yet it was not the concept itself in its abstract form that first earned
favour, but the consequence suggested by Hamilton that came to
be called the ‘‘haplodiploid hypothesis.’’ Haplodiploidy is the sex-
determiningmechanism inwhich fertilized eggs become females, and
unfertilized eggs males. As a result, sisters are more closely related to
one another (R5 3/4) than daughters are to their mothers (R5 1/2).
Haplodiploidy happens to be the method of sex determination in the
Hymenoptera, the order of ants, bees and wasps. Therefore, colonies
of altruistic individuals might, due to kin selection, evolve more
frequently in hymenopterans than in clades that have diplodiploid
sex determination.

In the 1960s and 1970s, almost all the clades known to have evolved
eusociality were in the Hymenoptera. Thus the haplodiploid hypo-
thesis seemed to be supported, at least at first. The belief that haplo-
diploidy and eusociality are causally linked became standard textbook
fare. The reasoning seemed compelling and even Newtonian in con-
cept, travelling in logical steps from a general principle to a widely
distributed evolutionary outcome4,5. It lent credence to a rapidly
developing superstructure of sociobiological theory based on the pre-
sumed key role of kin selection.

By the 1990s, however, the haplodiploid hypothesis began to fail.
The termites had never fitted this model of explanation. Then more
eusocial species were discovered that use diplodiploid rather than
haplodiploid sex determination. They included a species of platypo-
did ambrosia beetles, several independent lines of Synalpheus sponge-
dwelling shrimp (Fig. 2) and bathyergid mole rats. The association
between haplodiploidy and eusociality fell below statistical signifi-
cance. As a result the haplodiploid hypothesis was in time abandoned
by researchers on social insects6–8.

Although the failure of the hypothesis was not by itself considered
fatal to inclusive fitness theory, additional kinds of evidence began to
accumulate that were unfavourable to the basic idea that relatedness is
a driving force for the emergence of eusociality. One is the rarity of
eusociality in evolution, and its odd distribution through the Animal
Kingdom. Vast numbers of living species, spread across the major
taxonomic groups, use either haplodiploid sexdeterminationor clonal
reproduction, with the latter yielding the highest possible degree of
pedigree relatedness, yet with only one major group, the gall-making
aphids, known to have achieved eusociality. For example, among the
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Inclusive fitness theory and eusociality
ARISING FROM M. A. Nowak, C. E. Tarnita & E. O. Wilson Nature 466, 1057–1062 (2010)

Nowak et al.1 argue that inclusive fitness theory has been of little value
in explaining the natural world, and that it has led to negligible pro-
gress in explaining the evolution of eusociality. However, we believe
that their arguments are based upon a misunderstanding of evolu-
tionary theory and amisrepresentation of the empirical literature.We
will focus our comments on three general issues.
First, Nowak et al.1 are incorrect to suggest a sharp distinction

between inclusive fitness theory and ‘‘standard natural selection
theory’’. Natural selection explains the appearance of design in the
living world, and inclusive fitness theory explains what this design is
for. Specifically, natural selection leads organisms to become adapted
as if to maximize their inclusive fitness2–4. Inclusive fitness theory is
based upon population genetics, and is used to make falsifiable pre-
dictions about how natural selection shapes phenotypes, and so it is
not surprising that it generates identical predictions to those obtained
using other methods2,5–7.
Second, Nowak et al.1 are incorrect to state that inclusive fitness

requires a number of ‘‘stringent assumptions’’ such as pairwise inter-
actions, weak selection, linearity, additivity and special population
structures. Hamilton’s original formulations did not make all these
assumptions, and generalizations have shown that none of them is
required3,5,6,8. Inclusive fitness is as general as the genetical theory of
natural selection itself. It simply partitions natural selection into its
direct and indirect components.
Nowak et al.1 appear to have confused the completely general theory

of inclusive fitness with models of specific cases. Yes, researchers often
make limiting assumptions for reasons of analytical tractability when
considering specific scenarios5,7, as with any modelling approach. For
example, Nowak et al.1 assume a specific formof genetic control, where
dispersal and helping are determined by the same single locus, that
mating is monogamous, and so on. However, the inclusive fitness
approachhas facilitated, not hindered, empirical testing of evolutionary
theory9–11. Indeed, an advantage of inclusive fitness theory is that it
readily generates testable predictions in situations where the precise
genetic architecture of a phenotypic trait is unknown.
Third, we dispute the claim of Nowak et al.1 that inclusive fitness

theory ‘‘does not provide any additional biological insight’’, delivering
only ‘‘hypothetical explanations’’, leading only to routine measure-
ments and ‘‘correlative studies’’, and that the theory has ‘‘evolved into
an abstract enterprise largely on its own’’, with a failure to consider
multiple competing hypotheses. We cannot explain these claims,
which seem to overlook the extensive empirical literature that has
accumulated over the past 40 years in the fields of behavioural and
evolutionary ecology9–11 (Table 1). Of course, studies must consider
the direct consequences of behaviours, as well as consequences for
relatives, but no one claims otherwise, and this does not change the
fact that relatedness (and lots of other variables) has been shown to be
important in all of the above areas.
We do not have space to detail all the advances that have beenmade

in the areas described in Table 1. However, a challenge to the claims of
Nowak et al.1 is demonstrated with a single example, that of sex
allocation (the ratio of investment into males versus females). We
choose sex allocation because: (1) Nowak et al.1 argue that inclusive
fitness theory has provided only ‘‘hypothetical explanations’’ in this
field; (2) it is an easily quantified social trait, which inclusive fitness
theory predicts can be influenced by interactions between relatives;
and (3) the study of sex allocation has been central to evolutionary
work on the eusocial insects. In contrast to the claims of Nowak et al.1,

recent reviews of sex allocation show that the theory explains why sex
allocation varies with female density, inbreeding rate, dispersal rate,
brood size, order of oviposition, sib-mating, asymmetrical larval com-
petition, mortality rate, the presence of helpers, resource availability
and nest density in organisms such as protozoan parasites, nematodes,
insects, spiders, mites, reptiles, birds, mammals and plants5,12,13.
The quantitative success of this research is demonstrated by the

percentage of the variance explained in the data. Inclusive fitness
theory has explained up to 96% of the sex ratio variance in across-
species studies and 66% in within-species studies13. The average for all
evolutionary and ecological studies is 5.4%. As well as explaining
adaptive variation in behaviour, inclusive fitness theory has even
elucidated when andwhy individualsmakemistakes (maladaptation),
in response to factors such as mechanistic constraints13. It is not
clear how Nowak et al.1 can characterize such quantifiable success
as ‘‘meagre’’. Their conclusions are based upon a discussion in the
Supplementary Information of just three papers (by authors who
disagree with the interpretations of Nowak et al.1), out of an empirical
literature of thousands of research articles. This would seem to indi-
cate a failure to engage seriously with the body of work that they
recommend we abandon.
The same points can be made with regard to the evolution of the

eusocial insects, which Nowak et al.1 suggest cannot be explained by
inclusive fitness theory. It was already known that haplodiploidy itself
may have only a relatively minor bearing on the origin of eusociality,
and so Nowak et al.1 have added nothing new here. Inclusive fitness
theory has explained why eusociality has evolved only in monogam-
ous lineages, and why it is correlated with certain ecological condi-
tions, such as extended parental care and defence of a shared
resource14,15. Furthermore, inclusive fitness theory has made very
successful predictions about behaviour in eusocial insects, explaining
a wide range of phenomena (Table 2).
Ultimately, any body of biological theory must be judged on its

ability to make novel predictions and explain biological phenomena;
we believe that Nowak et al.1 do neither. The only prediction made by
their model (that offspring are favoured to help their monogamously

Table 1 | Inclusive fitness theory has been important in understanding a
range of behavioural phenomena

Research area Correlational? Experimental? Theory–data interplay

Sex allocation Yes Yes Yes
Policing Yes Yes Yes
Conflict resolution Yes Yes Yes
Cooperation Yes Yes Yes
Altruism Yes Yes Yes
Spite Yes Yes Yes
Kin discrimination Yes Yes Yes
Parasite virulence Yes Yes Yes
Parent–offspring conflict Yes Yes Yes
Sibling conflict Yes Yes Yes
Selfish genetic elements Yes Yes Yes
Cannibalism Yes Yes Yes
Dispersal Yes Yes Yes
Alarm calls Yes Yes Yes
Eusociality Yes Yes Yes
Genomic imprinting Yes Yes Yes

Data are taken from refs 9–11. Correlational studies test predictions using natural variation in key
variables, whereas experimental studies involve their experimental manipulation. Interplay between
theory and datameans that theory has informed empirical study, and vice versa. Inclusive fitness is not
the only way to model evolution, but it has already proven to be an immensely productive and useful
approach for studying eusociality and other social behaviours.
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attempt to explain the evolution of eusociality. Here we show the limitations of this approach. We argue that standard
natural selection theory in the context of precisemodels of population structure represents a simpler and superior approach,
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F
or most of the past half century, much of sociobiological
theory has focused on the phenomenon called eusociality,
where adult members are divided into reproductive and (par-
tially) non-reproductive castes and the latter care for the

young. How can genetically prescribed selfless behaviour arise by
natural selection, which is seemingly its antithesis? This problem
has vexed biologists since Darwin, who in The Origin of Species
declared the paradox—in particular displayed by ants—to be the
most important challenge to his theory. The solution offered by the
master naturalist was to regard the sterile worker caste as a ‘‘well-
flavoured vegetable’’, and the queen as the plant that produced it.
Thus, he said, the whole colony is the unit of selection.

Modern students of collateral altruism have followed Darwin in
continuing to focus on ants, honeybees and other eusocial insects,
because the colonies ofmostof their species are dividedunambiguously
into different castes. Moreover, eusociality is not a marginal pheno-
menon in the living world. The biomass of ants alone composes more
than half that of all insects and exceeds that of all terrestrial nonhuman
vertebrates combined1. Humans, which can be loosely characterized
as eusocial2, are dominant among the land vertebrates. The ‘super-
organisms’ emerging from eusociality are often bizarre in their consti-
tution, and represent a distinct level of biological organization (Fig. 1).

Rise and fall of inclusive fitness theory
For the past four decades, kin selection theory has had a profound
effect on the interpretation of the genetic evolution of eusociality
and, by extension, of social behaviour in general. The defining feature
of kin selection theory is the concept of inclusive fitness. When
evaluating an action, inclusive fitness is defined as the sum of the
effect of this action on the actor’s own fitness and on the fitness of the
recipient multiplied by the relatedness between actor and recipient,
where ‘recipient’ refers to anyone whose fitness is modified by the
action.

The ideawas first stated by J.B. S.Haldane in1955, and a foundation
of a full theory3 was laid out by W. D. Hamilton in 1964. The pivotal
idea expressed by both writers was formalized by Hamilton as the
inequality R. c/b, meaning that cooperation is favoured by natural
selection if relatedness is greater than the cost to benefit ratio. The
relatedness parameter R was originally expressed as the fraction of the
genes shared between the altruist and the recipient due to their com-
mondescent, hence the likelihood the altruistic genewill be shared. For
example, altruism will evolve if the benefit to a brother or sister is

greater than two times the cost to the altruist (R5 1/2) or eight times
in the case of a first cousin (R5 1/8).

