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Metazoans function as individual organisms but also as
“colonies” of cells whose single-celled ancestors lived and
reproduced independently. Insights from evolutionary
biology about multicellular group formation help us under-
stand the behavior of cells: why they cooperate, and why
cooperation sometimes breaks down. Current explana-
tions for multicellularity focus on two aspects of develop-
ment which promote cooperation and limit conflict among
cells: a single-cell bottleneck, which creates organisms
composed of clones, and a separation of somatic and
germ cell lineages, which reduces the selective advantage
of cheating. However, many obligately multicellular organ-
isms thrive with neither, creating the potential for within-
organism conflict. Here, we argue that the prevalence of
such organisms throughout the Metazoa requires us to
refine our preconceptions of conflict-free multicellularity.
Evolutionary theory must incorporate developmental
mechanisms across a broad range of organisms—such as
unusual reproductive strategies, totipotency, and cell com-
petition—while developmental biology must incorporate
evolutionary principles. To facilitate this cross-disciplinary
approach, we provide a conceptual overview from evolution-
ary biology for developmental biologists, using analogous
examples in the well-studied social insects.

evolution j multicellularity j development

Life is hierarchically organized (1): Genes cooperate to form
genomes, discrete genomes to produce eukaryotic cells,
and millions of cells to produce a human or an oak tree. In
each case, lower units formed a cooperative group and lost
their ability to reproduce independently—each underwent
a major evolutionary transition (1, 2). This raises a new
question: Cooperative groups are vulnerable to the “selfish”
interests of the individuals that comprise them, so how is
cooperation maintained? (3) In a population of cells com-
prising a multicellular organism, selection might favor cells
that neglect producing soma to increase investment in
reproductive germline (4–6) or that selfishly proliferate as
cancers (see Box 1). While the potential consequences of
within-organism selection have been discussed widely (e.g.,
refs. 7–12), the technologies required to test these ideas
have only recently become available and developmental
biology has therefore recently begun to incorporate them.
Testing these ideas, however, requires a cross-disciplinary
approach built on a common foundation.

Here, we provide this common foundation: an introduc-
tion to current thinking in evolutionary biology on multicellu-
larity for developmental biologists and a guide to relevant
aspects of developmental biology for evolutionary biologists.

We assess whether our understanding of cellular, develop-
mental, and reproductive biology across the Metazoa con-
firms or challenges expectations from evolutionary biology
and highlight avenues of future research. While we concen-
trate on animals, this discussion applies to all multicellular
groups (see refs. 12 and 13 for previous treatments of intra-
organismal conflict). These discussions apply most strongly
to “unitary” organisms rather than “modular” organisms
built from physically connected units that are at least par-
tially self-sustaining and able to reproduce, as in tree
branches or coral polyps. The complete interdependence of
parts in a unitary organism means they survive and repro-
duce as a whole (9) (for discussions of modular organisms
see refs. 12 and 13). We provide a background of the rele-
vant theory, which generates clear expectations of the condi-
tions required for multicellularity to evolve and persist. We
then explore the biology of some of the many animals that
defy these expectations. Here, we apply a major evolutionary
transitions framework to understand the evolution of multi-
cellularity (see refs. 14–17 for reviews with a more mechanis-
tic perspective). We use the analogous transition to sociality
in insects, arguably the best-studied major transition, to
highlight where our understanding of multicellular evolution
is lacking. As is common in evolutionary literature, we use
“intentional” language like “selfish” (SI Appendix, Glossary).

The Evolution of Multicellularity

Multicellularity has arisen independently at least 25 times
(18). The majority of multicellular groups, however, are
simple facultative aggregations: Each cell can survive and
reproduce independently and can establish another multi-
cellular group (18). Obligate multicellularity is rarer, seen in
animals, plants, fungi, red algae, brown algae, and poten-
tially some ciliates and cyanobacteria (19, 20). Under obli-
gate multicellularity, cells cannot survive or reproduce
independently of the multicellular group, and groups con-
tain multiple sterile cell types (19). While cells in obligately
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multicellular organisms still divide, only a fraction can
establish a new group, so this within-organism division is
not considered reproduction.

Two conditions are often described as necessary for the
evolution of obligate multicellularity: development from a
single cell (1, 19, 21) and an early and strict separation of
sterile somatic cells from reproductive germ cell lineages
(7, 22). These mechanisms align all cells’ fitness interests
and are predicted to minimize conflict within multicellular
groups, by creating a clonal group with limited access to
future generations.