Due to its originality and seeming explanatory power, kin selection
came to bewidely accepted as a cornerstone of sociobiological theory.
Yet it was not the concept itself in its abstract form that first earned
favour, but the consequence suggested by Hamilton that came to
be called the ‘‘haplodiploid hypothesis.’’ Haplodiploidy is the sex-
determiningmechanism inwhich fertilized eggs become females, and
unfertilized eggs males. As a result, sisters are more closely related to
one another (R5 3/4) than daughters are to their mothers (R5 1/2).
Haplodiploidy happens to be the method of sex determination in the
Hymenoptera, the order of ants, bees and wasps. Therefore, colonies
of altruistic individuals might, due to kin selection, evolve more
frequently in hymenopterans than in clades that have diplodiploid
sex determination.

In the 1960s and 1970s, almost all the clades known to have evolved
eusociality were in the Hymenoptera. Thus the haplodiploid hypo-
thesis seemed to be supported, at least at first. The belief that haplo-
diploidy and eusociality are causally linked became standard textbook
fare. The reasoning seemed compelling and even Newtonian in con-
cept, travelling in logical steps from a general principle to a widely
distributed evolutionary outcome4,5. It lent credence to a rapidly
developing superstructure of sociobiological theory based on the pre-
sumed key role of kin selection.

By the 1990s, however, the haplodiploid hypothesis began to fail.
The termites had never fitted this model of explanation. Then more
eusocial species were discovered that use diplodiploid rather than
haplodiploid sex determination. They included a species of platypo-
did ambrosia beetles, several independent lines of Synalpheus sponge-
dwelling shrimp (Fig. 2) and bathyergid mole rats. The association
between haplodiploidy and eusociality fell below statistical signifi-
cance. As a result the haplodiploid hypothesis was in time abandoned
by researchers on social insects6–8.

Although the failure of the hypothesis was not by itself considered
fatal to inclusive fitness theory, additional kinds of evidence began to
accumulate that were unfavourable to the basic idea that relatedness is
a driving force for the emergence of eusociality. One is the rarity of
eusociality in evolution, and its odd distribution through the Animal
Kingdom. Vast numbers of living species, spread across the major
taxonomic groups, use either haplodiploid sexdeterminationor clonal
reproduction, with the latter yielding the highest possible degree of
pedigree relatedness, yet with only one major group, the gall-making
aphids, known to have achieved eusociality. For example, among the

1Program for Evolutionary Dynamics, Department of Mathematics, Department of Organismic and Evolutionary Biology, Harvard University, Cambridge, Massachusetts 02138, USA.
2Museum of Comparative Zoology, Harvard University, Cambridge, Massachusetts 02138, USA.

Vol 466j26 August 2010jdoi:10.1038/nature09205

1057
Macmillan Publishers Limited. All rights reserved©2010

ANALYSIS

The evolution of eusociality
Martin A. Nowak1, Corina E. Tarnita1 & Edward O. Wilson2

Eusociality, in which some individuals reduce their own lifetime reproductive potential to raise the offspring of others,
underlies the most advanced forms of social organization and the ecologically dominant role of social insects and humans.
For the past four decades kin selection theory, based on the concept of inclusive fitness, has been the major theoretical
attempt to explain the evolution of eusociality. Here we show the limitations of this approach. We argue that standard
natural selection theory in the context of precisemodels of population structure represents a simpler and superior approach,
allows the evaluation of multiple competing hypotheses, and provides an exact framework for interpreting empirical
observations.

F
or most of the past half century, much of sociobiological
theory has focused on the phenomenon called eusociality,
where adult members are divided into reproductive and (par-
tially) non-reproductive castes and the latter care for the

young. How can genetically prescribed selfless behaviour arise by
natural selection, which is seemingly its antithesis? This problem
has vexed biologists since Darwin, who in The Origin of Species
declared the paradox—in particular displayed by ants—to be the
most important challenge to his theory. The solution offered by the
master naturalist was to regard the sterile worker caste as a ‘‘well-
flavoured vegetable’’, and the queen as the plant that produced it.
Thus, he said, the whole colony is the unit of selection.

Modern students of collateral altruism have followed Darwin in
continuing to focus on ants, honeybees and other eusocial insects,
because the colonies ofmostof their species are dividedunambiguously
into different castes. Moreover, eusociality is not a marginal pheno-
menon in the living world. The biomass of ants alone composes more
than half that of all insects and exceeds that of all terrestrial nonhuman
vertebrates combined1. Humans, which can be loosely characterized
as eusocial2, are dominant among the land vertebrates. The ‘super-
organisms’ emerging from eusociality are often bizarre in their consti-
tution, and represent a distinct level of biological organization (Fig. 1).

Rise and fall of inclusive fitness theory
For the past four decades, kin selection theory has had a profound
effect on the interpretation of the genetic evolution of eusociality
and, by extension, of social behaviour in general. The defining feature
of kin selection theory is the concept of inclusive fitness. When
evaluating an action, inclusive fitness is defined as the sum of the
effect of this action on the actor’s own fitness and on the fitness of the
recipient multiplied by the relatedness between actor and recipient,
where ‘recipient’ refers to anyone whose fitness is modified by the
action.

The ideawas first stated by J.B. S.Haldane in1955, and a foundation
of a full theory3 was laid out by W. D. Hamilton in 1964. The pivotal
idea expressed by both writers was formalized by Hamilton as the
inequality R. c/b, meaning that cooperation is favoured by natural
selection if relatedness is greater than the cost to benefit ratio. The
relatedness parameter R was originally expressed as the fraction of the
genes shared between the altruist and the recipient due to their com-
mondescent, hence the likelihood the altruistic genewill be shared. For
example, altruism will evolve if the benefit to a brother or sister is

greater than two times the cost to the altruist (R5 1/2) or eight times
in the case of a first cousin (R5 1/8).

Due to its originality and seeming explanatory power, kin selection
came to bewidely accepted as a cornerstone of sociobiological theory.
Yet it was not the concept itself in its abstract form that first earned
favour, but the consequence suggested by Hamilton that came to
be called the ‘‘haplodiploid hypothesis.’’ Haplodiploidy is the sex-
determiningmechanism inwhich fertilized eggs become females, and
unfertilized eggs males. As a result, sisters are more closely related to
one another (R5 3/4) than daughters are to their mothers (R5 1/2).
Haplodiploidy happens to be the method of sex determination in the
Hymenoptera, the order of ants, bees and wasps. Therefore, colonies
of altruistic individuals might, due to kin selection, evolve more
frequently in hymenopterans than in clades that have diplodiploid
sex determination.

In the 1960s and 1970s, almost all the clades known to have evolved
eusociality were in the Hymenoptera. Thus the haplodiploid hypo-
thesis seemed to be supported, at least at first. The belief that haplo-
diploidy and eusociality are causally linked became standard textbook
fare. The reasoning seemed compelling and even Newtonian in con-
cept, travelling in logical steps from a general principle to a widely
distributed evolutionary outcome4,5. It lent credence to a rapidly
developing superstructure of sociobiological theory based on the pre-
sumed key role of kin selection.

By the 1990s, however, the haplodiploid hypothesis began to fail.
The termites had never fitted this model of explanation. Then more
eusocial species were discovered that use diplodiploid rather than
haplodiploid sex determination. They included a species of platypo-
did ambrosia beetles, several independent lines of Synalpheus sponge-
dwelling shrimp (Fig. 2) and bathyergid mole rats. The association
between haplodiploidy and eusociality fell below statistical signifi-
cance. As a result the haplodiploid hypothesis was in time abandoned
by researchers on social insects6–8.

Although the failure of the hypothesis was not by itself considered
fatal to inclusive fitness theory, additional kinds of evidence began to
accumulate that were unfavourable to the basic idea that relatedness is
a driving force for the emergence of eusociality. One is the rarity of
eusociality in evolution, and its odd distribution through the Animal
Kingdom. Vast numbers of living species, spread across the major
taxonomic groups, use either haplodiploid sexdeterminationor clonal
reproduction, with the latter yielding the highest possible degree of
pedigree relatedness, yet with only one major group, the gall-making
aphids, known to have achieved eusociality. For example, among the
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Nowak et al.1 argue that inclusive fitness theory has been of little value
in explaining the natural world, and that it has led to negligible pro-
gress in explaining the evolution of eusociality. However, we believe
that their arguments are based upon a misunderstanding of evolu-
tionary theory and amisrepresentation of the empirical literature.We
will focus our comments on three general issues.
First, Nowak et al.1 are incorrect to suggest a sharp distinction

between inclusive fitness theory and ‘‘standard natural selection
theory’’. Natural selection explains the appearance of design in the
living world, and inclusive fitness theory explains what this design is
for. Specifically, natural selection leads organisms to become adapted
as if to maximize their inclusive fitness2–4. Inclusive fitness theory is
based upon population genetics, and is used to make falsifiable pre-
dictions about how natural selection shapes phenotypes, and so it is
not surprising that it generates identical predictions to those obtained
using other methods2,5–7.
Second, Nowak et al.1 are incorrect to state that inclusive fitness

requires a number of ‘‘stringent assumptions’’ such as pairwise inter-
actions, weak selection, linearity, additivity and special population
structures. Hamilton’s original formulations did not make all these
assumptions, and generalizations have shown that none of them is
required3,5,6,8. Inclusive fitness is as general as the genetical theory of
natural selection itself. It simply partitions natural selection into its
direct and indirect components.
Nowak et al.1 appear to have confused the completely general theory

of inclusive fitness with models of specific cases. Yes, researchers often
make limiting assumptions for reasons of analytical tractability when
considering specific scenarios5,7, as with any modelling approach. For
example, Nowak et al.1 assume a specific formof genetic control, where
dispersal and helping are determined by the same single locus, that
mating is monogamous, and so on. However, the inclusive fitness
approachhas facilitated, not hindered, empirical testing of evolutionary
theory9–11. Indeed, an advantage of inclusive fitness theory is that it
readily generates testable predictions in situations where the precise
genetic architecture of a phenotypic trait is unknown.
Third, we dispute the claim of Nowak et al.1 that inclusive fitness

theory ‘‘does not provide any additional biological insight’’, delivering
only ‘‘hypothetical explanations’’, leading only to routine measure-
ments and ‘‘correlative studies’’, and that the theory has ‘‘evolved into
an abstract enterprise largely on its own’’, with a failure to consider
multiple competing hypotheses. We cannot explain these claims,
which seem to overlook the extensive empirical literature that has
accumulated over the past 40 years in the fields of behavioural and
evolutionary ecology9–11 (Table 1). Of course, studies must consider
the direct consequences of behaviours, as well as consequences for
relatives, but no one claims otherwise, and this does not change the
fact that relatedness (and lots of other variables) has been shown to be
important in all of the above areas.
We do not have space to detail all the advances that have beenmade

in the areas described in Table 1. However, a challenge to the claims of
Nowak et al.1 is demonstrated with a single example, that of sex
allocation (the ratio of investment into males versus females). We
choose sex allocation because: (1) Nowak et al.1 argue that inclusive
fitness theory has provided only ‘‘hypothetical explanations’’ in this
field; (2) it is an easily quantified social trait, which inclusive fitness
theory predicts can be influenced by interactions between relatives;
and (3) the study of sex allocation has been central to evolutionary
work on the eusocial insects. In contrast to the claims of Nowak et al.1,

recent reviews of sex allocation show that the theory explains why sex
allocation varies with female density, inbreeding rate, dispersal rate,
brood size, order of oviposition, sib-mating, asymmetrical larval com-
petition, mortality rate, the presence of helpers, resource availability
and nest density in organisms such as protozoan parasites, nematodes,
insects, spiders, mites, reptiles, birds, mammals and plants5,12,13.
The quantitative success of this research is demonstrated by the

percentage of the variance explained in the data. Inclusive fitness
theory has explained up to 96% of the sex ratio variance in across-
species studies and 66% in within-species studies13. The average for all
evolutionary and ecological studies is 5.4%. As well as explaining
adaptive variation in behaviour, inclusive fitness theory has even
elucidated when andwhy individualsmakemistakes (maladaptation),
in response to factors such as mechanistic constraints13. It is not
clear how Nowak et al.1 can characterize such quantifiable success
as ‘‘meagre’’. Their conclusions are based upon a discussion in the
Supplementary Information of just three papers (by authors who
disagree with the interpretations of Nowak et al.1), out of an empirical
literature of thousands of research articles. This would seem to indi-
cate a failure to engage seriously with the body of work that they
recommend we abandon.
The same points can be made with regard to the evolution of the

eusocial insects, which Nowak et al.1 suggest cannot be explained by
inclusive fitness theory. It was already known that haplodiploidy itself
may have only a relatively minor bearing on the origin of eusociality,
and so Nowak et al.1 have added nothing new here. Inclusive fitness
theory has explained why eusociality has evolved only in monogam-
ous lineages, and why it is correlated with certain ecological condi-
tions, such as extended parental care and defence of a shared
resource14,15. Furthermore, inclusive fitness theory has made very
successful predictions about behaviour in eusocial insects, explaining
a wide range of phenomena (Table 2).
Ultimately, any body of biological theory must be judged on its

ability to make novel predictions and explain biological phenomena;
we believe that Nowak et al.1 do neither. The only prediction made by
their model (that offspring are favoured to help their monogamously

Table 1 | Inclusive fitness theory has been important in understanding a
range of behavioural phenomena

Research area Correlational? Experimental? Theory–data interplay

Sex allocation Yes Yes Yes
Policing Yes Yes Yes
Conflict resolution Yes Yes Yes
Cooperation Yes Yes Yes
Altruism Yes Yes Yes
Spite Yes Yes Yes
Kin discrimination Yes Yes Yes
Parasite virulence Yes Yes Yes
Parent–offspring conflict Yes Yes Yes
Sibling conflict Yes Yes Yes
Selfish genetic elements Yes Yes Yes
Cannibalism Yes Yes Yes
Dispersal Yes Yes Yes
Alarm calls Yes Yes Yes
Eusociality Yes Yes Yes
Genomic imprinting Yes Yes Yes

Data are taken from refs 9–11. Correlational studies test predictions using natural variation in key
variables, whereas experimental studies involve their experimental manipulation. Interplay between
theory and datameans that theory has informed empirical study, and vice versa. Inclusive fitness is not
the only way to model evolution, but it has already proven to be an immensely productive and useful
approach for studying eusociality and other social behaviours.
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Much of the literature on social evolution is pervaded by
the old debate about the relative merits of kin and group
selection. In this debate, the biological interpretation of
processes occurring in real populations is often conflat-
edwith themathematical methodology used to describe
these processes. Here, we highlight the distinction be-
tween the two by placing this discussion within the
broader context of evolution in structured populations.
In this reviewwe show that the current debate overlooks
important aspects of the interplay between genetic and
demographic structuring, and argue that a continued
focus on the relativemerits of kin versus group selection
distracts attention from moving the field forward.

It’s like what Lenin said. . . you look for the person
who will benefit, and, uh, uh. . .

–The Dude

Kin versus group selection
Recent years have seen a revival of interest in the evolution
of structured populations, with a strong emphasis on the
evolution of social traits such as altruistic and cooperative
behaviours [1–5]. This has reignited the debate on kin
versus group selection and has generated much discussion
about the processes underlying the evolution of such traits,
as well as the most appropriate modelling formalism [6–9].
Much of this recent discussion has diverted attention from
important biological issues, and our goal here is therefore to
place this debate within the broader context of evolution in
structured populations. In so doing we highlight the fact
that in a structured population, virtually all traits can be
thought of as social, including dispersal [10], life-history
traits such as reproductive effort, senescence and sex allo-
cation [11], and virulence or resistance traits in host–para-
site interactions [12,13].Within this broader perspectivewe
point out possible avenues for future research.

What is the debate about?
The current debate seems to stem, in part, from a failure
to clearly distinguish between the biological interpreta-
tion of processes occurring in real populations and
the mathematical methodology used to describe these

processes. The two are necessarily intertwined, but it
can sometimes be useful to distinguish between them.
To this end, we use the terms kin selection (KS) and
multilevel selection (MS) to describe two different biologi-
cal interpretations of the evolutionary processes occurring
in structured populations, and the terms inclusive fitness
(IF) methodology and multilevel selection methodology to
describe themathematical approaches typically usedwith
each.

General background
Whenever an individual’s reproductive success is affected
by traits expressed by other individuals, we need to ac-
count for the way in which genotypes are distributed
among individuals to predict evolutionary change. The
IF and MS methodologies are different ways by which
theoreticians account for this genetic structure.

As an example, consider a case in which all individuals
in the population provide some level of help to n other
individuals, and suppose that a mutant allele arises that
causes its bearer to provide an increased level of help at a
cost to itself. To determine if the allele will spread, we need
to calculate the selection coefficient, which is the difference
between the average reproductive outputs of individuals
carrying the mutant versus wild-type alleles. The average
reproductive outputs are difficult to calculate because of
the spatial structure of the population. In fact, this diffi-
culty arises for two reasons: (i) when calculating the aver-
age reproductive outputs for bearers of either allele, we
need to know the probability that its neighbours carry the
same allele; and (ii) the probability that its neighbours
carry the same allele will typically depend on the action of
the allele. For example, if the allele causes a higher local
level of reproductive output, then its neighbours might be
very likely to carry this allele as well. These complications
typically preclude analytical progress unless further sim-
plifying assumptions are made.

IF and MS methodologies
The IF methodology (Box 1 and online appendix S1) parti-
tions the selection coefficient into a direct and an indirect
selection component [14–17]. The direct selection compo-
nent accounts for differences in the direct effects of the
allele on its bearers’ reproductive success. In our example
this is negative because the mutant allele causes its bearer
to provide more help than that of the wild-type, at a cost to
itself. The indirect selection component accounts for differ-
ences between mutant and wild-type individuals in the
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1919 route de Mende, 34293 Montpellier Cedex 5, France

0169-5347/$ – see front matter ! 2011 Elsevier Ltd. All rights reserved. doi:10.1016/j.tree.2011.01.006 Trends in Ecology and Evolution, April 2011, Vol. 26, No. 4 193

COMMENTARYCOMMENTARY

Much ado about nothing: Nowak et al.’s charge against inclusive
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Why would an individual sacrifice its own reproduction
to the benefit of the reproduction of others is one of the
central questions in evolutionary biology. Selection on
a behavioural trait can be thought of at the level of the
average reproductive success of all copies of an allele
affecting the trait (the gene-centred view well popular-
ized by Dawkins, 1989). Hamilton (1964) proposed to
evaluate the effect of an allele on this average in the form
)c + rb, where )c is a fitness cost of the alternative
behaviour, and rb is the expected benefit to individuals,
partitioned in terms of the benefit b received from an
individual with deviant strategy, and of the relatedness
coefficient r that measures how much this benefit is
likely to be received by an individual with deviant
strategy rather than by a random individual in the
population. It then appears that individual sacrifice is
favoured by selection only if rb ) c > 0 (Hamilton’s rule),
and in particular if relatives of the sacrificing individual
preferentially recover benefits from the sacrifice, a fact
known as kin selection. Evolutionary biologists have

built on such foundations to understand various forms of
social evolution, ranging from the spectacular organiza-
tion of ant societies to virtually any behaviour that
involves interactions between individuals (e.g. Krebs &
Davies, 1993).
A recent paper by Nowak et al. (2010) in Nature

received much media coverage by claiming to have
found a new and more general explanation for social
behaviour. Our aim is to clarify some of the scientific
issues raised by Nowak et al. (hereafter NTW). In partic-
ular, we show that the mathematical results underpin-
ning their claim are neither new nor general and that
their criticisms of the mathematical foundations of
inclusive fitness theory are based on severe misrepre-
sentations of the latter. Similar misrepresentations can
be found in their rewriting of the history of inclusive
fitness theory, as illustrated by the role of haplodiploidy.
This role was actually described as ‘central’ in Wilson
(1975), whereas it has been more critically assessed in
the line of works that NTW criticize (e.g. Crozier &
Pamilo, 1996; Queller & Strassmann, 1998; Foster et al.,
2006; Crozier, 2008; and notably Hamilton’s (1972) own
warning that this role ‘must not be overemphasized’).
We conclude that the paper owes its impact as much to
the slow diffusion of modern ideas in inclusive fitness
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Abstract

In a recent article, Nowak et al. claim that the mathematical basis of inclusive
fitness theory does not stand to scrunity and to have found an alternative
explanation for eusociality. We show that these claims are based on false
premises, many of which have been exposed more than 25 years ago, such as
misrepresentations of the basic components of inclusive fitness and fallacious
distinctions between individual fitness and inclusive fitness. Moreover, some
limitations ascribed to inclusive fitness are actually limitations of current
evolutionary theory, for which Nowak et al. propose no new solution.
Likewise, their assertedly ‘common sense’ empirical alternative to estimating
inclusive fitness is not applicable in cases of interest. Finally, their eusociality
model merely confirms the importance of all the components of inclusive
fitness. We conclude by discussing how rhetorical devices and editorial
practices can impede scientific endeavours.
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Introduction

Natural selection is the part of evolutionary change in
heritable characters that is driven by the differential
reproductive success of individual organisms (Darwin,
1859; Fisher, 1930; Price, 1970). It is not the sole factor in
evolution, nor is it necessarily the major driver of genetic
change. However, it receives much attention because it is
the part of evolutionary change that generates biological
adaptation, and hence leads organisms to appear designed.
Darwin (1859) argued that, as natural selection favours
those individuals who achieve the greatest reproductive
success, individuals will consequently appear designed to
maximize their reproductive success (Darwinian fitness).
This link between natural selection (dynamics) and
phenotypes optimized for fitness maximization (design)
has been formalized by Grafen (2002), for a large class of
models that excludes social interaction between relatives.