Single-Cell Bottlenecks and Clonality. Multicellularity is coop-
erative: Cells sacrifice reproducing independently to repro-
duce as a group. Genes encoding altruistic traits that reduce
reproduction, like sterility, can only be favored if fitness
costs are outweighed by fitness benefits to relatives that
carry that same gene (23, 24). Relatives carry the gene with
a particular probability (i.e., relatedness; Box 2), so the fit-
ness benefits, weighted by this probability, must exceed the
cost to the altruist. The lower the relatedness, the greater
the benefit must be for a given cost for a gene to spread. In
clonal groups, all members carry identical genes, so benefits
to relatives must simply exceed the costs. The fitness inter-
ests of group members are therefore perfectly coincident:
So long as a trait increases group reproduction, it is favored.
This theory then predicts that cells will sacrifice their own
reproduction to increase group reproduction (24).

A single-cell bottleneck is perhaps the simplest way to
establish a clonal group: One cell dividing clonally produ-
ces an organism comprising genetically identical cells with
perfectly aligned interests (Fig. 1) (11, 25). Multicellular

organisms will not remain perfect clones, however, as
mutations inevitably arise during development. Mutation
creates variation that selection can act upon, causing a
divergence of fitness interests within the group. Most
mutations are likely deleterious for cell function so will be
removed by within-organism selection among cells (9, 10,
26). Occasionally, however, mutations may be beneficial at
the cell level but harmful to the multicellular organism.
Here, selection will act in opposing directions among cells
and among organisms. Cancers provide a dramatic dem-
onstration: Mutations cause replicative advantages that
are favored in selection among cells but are often fatal to
the organism (7, 27).

Regular single-cell bottlenecks also reset within-group
clonality and realign group-member fitness interests. They
segregate genetic variance among offspring and shift
selection from among cells to among clonal multicellular
groups (21, 25, 28, 29): A group started from a mutant
uncooperative cell will comprise only uncooperative cells,
so will be selected against compared to groups of coopera-
tors (18, 21, 29, 30). Frequent single-cell bottlenecks there-
fore limit the potential for selfish cell lineages to persist
beyond an organism’s lifespan. A single-cell bottleneck
may bring additional benefits by increasing developmental
flexibility: Development starts afresh each generation
rather than building on a complicated body plan, and all
cells inherit any evolutionary innovations (25, 31).

Many multicellular organisms, however, do not develop
clonally from a single cell. Some groups form by aggregation.
Compared to groups formed by clonal expansion, aggregative
groups are likely more genetically variable and therefore have
greater potential for internal selection and conflict (3, 21).

Box 1. Are Cancers Cheats?

Cancers represent the breakdown of cooperation in multicel-
lular organisms: Mutations allow cells to escape the brakes
on their division, to overproliferate, and to disrupt organismal
function with often fatal consequences for the organism. Can-
cerous cells, therefore, are often considered cheats (71, 73).

Cancerous cells differ fundamentally, however, from cheats
observed in cooperative groups more generally. Unlike work-
ers that lay eggs in social insect colonies (98), bacterial cells
that fail to contribute to public goods (106), or bees that steal
nectar without pollinating (107), cancer cells have no reproduc-
tive future. While we expect natural selection to operate within
organisms to some degree, and that this might lead to selec-
tion to overproliferate, evolution within cancers is restricted
because:

1) it is a brief bout of natural selection, which cannot accu-
mulate over evolutionary time. While cancer cell lineages
may show simple adaptations—such as adapting to differ-
ent environments within a tumor or increased metasta-
sis—this process is short-lived and prevents selection
from producing complex adaptations like eyes (29, 108).
Cancer cells could be described as “short-sighted” cheats
that are favored within a group but cannot transmit to
future generations—like mutant viruses which flourish
within-host but cannot transmit between hosts (109).

2) tumors vary greatly through time and space, so selec-
tion is aiming for a target that shifts too rapidly for

generations of cells to adapt to, rather than in a consis-
tent direction.

3) cancer cells are (generally) restricted to a single host, pre-
venting mutants from sweeping through the population.