The only fundamental change to Darwin’s theory of
adaptation by natural selection has been to take account

of social interactions between relatives. Darwin (1859,
pp. 236–238) launched this avenue of inquiry by asking
how the exquisite adaptations of sterile workers could
have evolved in the social insects, given that these
individuals enjoy no reproductive success and so cannot
be directly acted upon by natural selection. His solution
was to suppose that their fertile family members carry
heritable tendencies for these traits, in latent form, and
may pass these on to future generations. He suggested
that natural selection acts upon worker traits indirectly,
according to their fitness consequences for reproductive
family members. The separation of direct fitness (impact
upon personal reproductive success) and indirect fitness
(impact upon the reproductive success of genetically
similar individuals) was emphasized by Fisher (1930,
p. 27), who understood that the latter could drive the
evolution of altruistic characters such as aposematic
coloration in gregarious insects (Fisher, 1930; pp. 158–
159). However, Fisher otherwise neglected such effects in
his formalization of Darwinian adaptation (Fisher, 1930,
p. 27).
The theory of indirect effects was later fully developed

by Hamilton (1963, 1964, 1970), whose analyses sug-
gested that natural selection leads the individual to
appear designed to maximize the sum of her direct and
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Abstract

Natural selection operates both directly, via the impact of a trait upon the
individual’s own fitness, and indirectly, via the impact of the trait upon the
fitness of the individual’s genetically related social partners. These effects are
often framed in terms of Hamilton’s rule, rb ) c > 0, which provides the
central result of social-evolution theory. However, a number of studies have
questioned the generality of Hamilton’s rule, suggesting that it requires
restrictive assumptions. Here, we use Fisher’s genetical paradigm to demon-
strate the generality of Hamilton’s rule and to clarify links between different
studies. We show that confusion has arisen owing to researchers misidenti-
fying model parameters with the b and c terms in Hamilton’s rule, and
misidentifying measures of genotypic similarity or genealogical relationship
with the coefficient of genetic relatedness, r. More generally, we emphasize
the need to distinguish between general kin-selection theory that forms the
foundations of social evolution, and streamlined kin-selection methodology
that is used to solve specific problems.
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The evolution of eusociality
Martin A. Nowak1, Corina E. Tarnita1 & Edward O. Wilson2

Eusociality, in which some individuals reduce their own lifetime reproductive potential to raise the offspring of others,
underlies the most advanced forms of social organization and the ecologically dominant role of social insects and humans.
For the past four decades kin selection theory, based on the concept of inclusive fitness, has been the major theoretical
attempt to explain the evolution of eusociality. Here we show the limitations of this approach. We argue that standard
natural selection theory in the context of precisemodels of population structure represents a simpler and superior approach,
allows the evaluation of multiple competing hypotheses, and provides an exact framework for interpreting empirical
observations.

F
or most of the past half century, much of sociobiological
theory has focused on the phenomenon called eusociality,
where adult members are divided into reproductive and (par-
tially) non-reproductive castes and the latter care for the

young. How can genetically prescribed selfless behaviour arise by
natural selection, which is seemingly its antithesis? This problem
has vexed biologists since Darwin, who in The Origin of Species
declared the paradox—in particular displayed by ants—to be the
most important challenge to his theory. The solution offered by the
master naturalist was to regard the sterile worker caste as a ‘‘well-
flavoured vegetable’’, and the queen as the plant that produced it.
Thus, he said, the whole colony is the unit of selection.

Modern students of collateral altruism have followed Darwin in
continuing to focus on ants, honeybees and other eusocial insects,
because the colonies ofmostof their species are dividedunambiguously
into different castes. Moreover, eusociality is not a marginal pheno-
menon in the living world. The biomass of ants alone composes more
than half that of all insects and exceeds that of all terrestrial nonhuman
vertebrates combined1. Humans, which can be loosely characterized
as eusocial2, are dominant among the land vertebrates. The ‘super-
organisms’ emerging from eusociality are often bizarre in their consti-
tution, and represent a distinct level of biological organization (Fig. 1).

Rise and fall of inclusive fitness theory
For the past four decades, kin selection theory has had a profound
effect on the interpretation of the genetic evolution of eusociality
and, by extension, of social behaviour in general. The defining feature
of kin selection theory is the concept of inclusive fitness. When
evaluating an action, inclusive fitness is defined as the sum of the
effect of this action on the actor’s own fitness and on the fitness of the
recipient multiplied by the relatedness between actor and recipient,
where ‘recipient’ refers to anyone whose fitness is modified by the
action.

The ideawas first stated by J.B. S.Haldane in1955, and a foundation
of a full theory3 was laid out by W. D. Hamilton in 1964. The pivotal
idea expressed by both writers was formalized by Hamilton as the
inequality R. c/b, meaning that cooperation is favoured by natural
selection if relatedness is greater than the cost to benefit ratio. The
relatedness parameter R was originally expressed as the fraction of the
genes shared between the altruist and the recipient due to their com-
mondescent, hence the likelihood the altruistic genewill be shared. For
example, altruism will evolve if the benefit to a brother or sister is

greater than two times the cost to the altruist (R5 1/2) or eight times
in the case of a first cousin (R5 1/8).

Due to its originality and seeming explanatory power, kin selection
came to bewidely accepted as a cornerstone of sociobiological theory.
Yet it was not the concept itself in its abstract form that first earned
favour, but the consequence suggested by Hamilton that came to
be called the ‘‘haplodiploid hypothesis.’’ Haplodiploidy is the sex-
determiningmechanism inwhich fertilized eggs become females, and
unfertilized eggs males. As a result, sisters are more closely related to
one another (R5 3/4) than daughters are to their mothers (R5 1/2).
Haplodiploidy happens to be the method of sex determination in the
Hymenoptera, the order of ants, bees and wasps. Therefore, colonies
of altruistic individuals might, due to kin selection, evolve more
frequently in hymenopterans than in clades that have diplodiploid
sex determination.

In the 1960s and 1970s, almost all the clades known to have evolved
eusociality were in the Hymenoptera. Thus the haplodiploid hypo-
thesis seemed to be supported, at least at first. The belief that haplo-
diploidy and eusociality are causally linked became standard textbook
fare. The reasoning seemed compelling and even Newtonian in con-
cept, travelling in logical steps from a general principle to a widely
distributed evolutionary outcome4,5. It lent credence to a rapidly
developing superstructure of sociobiological theory based on the pre-
sumed key role of kin selection.

By the 1990s, however, the haplodiploid hypothesis began to fail.
The termites had never fitted this model of explanation. Then more
eusocial species were discovered that use diplodiploid rather than
haplodiploid sex determination. They included a species of platypo-
did ambrosia beetles, several independent lines of Synalpheus sponge-
dwelling shrimp (Fig. 2) and bathyergid mole rats. The association
between haplodiploidy and eusociality fell below statistical signifi-
cance. As a result the haplodiploid hypothesis was in time abandoned
by researchers on social insects6–8.

Although the failure of the hypothesis was not by itself considered
fatal to inclusive fitness theory, additional kinds of evidence began to
accumulate that were unfavourable to the basic idea that relatedness is
a driving force for the emergence of eusociality. One is the rarity of
eusociality in evolution, and its odd distribution through the Animal
Kingdom. Vast numbers of living species, spread across the major
taxonomic groups, use either haplodiploid sexdeterminationor clonal
reproduction, with the latter yielding the highest possible degree of
pedigree relatedness, yet with only one major group, the gall-making
aphids, known to have achieved eusociality. For example, among the
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Transitions in individuality: volvocine algae

Studying the factors involved in these ancient origins of multi-
cellularity is difficult because the events are obscured by hun-
dreds of millions of years of subsequent evolution. The protists
provide a useful group for studying the stages identified above.
The volvocine green algae, which by some estimates are between
38 and 70 million years old, present a nearly continuous array of
differentiated stable forms representing each of the stages given
above. There have been at least three independent origins of
individuality based on specialization of reproductive and vege-
tative functions in this group.

The volvocine green algae are flagellated, photosynthetic,
facultatively sexual haploid eukaryotes with varying degrees of
complexity stemming from differences in colony size, colony
structure, and specialization of reproductive and vegetative cells
(Fig. 1). This informal grouping includes the ‘‘colonial volvo-
cines’’ (the families Tetrabaenaceae, Goniaceae, and Volvo-
caceae) and their close unicellular relatives in the genera
Chlamydomonas (Fig. 1 A) and Vitreochlamys. Colonial forms
are generally small clumps or sheets of up to 32 cells such as
Gonium (Fig. 1B) or spheres with cells arranged on the periph-
ery, such as Eudorina (Fig. 1C), Pleodorina (Fig. 1D), and Volvox
(Fig. 1 E and F).

The volvocine algae readily form groups by keeping the
products of mitosis together through the use of extracellular
materials. There are several adaptive reasons to form groups,
and to increase in group size, such as to avoid predators,
maintain greater homeostasis in the group, and/or to acquire
new specialized cell functions. In addition, there may be a
covariance effect described in Eq. 1 in which the fitness of the
group is augmented over the average fitness of member cells.
This article takes for granted the advantages of larger group size
and considers instead the associated costs of groups and how
these costs may be ameliorated so as to enhance the benefits of
group living. We wish to understand how groups become
individuals. The central idea motivating our hypothesis is that by
coping with the fitness tradeoffs and the challenges of group
living, the group evolves into a new evolutionary individual.

There are several hypotheses for the evolution of cell
specialization. The first involves the evolution of cooperation

(versus defection). To cooperate, cells presumably must spe-
cialize at particular behaviors and functions. The evolution of
costly forms of cooperation, altruism, is fundamental to
evolutionary transitions, because altruism exports fitness from
a lower level (the costs of altruism) to a higher level (the
benefits of altruism). The evolution of cooperation sets the
stage for defection, and this leads to a second kind of
hypothesis for the evolution of specialized cells involving
conf lict mediation. If the opportunities for defectors can be
mediated, enhanced cooperativity of cells will result in more
harmonious functioning of the group. A variety of features of
multicellular organisms can be understood as ‘‘conf lict medi-
ators,’’ that is, adaptations to reduce conf lict and increase
cooperation among cells (6): high kinship as a result of
development from a single cell, lowered mutation rate as a
result of a nucleus, self-policing of selfish cells by the immune
system, parental control of cell phenotype, programmed cell
death of cells depending on signals received by neighboring
cells, determinate body size, and early germ soma separation.
These different kinds of conf lict mediators require different
specialized cell types. The third hypothesis for specialization
involves the advantages of division of labor and the synergism
that may result when cells specialize in complementary be-
haviors and functions. The most basic division of labor in
organisms is between reproductive and vegetative or survival-
enhancing functions.

This article is primarily concerned with the division of labor
and cooperation hypotheses. As a model system, we are consid-
ering volvocine algae cell groups that are of high kinship because
they are formed clonally from a single cell. Hence, the oppor-
tunity for conflict should be low in these groups. Nevertheless,
the opportunity for conflict can increase with the number of cell
divisions and can depend on the type of development (e.g., rapid
cell divisions, as in some volvocine algae, might not allow enough
time for DNA repair). For these reasons, the conflict mediation
hypothesis may help explain the early sequestration of the germ
line in some volvocine lineages (7).

Evolutionary individuals must have heritable variation in
fitness-related traits. The fitness of any evolutionary unit can be

Fig. 1. Examples of volvocine species varying in cell number, colony volume, degree of specialization, and proportion of somatic cells. (A) C. reinhardtii, a unicell.
(B) Gonium pectorale, a flat or curved sheet of 8–32 undifferentiated cells. (C) Eudorina elegans, a spherical colony of 16–64 undifferentiated cells. (D) Pleodorina
californica, a spherical colony with 30–50% somatic cells. (E) V. carteri. (F) Volvox aureus. Where two cell types are present (D–F), the smaller cells are somatic
cells and the larger cells are reproductive cells. Photos were taken by C. Solari (University of Arizona).

8614 ! www.pnas.org"cgi"doi"10.1073"pnas.0701489104 Michod

Chlamydomonas
reinhardtii

(unicellular) 

Volvox carteri  (2000 cells)
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Actions: 
how much effort hunting or
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Payoff: 
total energy in calories at end of day
= Benefits – Costs
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Price equation captures this tension by partitioning selection 
according how associations among types are generated

~ i.e. spatial grouping and genetic relatedness

Two important components in the Price equation: 
effect of natural selection   &   effect of transmission

~ transmission effects can capture lower level effects 
(within group competition due to selfish worker bees, selfish genes)
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Ecology (costs and benefits of making a living), behavior, and genetics 
are crucial to transitions in individuality and whether adaptations arise 
at the individual or emerge at the group level
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2.2 Network-rewiring model

Network rewiring models for group selection have been proposed with direct appli-

cation to peer-to-peer (P2P) protocol design [13, 14]. In these models, which were

adapted from the tag model described above, individuals are represented as nodes on

a graph. Group membership is defined by the topology of the graph. Nodes directly

connected are considered to be within the same group. Each node stores the links that

define its neighbours. Nodes evolve by copying both the strategies and links (with

probability t) of other nodes in the population with higher utility than themselves. Us-

ing this simple learning rule the topology and strategies evolve promoting pro-social

behaviour and structuring the population into dynamic arrangements of disconnected

clusters (where t = 1) or small-world topologies (where 0.5 < t < 1). Group splitting

involves nodes disconnecting from all their current neighbours and reconnecting to a

single randomly chosen neighbour with low probability mt. As with the tag model pro-

social behaviour is selected when b > c and mt >> ms, where ms is the probability

of nodes spontaneously changing strategies. Figure 2 shows a schematic of network

evolution (groups emerge as cliques within the network) and an outline algorithm that

implements it.

Outline algorithm for network model:

for each generation loop

    interaction within groups (obtain fitness)

    reproduce individuals based on fitness

    with Prob(t) copy new links

    with Prob(ms) individuals flip strategy

end generation loop

Group boundary: individuals directly linked

in the network

Group formation and migration:copying of

links probabilistically
(a) (b) (c)

Fig. 2. Schematic of the evolution of groups (cliques) in the network-rewiring model. Three generations (a-c) are

shown. White individuals are pro-social, black are selfish. Arrows indicate group linage. Notice the similarity to the

tag model in figure 1.

In this model we have translated dynamics and properties similar to the tag model

into a graph. This is important because P2P networks can be viewed as graphs. Hence

with relatively modest translation effort we were able to formulate a general P2P proto-

col that would promote pro-social behaviour over a wide rage of potential application

domains. In [14] we applied the protocol to a simulated file-sharing scenario. In [13]

we proposed a protocol that could be applied to collective spam filtering. In [12] the

same fundamental rewiring protocol was applied to a scenario requiring nodes to adopt

specialised roles or skills within their groups, not just pro-social behaviour alone, to

maximise social benefit.

Interestingly it has also been shown recently [21] in a similar graph model tested

over fixed topologies (e.g. small-world, random, lattice, scale-free) that under a sim-

ple evolutionary learning rule pro-social behaviour can be sustained in some limited

situations if b/c > k, where k is the average number neighbours over all nodes (the av-

Santa Fe InstituteMultilevel selection
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Ideas from multilevel selection theory used in other fields

E.g. network rewiring in peer-to-peer protocols 

Hales et al. (2008) based on ideas in Holland (1993)
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Transitions in individuality: social amoeba

Altruism and kin discrimination in Dictyostelium
The development of the multicellular fruiting body in D.
discoideum is accompanied by the appearance of altruism
as a key component of social cooperation. Approximately
20% of the cells that aggregate to form the fruiting body
form the stalk cells, and these altruistically die to ensure
the survival of the 80% of the cells that make up the spore-
bearing sorus. In general, programmed cell death in mul-
ticellular systems is commonplace, but the case of Dictyos-
telium has a unique feature – the stalk cells had a previous
existence as solitary individuals, and so their altruistic
death is the ultimate expression of subsuming individual
fitness for the cooperative group.

Chimeric fruiting bodies are likely to occur in nature,
and the presence of different genotypes in fruiting bodies
could thus lead to conflicts of interest between cells.
According to kin selection theory, the altruistic behavior
of stalk cells can be explained by sufficiently high genetic
relatedness among individuals in a fruiting body. When
the costs and benefits involved in a social interaction are
fixed, individuals are expected to cooperate altruistically
more frequently with close relatives because this allows for
an increase in inclusive fitness (Box 1). In general, genetic
relatedness within D. discoideum fruiting bodies in nature
has been found to be high [27], and two mechanisms have
been proposed to explain this observation. First, limited
dispersal of individuals is a passive mechanism that leads
to spatial structuring in which close relatives are found in
closer physically proximity to each other, and thus are
more likely to cooperate with each other. Moreover, al-
though diverse strains can co-occur, large clonal patches

(one as large as 12 m in diameter discovered in Texas,
USA) are also observed, which suggests that it is possible
for D. discoideum to maintain high relatedness at local
spatial scales [28].

Another mechanism for ensuring high genetic related-
ness in fruiting bodies is some form of kin discrimination,
whereD. discoideum cells preferentially associate with kin
and discriminate against unrelated non-kin. The process of
kin recognition usually involves an ability to measure and
react to genetic relatedness between actor and recipient in
a social interaction, and several studies have been per-
formed to identify levels of kin discrimination in different
Dictyostelium species. In D. purpureum, a species with
extensive genetic variation and clear population structure,
fruiting-body formation is affected by genetic distance
between strains as measured by rDNA sequences [29],
with strong kin discrimination observed between distinct
genotypes [30]. In addition, the degree of kin discrimina-
tion appears to be positively correlated to the genetic
divergence between strains that contribute to the chimeric
fruiting body.

An investigation of D. discoideum fruiting-body forma-
tion between one fixed laboratory axenic strain (which can
grow in artificial media independent of live bacteria) and a
series of natural strains of variable genetic distance, as
measured using microsatellite loci, also found a positive
correlation between kin discrimination and genetic diver-
gence [31]. However, another study using strain pairs that
show different levels of divergence based on >100 single
nucleotide polymorphisms (SNPs) across the genome
did not reveal any such correlation [32]. Interestingly,
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Figure 1. The life cycle of Dictyostelium discoideum. When food supply is sufficient, D. discoideum lead solitary lives as single haploid cells and reproduce by mitotic cell
division (vegetative cycle). When food is scarce, however, these haploid cells enter a multicellular phase of their life cycle, which can be either asexual (the social cycle) or
sexual. At the onset of the social cycle, individual cells aggregate by streaming, and the resulting tight multicellular aggregates elongate into fingers and then migrating
slugs. After a series of morphological and physiological changes, these multicellular structures eventually develop into fruiting bodies, and spores from atop the fruiting
bodies can disperse and germinate into solitary haploid cells. In the sexual cycle, two haploid cells of opposite mating types (indicated by open and closed circles in the cells
to denote nuclei of different mating types) fuse to form a diploid zygote (indicated by the hatched circle). The zygote attracts surrounding solitary cells and cannibalizes
them as nutrients, developing into a mature macrocyst. Meiosis occurs and recombinant progeny are generated and released during germination.
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highest concentration. As more and more starve, they
concentrate in great streams of dicty cells, flowing toward
a center in a process called aggregation (Figure 3(a)).
After a few hours, this center concentrates into a mound,
which then elongates slightly and begins to crawl around
toward light and heat and away from ammonia (Figure 3(b)).

This translucent slug looks like a tiny worm, but differs
from it in some important ways. As it crawls through a
sheath largely made up of cellulose, it drops cells at the
rear, and these cells can feed on any bacteria they discover,
effectively recovering the solitary stage. The slug moves
more quickly and farther than any individual amoeba could
move: an important advantage to the social stage. Though
the slug lacks a nervous system, there are differences among
the constituent cells. Those at the front direct movement
and ultimately become the stalk. There is a recently discov-
ered class of cells called sentinel cells that sweep through
the slug from front to back picking up toxins and bacteria,
functioning simultaneously as liver, kidney, and innate
immune system, before they are shed at the rear of the slug.

Slugs move farther and for a longer time when the
environment lacks electrolytes, when it is very moist,
and when there is either directional light or no light.
When they cease moving, the cells of the slug concen-
trate into a tight form known as a Mexican hat. Then,

in a process called culmination, the cells that were at
the front of the slug begin to form cellulose walls and
to rise up out of the mass as a very slender but rigid
stalk (Figure 3(c)). These cells die. The remaining
three-quarters or so of the cells flow up this stalk,
and at the top they form hardy spores. At this point,
the spores, stalk, and basal disk comprise an erect
structure called a fruiting body (Figure 3(c)).

Thus, some of the cells sacrifice their lives so that the
others may rise up and sporulate a millimeter or so above
the soil surface, or into a gap between soil particles.
Others sacrifice themselves as sentinel cells picking up
toxins and bacteria as they made their way through the
slug. Still others were shed from the rear of the slug
during their normal movement. If these do not encounter
bacteria, or enough other shed cells to form a new, smaller
fruiting body, then they also perish.

How Dictyostelids Are Obtained, Collected,
and Cultured

Many studies can be performed using previously col-
lected clones obtained from the stock center for the
price of postage. This stock center is accessed through

Figure 3 Multicellular stages of Dictyostelium discoideum. (a) Aggregation of formerly independent cells into a multicellular body.
(b) Motile multicellular slug moving towards light. (c) Fruiting body consisting of a basal disc, a stalk, and a sorus, or spores. The
basal disc and the stalk are formed of formerly living amoebae that have died to form this supporting structure. (d) Macrocysts, the
sexual stage of D. discoideum. (Courtesy of Owen Gilbert).
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highest concentration. As more and more starve, they
concentrate in great streams of dicty cells, flowing toward
a center in a process called aggregation (Figure 3(a)).
After a few hours, this center concentrates into a mound,
which then elongates slightly and begins to crawl around
toward light and heat and away from ammonia (Figure 3(b)).

This translucent slug looks like a tiny worm, but differs
from it in some important ways. As it crawls through a
sheath largely made up of cellulose, it drops cells at the
rear, and these cells can feed on any bacteria they discover,
effectively recovering the solitary stage. The slug moves
more quickly and farther than any individual amoeba could
move: an important advantage to the social stage. Though
the slug lacks a nervous system, there are differences among
the constituent cells. Those at the front direct movement
and ultimately become the stalk. There is a recently discov-
ered class of cells called sentinel cells that sweep through
the slug from front to back picking up toxins and bacteria,
functioning simultaneously as liver, kidney, and innate
immune system, before they are shed at the rear of the slug.

Slugs move farther and for a longer time when the
environment lacks electrolytes, when it is very moist,
and when there is either directional light or no light.
When they cease moving, the cells of the slug concen-
trate into a tight form known as a Mexican hat. Then,

in a process called culmination, the cells that were at
the front of the slug begin to form cellulose walls and
to rise up out of the mass as a very slender but rigid
stalk (Figure 3(c)). These cells die. The remaining
three-quarters or so of the cells flow up this stalk,
and at the top they form hardy spores. At this point,
the spores, stalk, and basal disk comprise an erect
structure called a fruiting body (Figure 3(c)).

Thus, some of the cells sacrifice their lives so that the
others may rise up and sporulate a millimeter or so above
the soil surface, or into a gap between soil particles.
Others sacrifice themselves as sentinel cells picking up
toxins and bacteria as they made their way through the
slug. Still others were shed from the rear of the slug
during their normal movement. If these do not encounter
bacteria, or enough other shed cells to form a new, smaller
fruiting body, then they also perish.

How Dictyostelids Are Obtained, Collected,
and Cultured

Many studies can be performed using previously col-
lected clones obtained from the stock center for the
price of postage. This stock center is accessed through

Figure 3 Multicellular stages of Dictyostelium discoideum. (a) Aggregation of formerly independent cells into a multicellular body.
(b) Motile multicellular slug moving towards light. (c) Fruiting body consisting of a basal disc, a stalk, and a sorus, or spores. The
basal disc and the stalk are formed of formerly living amoebae that have died to form this supporting structure. (d) Macrocysts, the
sexual stage of D. discoideum. (Courtesy of Owen Gilbert).

Dictyostelium, the Social Amoeba 515!

!"#$#%&'()*+,&-,."*/+%,0(1+2*&3,!"#$#%&'()*+'$&',,+'-$./-$0'
!

,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,
,

,
,
,
,
,

Santa Fe InstituteMultilevel selection

A
uthor's personal copy

highest
concentration.

A
s
m
ore

and
m
ore

starve,
they

concentrate
in

great
stream

s
of

dicty
cells,flow

ing
tow

ard
a
center

in
a
process

called
aggregation

(F
igu

re
3(a)).

A
fter

a
few

hours,
this

center
concentrates

into
a
m
ound,

w
hich

then
elongates

slightly
and

begins
to

craw
l
around

tow
ard

lightand
heatand

aw
ay

from
am

m
onia

(F
igure

3(b)).
T
his

translu
centslug

looks
like

a
tiny

w
orm

,butdiffers
from

it
in

som
e
im

portant
w
ays.

A
s
it
craw

ls
through

a
sheath

largely
m
ade

up
of

cellulose,
it
drops

cells
at

the
rear,and

these
cells

can
feed

on
any

bacteria
they

discover,
effectively

recovering
the

solitary
stage.

T
he

slug
m
oves

m
ore

quickly
and

farther
than

any
individualam

oeba
could

m
ove:an

im
portant

advantage
to

the
social

stage.T
hough

the
slug

lacksa
nervoussystem

,there
are

differencesam
ong

the
constituent

cells.T
hose

at
the

front
direct

m
ovem

ent
and

ultim
ately

becom
e
the

stalk.T
here

is
a
recently

discov-
ered

class
of

cells
called

sentinel
cells

that
sw
eep

through
the

slug
from

front
to

back
picking

up
toxins

and
bacteria,

functioning
sim

ultaneously
as

liver,
kidney,

and
innate

im
m
une

system
,before

they
are

shed
atthe

rear
ofthe

slug.
Slugs

m
ove

farther
and

for
a
longer

tim
e
w
hen

the
environm

ent
lacks

electrolytes,
w
hen

it
is

very
m
oist,

and
w
hen

there
is

either
directional

light
or

no
light.

W
hen

they
cease

m
oving,

the
cells

of
the

slug
concen-

trate
into

a
tight

form
know

n
as

a
M
exican

hat.
T
hen,

in
a
process

called
culm

ination,
the

cells
that

w
ere

at
the

front
of

the
slug

begin
to

form
cellulose

w
alls

and
to

rise
up

out
of

the
m
ass

as
a
very

slender
but

rigid
stalk

(F
igu

re
3(c)).

T
hese

cells
die.

T
he

rem
aining

three-quarters
or

so
of

the
cells

flow
up

this
stalk,

and
at

the
top

they
form

hardy
spores.

A
t
this

point,
the

spores,
stalk,

and
basal

disk
com

prise
an

erect
structure

called
a
fruiting

body
(F
igu

re
3(c)).

T
hus,som

e
of

the
cells

sacrifice
their

lives
so

that
the

others
m
ay

rise
up

and
sporulate

a
m
illim

eter
or

so
above

the
soil

surface,
or

into
a
gap

betw
een

soil
particles.

O
thers

sacrifice
them

selves
as

sentinel
cells

picking
up

toxins
and

bacteria
as

they
m
ade

their
w
ay

through
the

slug.
Still

others
w
ere

shed
from

the
rear

of
the

slug
during

their
norm

al
m
ovem

ent.If
these

do
not

encounter
bacteria,or

enough
other

shed
cells

to
form

a
new

,sm
aller

fruiting
body,then

they
also

perish.

H
o
w

D
ic
tyo

s
te
lid

s
A
re

O
b
ta
in
e
d
,
C
o
lle

c
te
d
,

a
n
d
C
u
ltu

re
d

M
any

studies
can

be
perform

ed
using

previously
col-

lected
clones

obtained
from

the
stock

center
for

the
price

of
postage.

T
his

stock
center

is
accessed

through

F
ig
u
re

3
M
u
ltic

e
llu
la
r
sta

g
e
s
o
f
D
ic
tyo

ste
liu
m

d
isc

o
id
e
u
m
.
(a
)
A
g
g
re
g
a
tio

n
o
f
fo
rm

e
rly

in
d
e
p
e
n
d
e
n
t
c
e
lls

in
to

a
m
u
ltic

e
llu
la
r
b
o
d
y.

(b
)
M
o
tile

m
u
ltic

e
llu
la
r
slu

g
m
o
vin

g
to
w
a
rd
s
lig

h
t.
(c
)
F
ru
itin

g
b
o
d
y
c
o
n
sistin

g
o
f
a
b
a
sa

ld
isc

,
a
sta

lk,
a
n
d
a
so

ru
s,

o
r
sp

o
re
s.

T
h
e

b
a
sa

ld
isc

a
n
d
th
e
sta

lk
a
re

fo
rm

e
d
o
f
fo
rm

e
rly

livin
g
a
m
o
e
b
a
e
th
a
t
h
a
ve

d
ie
d
to

fo
rm

th
is

su
p
p
o
rtin

g
stru

c
tu
re
.
(d
)
M
a
c
ro
c
ysts,

th
e

se
xu

a
lsta

g
e
o
f
D
.
d
isc

o
id
e
u
m
.
(C
o
u
rte

sy
o
f
O
w
e
n
G
ilb

e
rt).

D
ic
ty
o
s
te
liu

m
,
th

e
S
o
c
ia
l
A
m
o
e
b
a

5
1
5

!

!
"#$#%&'()*+,&-,.

"*/
+%,0

(1+2*&3,!"#$#%&'()*+'$&',,+'-$./-$0'
!

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
,,,,,

Altruism and kin discrimination in Dictyostelium
The development of the multicellular fruiting body in D.
discoideum is accompanied by the appearance of altruism
as a key component of social cooperation. Approximately
20% of the cells that aggregate to form the fruiting body
form the stalk cells, and these altruistically die to ensure
the survival of the 80% of the cells that make up the spore-
bearing sorus. In general, programmed cell death in mul-
ticellular systems is commonplace, but the case of Dictyos-
telium has a unique feature – the stalk cells had a previous
existence as solitary individuals, and so their altruistic
death is the ultimate expression of subsuming individual
fitness for the cooperative group.

Chimeric fruiting bodies are likely to occur in nature,
and the presence of different genotypes in fruiting bodies
could thus lead to conflicts of interest between cells.
According to kin selection theory, the altruistic behavior
of stalk cells can be explained by sufficiently high genetic
relatedness among individuals in a fruiting body. When
the costs and benefits involved in a social interaction are
fixed, individuals are expected to cooperate altruistically
more frequently with close relatives because this allows for
an increase in inclusive fitness (Box 1). In general, genetic
relatedness within D. discoideum fruiting bodies in nature
has been found to be high [27], and two mechanisms have
been proposed to explain this observation. First, limited
dispersal of individuals is a passive mechanism that leads
to spatial structuring in which close relatives are found in
closer physically proximity to each other, and thus are
more likely to cooperate with each other. Moreover, al-
though diverse strains can co-occur, large clonal patches

(one as large as 12 m in diameter discovered in Texas,
USA) are also observed, which suggests that it is possible
for D. discoideum to maintain high relatedness at local
spatial scales [28].

Another mechanism for ensuring high genetic related-
ness in fruiting bodies is some form of kin discrimination,
whereD. discoideum cells preferentially associate with kin
and discriminate against unrelated non-kin. The process of
kin recognition usually involves an ability to measure and
react to genetic relatedness between actor and recipient in
a social interaction, and several studies have been per-
formed to identify levels of kin discrimination in different
Dictyostelium species. In D. purpureum, a species with
extensive genetic variation and clear population structure,
fruiting-body formation is affected by genetic distance
between strains as measured by rDNA sequences [29],
with strong kin discrimination observed between distinct
genotypes [30]. In addition, the degree of kin discrimina-
tion appears to be positively correlated to the genetic
divergence between strains that contribute to the chimeric
fruiting body.

An investigation of D. discoideum fruiting-body forma-
tion between one fixed laboratory axenic strain (which can
grow in artificial media independent of live bacteria) and a
series of natural strains of variable genetic distance, as
measured using microsatellite loci, also found a positive
correlation between kin discrimination and genetic diver-
gence [31]. However, another study using strain pairs that
show different levels of divergence based on >100 single
nucleotide polymorphisms (SNPs) across the genome
did not reveal any such correlation [32]. Interestingly,
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Figure 1. The life cycle of Dictyostelium discoideum. When food supply is sufficient, D. discoideum lead solitary lives as single haploid cells and reproduce by mitotic cell
division (vegetative cycle). When food is scarce, however, these haploid cells enter a multicellular phase of their life cycle, which can be either asexual (the social cycle) or
sexual. At the onset of the social cycle, individual cells aggregate by streaming, and the resulting tight multicellular aggregates elongate into fingers and then migrating
slugs. After a series of morphological and physiological changes, these multicellular structures eventually develop into fruiting bodies, and spores from atop the fruiting
bodies can disperse and germinate into solitary haploid cells. In the sexual cycle, two haploid cells of opposite mating types (indicated by open and closed circles in the cells
to denote nuclei of different mating types) fuse to form a diploid zygote (indicated by the hatched circle). The zygote attracts surrounding solitary cells and cannibalizes
them as nutrients, developing into a mature macrocyst. Meiosis occurs and recombinant progeny are generated and released during germination.
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highest concentration. As more and more starve, they
concentrate in great streams of dicty cells, flowing toward
a center in a process called aggregation (Figure 3(a)).
After a few hours, this center concentrates into a mound,
which then elongates slightly and begins to crawl around
toward light and heat and away from ammonia (Figure 3(b)).

This translucent slug looks like a tiny worm, but differs
from it in some important ways. As it crawls through a
sheath largely made up of cellulose, it drops cells at the
rear, and these cells can feed on any bacteria they discover,
effectively recovering the solitary stage. The slug moves
more quickly and farther than any individual amoeba could
move: an important advantage to the social stage. Though
the slug lacks a nervous system, there are differences among
the constituent cells. Those at the front direct movement
and ultimately become the stalk. There is a recently discov-
ered class of cells called sentinel cells that sweep through
the slug from front to back picking up toxins and bacteria,
functioning simultaneously as liver, kidney, and innate
immune system, before they are shed at the rear of the slug.

Slugs move farther and for a longer time when the
environment lacks electrolytes, when it is very moist,
and when there is either directional light or no light.
When they cease moving, the cells of the slug concen-
trate into a tight form known as a Mexican hat. Then,

in a process called culmination, the cells that were at
the front of the slug begin to form cellulose walls and
to rise up out of the mass as a very slender but rigid
stalk (Figure 3(c)). These cells die. The remaining
three-quarters or so of the cells flow up this stalk,
and at the top they form hardy spores. At this point,
the spores, stalk, and basal disk comprise an erect
structure called a fruiting body (Figure 3(c)).

Thus, some of the cells sacrifice their lives so that the
others may rise up and sporulate a millimeter or so above
the soil surface, or into a gap between soil particles.
Others sacrifice themselves as sentinel cells picking up
toxins and bacteria as they made their way through the
slug. Still others were shed from the rear of the slug
during their normal movement. If these do not encounter
bacteria, or enough other shed cells to form a new, smaller
fruiting body, then they also perish.

How Dictyostelids Are Obtained, Collected,
and Cultured

Many studies can be performed using previously col-
lected clones obtained from the stock center for the
price of postage. This stock center is accessed through

Figure 3 Multicellular stages of Dictyostelium discoideum. (a) Aggregation of formerly independent cells into a multicellular body.
(b) Motile multicellular slug moving towards light. (c) Fruiting body consisting of a basal disc, a stalk, and a sorus, or spores. The
basal disc and the stalk are formed of formerly living amoebae that have died to form this supporting structure. (d) Macrocysts, the
sexual stage of D. discoideum. (Courtesy of Owen Gilbert).
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Transitions in individuality: social amoeba

Unlike Volvox, Dictyostelium 
groups can be chimeric 
(multiple genetic types)

the single-celled amoebae forage for bacteria in
the forest soil. The social phase occurs only
when the food runs out. Amoebae use a cyclic
AMP signal relay to stream into an aggregation
of thousands of cells. Here, roughly 20% of the
cells altruistically die in the process of forming
a long rigid stalk that supports the other cells,
which differentiate into a cluster of spores.
Cells from different clones readily form chi-
meric fruiting bodies in the laboratory (11), and
they probably do so in the field, as judged from
the fact that 19 of 26 small (x! ! 0.2 g) field soil
samples containing D. discoideum had multiple
clones (12).

The csA gene encodes a cell adhesion
protein anchored in the cell membrane. The
most distal globular domain, with some ho-
mology to the immunoglobulin domain, in-
teracts by homophilic binding to the identical
domain of gp80 proteins anchored in other
cells (13).

The effects of the csA gene have been
explored with a knockout mutant lacking
functional gp80 protein (14). There are two
pertinent effects, one a greenbeard effect and
another with the opposite effect. The green-
beard effect has been shown in studies in
which equal mixtures of wild-type and
knockout cells were developed on soil plates
(15). Spores from the resulting chimeric fruit-
ing bodies were 82% wild type, because their
homophilic binding allowed them to adhere
in aggregation streams and to pull each other
into aggregates, whereas most knockout cells
were left behind.

This exclusion of the knockout from ag-
gregates on soil is particularly important be-
cause it thwarts the other, anti-greenbeard,
effect. Mixed aggregations can form on the
less natural substrates of agar and nitrocellu-
lose filters, where streaming is presumably
easier for the knockout cells (15). In these
mixtures, the greater adhesion of the wild-
type cells causes them to sort preferentially
into the stalk (Fig. 1), as predicted by models
of physical interactions (16, 17). Typing of

spores grown from these fruiting bodies con-
firms an excess of knockout cells (Table 1).

As the wild type is more altruistic in
mixed aggregates, it would lose out to the
knockouts if that were the only effect. But, on
the more natural soil substrate, this sacrifice
actually benefits mainly other wild-type cells,
because the earlier greenbeard effect ensures
that few knockout cells enter the aggregate.
The single property of homophilic adhesion
confers all of the required greenbeard traits: a
surface molecule, recognition and adhesion
to the same molecule in others, and cooper-
ative streaming from which the knockouts are
largely excluded.

As D. discoideum normally lives in soil, it
is probable that natural selection favors the
wild type that does well on this substrate. The
greenbeard effects are clearly selectively rel-
evant, because null mutants are certain to
appear repeatedly in nature. However, phylo-
genetic studies are needed to determine
whether detailed sequence evolution has been
driven by greenbeard effects.

The csA-gp80 system shows several novel
features. First, gp80 is closer to the original
conception of greenbeards because it results
in preferential altruism, rather than preferen-
tial killing of nonidentical types. Second, it is
the common, wild-type allele, whereas other
greenbeards halt at lower frequencies because
of significant costs that select for cheaters
(18) or pathological side effects (7). Third, its
mechanism is unusually well understood and
confirms the prediction that homophilic ad-
hesion proteins could be greenbeards (9).
Fourth, gp80 creates two distinct and oppo-
site greenbeard effects, whose net effect var-
ies with the substrate. Finally, csA shows that
all the components of the greenbeard—trait,
recognition, and action—can result from a
single protein coded by a single gene.

Our results, together with those on bacte-
riocins, suggest that greenbeard effects may
be more common in microorganisms than in
the animals usually studied by behavioral

ecologists. In animals, the greenbeard gene or
complex must correctly orchestrate signal
production, reception, integration, and the re-
sulting behavior in different pathways, tis-
sues, and organs. In contrast, in a simple
organism like D. discoideum, all these func-
tions can take place at the level of individual
cells interacting with their neighbors.
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Fig. 1. In binary mixtures with
csA-knockout cells, Dictyosteli-
um wild-type cells sort out pref-
erentially in the stalk area. We
made 1:1 mixtures of wild-type
AX2 cells expressing the lacZ
gene (AX2/"-gal) under the con-
trol of the actin 15 promoter
with either (A) wild-type AX2 or
(B) csA-knockout T10 cells (15)
at the beginning of development.
Then we plated them on nonnu-
trient agar for fruiting body for-
mation. Staining with "-gal ap-
pears to be homogeneously dis-
tributed in control mixtures of
wild-type cells (A), whereas it is
concentrated in the stalk area in
mixtures with knockout cells (B).

Table 1. Percentage of knockout spores from mix-
tures with wild type. Knockout cells are more likely
to become spores; the observed excess was matched
in only 5 of 10,000 randomization tests and closely
matches the expectation if the stalks consisted en-
tirely of wild-type cells (if one assumes stalk cells are
20% of the fruiting body). Wild-type AX2 ("-gal)
and csA-knockout cells were mixed in the given
proportions and incubated on agar without food.
Fruiting bodies were collected randomly and treated
with 0.5% SDS to kill undifferentiated cells (15). To
obtain separate colonies from individual spores,
spores washed free of SDS were plated on E. coli B/2
at a density of 50 spores per plate. When single
colonies started forming fruiting bodies, pieces of a
24 colonies (per experiment) were transferred to a
24-well plate for X-gal labeling.

Cells and spores
Percentage for
experiment

1 2 3

Knockout cells at start
of experiment

50 50 80

Knockout spores 62.5 66.7 100
Expected knockout
spores if stalk is all
wild type

62.5 62.5 100
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Santa Fe InstituteMultilevel selection

Transitions in individuality: social amoeba

Unlike Volvox, Dictyostelium 
groups can be chimeric 
(multiple genetic types)

Cheaters concentrate in the spore

the single-celled amoebae forage for bacteria in
the forest soil. The social phase occurs only
when the food runs out. Amoebae use a cyclic
AMP signal relay to stream into an aggregation
of thousands of cells. Here, roughly 20% of the
cells altruistically die in the process of forming
a long rigid stalk that supports the other cells,
which differentiate into a cluster of spores.
Cells from different clones readily form chi-
meric fruiting bodies in the laboratory (11), and
they probably do so in the field, as judged from
the fact that 19 of 26 small (x! ! 0.2 g) field soil
samples containing D. discoideum had multiple
clones (12).

The csA gene encodes a cell adhesion
protein anchored in the cell membrane. The
most distal globular domain, with some ho-
mology to the immunoglobulin domain, in-
teracts by homophilic binding to the identical
domain of gp80 proteins anchored in other
cells (13).

The effects of the csA gene have been
explored with a knockout mutant lacking
functional gp80 protein (14). There are two
pertinent effects, one a greenbeard effect and
another with the opposite effect. The green-
beard effect has been shown in studies in
which equal mixtures of wild-type and
knockout cells were developed on soil plates
(15). Spores from the resulting chimeric fruit-
ing bodies were 82% wild type, because their
homophilic binding allowed them to adhere
in aggregation streams and to pull each other
into aggregates, whereas most knockout cells
were left behind.

This exclusion of the knockout from ag-
gregates on soil is particularly important be-
cause it thwarts the other, anti-greenbeard,
effect. Mixed aggregations can form on the
less natural substrates of agar and nitrocellu-
lose filters, where streaming is presumably
easier for the knockout cells (15). In these
mixtures, the greater adhesion of the wild-
type cells causes them to sort preferentially
into the stalk (Fig. 1), as predicted by models
of physical interactions (16, 17). Typing of

spores grown from these fruiting bodies con-
firms an excess of knockout cells (Table 1).

As the wild type is more altruistic in
mixed aggregates, it would lose out to the
knockouts if that were the only effect. But, on
the more natural soil substrate, this sacrifice
actually benefits mainly other wild-type cells,
because the earlier greenbeard effect ensures
that few knockout cells enter the aggregate.
The single property of homophilic adhesion
confers all of the required greenbeard traits: a
surface molecule, recognition and adhesion
to the same molecule in others, and cooper-
ative streaming from which the knockouts are
largely excluded.

As D. discoideum normally lives in soil, it
is probable that natural selection favors the
wild type that does well on this substrate. The
greenbeard effects are clearly selectively rel-
evant, because null mutants are certain to
appear repeatedly in nature. However, phylo-
genetic studies are needed to determine
whether detailed sequence evolution has been
driven by greenbeard effects.

The csA-gp80 system shows several novel
features. First, gp80 is closer to the original
conception of greenbeards because it results
in preferential altruism, rather than preferen-
tial killing of nonidentical types. Second, it is
the common, wild-type allele, whereas other
greenbeards halt at lower frequencies because
of significant costs that select for cheaters
(18) or pathological side effects (7). Third, its
mechanism is unusually well understood and
confirms the prediction that homophilic ad-
hesion proteins could be greenbeards (9).
Fourth, gp80 creates two distinct and oppo-
site greenbeard effects, whose net effect var-
ies with the substrate. Finally, csA shows that
all the components of the greenbeard—trait,
recognition, and action—can result from a
single protein coded by a single gene.

Our results, together with those on bacte-
riocins, suggest that greenbeard effects may
be more common in microorganisms than in
the animals usually studied by behavioral

ecologists. In animals, the greenbeard gene or
complex must correctly orchestrate signal
production, reception, integration, and the re-
sulting behavior in different pathways, tis-
sues, and organs. In contrast, in a simple
organism like D. discoideum, all these func-
tions can take place at the level of individual
cells interacting with their neighbors.
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Fig. 1. In binary mixtures with
csA-knockout cells, Dictyosteli-
um wild-type cells sort out pref-
erentially in the stalk area. We
made 1:1 mixtures of wild-type
AX2 cells expressing the lacZ
gene (AX2/"-gal) under the con-
trol of the actin 15 promoter
with either (A) wild-type AX2 or
(B) csA-knockout T10 cells (15)
at the beginning of development.
Then we plated them on nonnu-
trient agar for fruiting body for-
mation. Staining with "-gal ap-
pears to be homogeneously dis-
tributed in control mixtures of
wild-type cells (A), whereas it is
concentrated in the stalk area in
mixtures with knockout cells (B).

Table 1. Percentage of knockout spores from mix-
tures with wild type. Knockout cells are more likely
to become spores; the observed excess was matched
in only 5 of 10,000 randomization tests and closely
matches the expectation if the stalks consisted en-
tirely of wild-type cells (if one assumes stalk cells are
20% of the fruiting body). Wild-type AX2 ("-gal)
and csA-knockout cells were mixed in the given
proportions and incubated on agar without food.
Fruiting bodies were collected randomly and treated
with 0.5% SDS to kill undifferentiated cells (15). To
obtain separate colonies from individual spores,
spores washed free of SDS were plated on E. coli B/2
at a density of 50 spores per plate. When single
colonies started forming fruiting bodies, pieces of a
24 colonies (per experiment) were transferred to a
24-well plate for X-gal labeling.

Cells and spores
Percentage for
experiment

1 2 3

Knockout cells at start
of experiment

50 50 80

Knockout spores 62.5 66.7 100
Expected knockout
spores if stalk is all
wild type

62.5 62.5 100
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Transitions in individuality: social amoeba

Unlike Volvox, Dictyostelium 
groups can be chimeric 
(multiple genetic types)

Cheaters concentrate in the spore

Adhesion can act as a greenbeard
– helpers recognize other helpers

the single-celled amoebae forage for bacteria in
the forest soil. The social phase occurs only
when the food runs out. Amoebae use a cyclic
AMP signal relay to stream into an aggregation
of thousands of cells. Here, roughly 20% of the
cells altruistically die in the process of forming
a long rigid stalk that supports the other cells,
which differentiate into a cluster of spores.
Cells from different clones readily form chi-
meric fruiting bodies in the laboratory (11), and
they probably do so in the field, as judged from
the fact that 19 of 26 small (x! ! 0.2 g) field soil
samples containing D. discoideum had multiple
clones (12).

The csA gene encodes a cell adhesion
protein anchored in the cell membrane. The
most distal globular domain, with some ho-
mology to the immunoglobulin domain, in-
teracts by homophilic binding to the identical
domain of gp80 proteins anchored in other
cells (13).

The effects of the csA gene have been
explored with a knockout mutant lacking
functional gp80 protein (14). There are two
pertinent effects, one a greenbeard effect and
another with the opposite effect. The green-
beard effect has been shown in studies in
which equal mixtures of wild-type and
knockout cells were developed on soil plates
(15). Spores from the resulting chimeric fruit-
ing bodies were 82% wild type, because their
homophilic binding allowed them to adhere
in aggregation streams and to pull each other
into aggregates, whereas most knockout cells
were left behind.

This exclusion of the knockout from ag-
gregates on soil is particularly important be-
cause it thwarts the other, anti-greenbeard,
effect. Mixed aggregations can form on the
less natural substrates of agar and nitrocellu-
lose filters, where streaming is presumably
easier for the knockout cells (15). In these
mixtures, the greater adhesion of the wild-
type cells causes them to sort preferentially
into the stalk (Fig. 1), as predicted by models
of physical interactions (16, 17). Typing of

spores grown from these fruiting bodies con-
firms an excess of knockout cells (Table 1).

As the wild type is more altruistic in
mixed aggregates, it would lose out to the
knockouts if that were the only effect. But, on
the more natural soil substrate, this sacrifice
actually benefits mainly other wild-type cells,
because the earlier greenbeard effect ensures
that few knockout cells enter the aggregate.
The single property of homophilic adhesion
confers all of the required greenbeard traits: a
surface molecule, recognition and adhesion
to the same molecule in others, and cooper-
ative streaming from which the knockouts are
largely excluded.

As D. discoideum normally lives in soil, it
is probable that natural selection favors the
wild type that does well on this substrate. The
greenbeard effects are clearly selectively rel-
evant, because null mutants are certain to
appear repeatedly in nature. However, phylo-
genetic studies are needed to determine
whether detailed sequence evolution has been
driven by greenbeard effects.

The csA-gp80 system shows several novel
features. First, gp80 is closer to the original
conception of greenbeards because it results
in preferential altruism, rather than preferen-
tial killing of nonidentical types. Second, it is
the common, wild-type allele, whereas other
greenbeards halt at lower frequencies because
of significant costs that select for cheaters
(18) or pathological side effects (7). Third, its
mechanism is unusually well understood and
confirms the prediction that homophilic ad-
hesion proteins could be greenbeards (9).
Fourth, gp80 creates two distinct and oppo-
site greenbeard effects, whose net effect var-
ies with the substrate. Finally, csA shows that
all the components of the greenbeard—trait,
recognition, and action—can result from a
single protein coded by a single gene.

Our results, together with those on bacte-
riocins, suggest that greenbeard effects may
be more common in microorganisms than in
the animals usually studied by behavioral

ecologists. In animals, the greenbeard gene or
complex must correctly orchestrate signal
production, reception, integration, and the re-
sulting behavior in different pathways, tis-
sues, and organs. In contrast, in a simple
organism like D. discoideum, all these func-
tions can take place at the level of individual
cells interacting with their neighbors.
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Fig. 1. In binary mixtures with
csA-knockout cells, Dictyosteli-
um wild-type cells sort out pref-
erentially in the stalk area. We
made 1:1 mixtures of wild-type
AX2 cells expressing the lacZ
gene (AX2/"-gal) under the con-
trol of the actin 15 promoter
with either (A) wild-type AX2 or
(B) csA-knockout T10 cells (15)
at the beginning of development.
Then we plated them on nonnu-
trient agar for fruiting body for-
mation. Staining with "-gal ap-
pears to be homogeneously dis-
tributed in control mixtures of
wild-type cells (A), whereas it is
concentrated in the stalk area in
mixtures with knockout cells (B).

Table 1. Percentage of knockout spores from mix-
tures with wild type. Knockout cells are more likely
to become spores; the observed excess was matched
in only 5 of 10,000 randomization tests and closely
matches the expectation if the stalks consisted en-
tirely of wild-type cells (if one assumes stalk cells are
20% of the fruiting body). Wild-type AX2 ("-gal)
and csA-knockout cells were mixed in the given
proportions and incubated on agar without food.
Fruiting bodies were collected randomly and treated
with 0.5% SDS to kill undifferentiated cells (15). To
obtain separate colonies from individual spores,
spores washed free of SDS were plated on E. coli B/2
at a density of 50 spores per plate. When single
colonies started forming fruiting bodies, pieces of a
24 colonies (per experiment) were transferred to a
24-well plate for X-gal labeling.

Cells and spores
Percentage for
experiment

1 2 3

Knockout cells at start
of experiment

50 50 80

Knockout spores 62.5 66.7 100
Expected knockout
spores if stalk is all
wild type

62.5 62.5 100
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Transitions in individuality: social amoeba

Unlike Volvox, Dictyostelium 
groups can be chimeric 
(multiple genetic types)

Cheaters concentrate in the spore

Adhesion can act as a greenbeard
– helpers recognize other helpers

Kin discrimination:
– cells prefer to aggregate with kin
– depends on genetic diversity
   (lagC in dicty and MHC in verts)

the single-celled amoebae forage for bacteria in
the forest soil. The social phase occurs only
when the food runs out. Amoebae use a cyclic
AMP signal relay to stream into an aggregation
of thousands of cells. Here, roughly 20% of the
cells altruistically die in the process of forming
a long rigid stalk that supports the other cells,
which differentiate into a cluster of spores.
Cells from different clones readily form chi-
meric fruiting bodies in the laboratory (11), and
they probably do so in the field, as judged from
the fact that 19 of 26 small (x! ! 0.2 g) field soil
samples containing D. discoideum had multiple
clones (12).

The csA gene encodes a cell adhesion
protein anchored in the cell membrane. The
most distal globular domain, with some ho-
mology to the immunoglobulin domain, in-
teracts by homophilic binding to the identical
domain of gp80 proteins anchored in other
cells (13).

The effects of the csA gene have been
explored with a knockout mutant lacking
functional gp80 protein (14). There are two
pertinent effects, one a greenbeard effect and
another with the opposite effect. The green-
beard effect has been shown in studies in
which equal mixtures of wild-type and
knockout cells were developed on soil plates
(15). Spores from the resulting chimeric fruit-
ing bodies were 82% wild type, because their
homophilic binding allowed them to adhere
in aggregation streams and to pull each other
into aggregates, whereas most knockout cells
were left behind.

This exclusion of the knockout from ag-
gregates on soil is particularly important be-
cause it thwarts the other, anti-greenbeard,
effect. Mixed aggregations can form on the
less natural substrates of agar and nitrocellu-
lose filters, where streaming is presumably
easier for the knockout cells (15). In these
mixtures, the greater adhesion of the wild-
type cells causes them to sort preferentially
into the stalk (Fig. 1), as predicted by models
of physical interactions (16, 17). Typing of

spores grown from these fruiting bodies con-
firms an excess of knockout cells (Table 1).

As the wild type is more altruistic in
mixed aggregates, it would lose out to the
knockouts if that were the only effect. But, on
the more natural soil substrate, this sacrifice
actually benefits mainly other wild-type cells,
because the earlier greenbeard effect ensures
that few knockout cells enter the aggregate.
The single property of homophilic adhesion
confers all of the required greenbeard traits: a
surface molecule, recognition and adhesion
to the same molecule in others, and cooper-
ative streaming from which the knockouts are
largely excluded.

As D. discoideum normally lives in soil, it
is probable that natural selection favors the
wild type that does well on this substrate. The
greenbeard effects are clearly selectively rel-
evant, because null mutants are certain to
appear repeatedly in nature. However, phylo-
genetic studies are needed to determine
whether detailed sequence evolution has been
driven by greenbeard effects.

The csA-gp80 system shows several novel
features. First, gp80 is closer to the original
conception of greenbeards because it results
in preferential altruism, rather than preferen-
tial killing of nonidentical types. Second, it is
the common, wild-type allele, whereas other
greenbeards halt at lower frequencies because
of significant costs that select for cheaters
(18) or pathological side effects (7). Third, its
mechanism is unusually well understood and
confirms the prediction that homophilic ad-
hesion proteins could be greenbeards (9).
Fourth, gp80 creates two distinct and oppo-
site greenbeard effects, whose net effect var-
ies with the substrate. Finally, csA shows that
all the components of the greenbeard—trait,
recognition, and action—can result from a
single protein coded by a single gene.

Our results, together with those on bacte-
riocins, suggest that greenbeard effects may
be more common in microorganisms than in
the animals usually studied by behavioral

ecologists. In animals, the greenbeard gene or
complex must correctly orchestrate signal
production, reception, integration, and the re-
sulting behavior in different pathways, tis-
sues, and organs. In contrast, in a simple
organism like D. discoideum, all these func-
tions can take place at the level of individual
cells interacting with their neighbors.
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Fig. 1. In binary mixtures with
csA-knockout cells, Dictyosteli-
um wild-type cells sort out pref-
erentially in the stalk area. We
made 1:1 mixtures of wild-type
AX2 cells expressing the lacZ
gene (AX2/"-gal) under the con-
trol of the actin 15 promoter
with either (A) wild-type AX2 or
(B) csA-knockout T10 cells (15)
at the beginning of development.
Then we plated them on nonnu-
trient agar for fruiting body for-
mation. Staining with "-gal ap-
pears to be homogeneously dis-
tributed in control mixtures of
wild-type cells (A), whereas it is
concentrated in the stalk area in
mixtures with knockout cells (B).

Table 1. Percentage of knockout spores from mix-
tures with wild type. Knockout cells are more likely
to become spores; the observed excess was matched
in only 5 of 10,000 randomization tests and closely
matches the expectation if the stalks consisted en-
tirely of wild-type cells (if one assumes stalk cells are
20% of the fruiting body). Wild-type AX2 ("-gal)
and csA-knockout cells were mixed in the given
proportions and incubated on agar without food.
Fruiting bodies were collected randomly and treated
with 0.5% SDS to kill undifferentiated cells (15). To
obtain separate colonies from individual spores,
spores washed free of SDS were plated on E. coli B/2
at a density of 50 spores per plate. When single
colonies started forming fruiting bodies, pieces of a
24 colonies (per experiment) were transferred to a
24-well plate for X-gal labeling.

Cells and spores
Percentage for
experiment

1 2 3

Knockout cells at start
of experiment

50 50 80

Knockout spores 62.5 66.7 100
Expected knockout
spores if stalk is all
wild type

62.5 62.5 100
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