The fragmented and inconsistent selection among cells
within an organism’s lifespan is in contrast to the selection
acting on genes inherited through the germline for many
generations (18). Longer-term selection allows for complex
adaptations, like defenses against cancers, and means that
tumors are a mirror image of those defenses (95). The body
will have adapted to the probabilities of different tumors
arising, their costs, and the cost of the defenses against
other uses of energy such as growth, reproduction, or
defense against infectious disease. Organisms will have cellu-
lar machinery mutating and generating cancer where those
defenses are weakest, but there is no cleverness in the way
cancers arise and evolve. For this reason, cancerous cells
differ from “cheats” in multicellular systems we discuss in
this review. A cell that escapes the fate of the organism in
which it originates, by transmitting to new generations or
organisms, can be honed by natural selection. Interestingly,
some cancers do just that: Transmissible cancers are found
in dogs (110), Tasmanian devils (111), and clams (112) and
show adaptations to avoid host defenses (110). Evolution-
ary theory provides us with the tools to understand and
predict the prevalence and nature of cheating in different
scenarios (3, 71).

2 of 10 https://doi.org/10.1073/pnas.2120457119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 C
O

PE
N

H
A

G
E

N
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 1

7,
 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

13
0.

22
6.

23
0.

27
.



Dictyostelium cellular slime molds demonstrate the conse-
quences of within-group variation and selection: their facul-
tative multicellular groups form through aggregation of
amoeboid cells to build a fruiting body to aid dispersal (32).
In Dictyostelium discoideum, aggregating cells have an aver-
age relatedness of 0.98 in natural populations (33). Positive
relatedness means that altruistic traits—like the sterile stalk in
fruiting bodies—are favored. However, relatedness is not
clonal (r < 1), cells’ interests are not perfectly aligned, and self-
ish traits can spread, like preferential development into repro-
ductive spores (33). Selfishness leads, in turn, to selection for
suppression of competition, such as genetic sorting mecha-
nisms (34). However, such mechanisms are unlikely to
suppress conflict so completely as to enable an evolutionary
transition to obligate multicellularity (2, 35), and Dictyostelium
remains facultatively multicellular (32). Complex, obligate multi-
cellularity with multiple sterile cell types only evolved in groups
formed clonally through cell division (19).

Further, some obligately multicellular organisms that do
form through clonal cell division do not always start from a
single cell. Instead, they often reproduce by budding or fis-
sion, with propagules containing potentially thousands of
cells. In the presence of mutation, propagules must be small
to maintain clonality (36) and the large propagules observed
in many animals could allow genetically heterogeneous
groups to arise and persist (Fig. 1) (12). Many Metazoans can
fission or bud, although most phyla employ both sexual and
fissiparous reproduction strategies, often within the same
species (see Fig. 3) (14). In the Cnidaria, Hydra typically repro-
duce by budding off new individuals (37), while many ane-
nomes can split and regenerate missing tissues (38). The
same applies in many bilateria: Acoelomorpha worms can
fission, as can many sea stars and sea cucumbers (39), and
annelids (40) and Platyhelminthes (41) can both bud and fis-
sion. While each phylum contains species with regular strict,
single-cell bottlenecks [e.g., leeches in the Annelida (40)], fis-
sion or budding is observed in all phyla, suggesting it may be
ancestral to Metazoa (14). Wherever organisms utilize fission

or budding, many asexual generations without single-cell
bottlenecks may separate rarer sexual generations, enabling
long bouts of within-organism selection (27).

Metazoan reproductive strategies span a continuum from
reproduction with a single-cell bottleneck every generation to
exclusively fissiparous reproduction without bottlenecks.
Their position on this continuum and the number of cell
divisions between bottlenecks determines the potential for
mutations, and therefore selection and conflict (5, 27)—even
rare bottlenecks would reset group clonality and may pre-
vent conflict (5). At one extreme, organisms like humans or
Caenorhabditis elegans pass through a bottleneck every
generation. Some species alternate between sexual reproduc-
tion and fission: Parasitic schistosomes proliferate asexually in
their molluscan intermediate hosts but produce eggs in mam-
malian hosts (42). Others have prolonged periods of asexual
propagation, with sexual reproduction triggered by intrinsic or
extrinsic factors: Hydra buds off asexual individuals every
few days, with occasional sexual reproduction in response to
environmental conditions or population density (43).

At the fissiparous extreme, some organisms apparently
never pass through a single-cell bottleneck. Exclusively fis-
siparous species appear rare, perhaps because we have
simply not observed them and there are more than cur-
rently known, but likely because the short-term benefits of
asexual reproduction through fission are negated over lon-
ger timescales. Asexual organisms can rapidly propagate
but may be less able to adapt to changeable conditions or
diseases, or may be susceptible to internal selection
among selfish cells. Asexual strains of the planarian flat-
worm Schmidtea mediterannea have been maintained in
laboratories for decades and reproduce exclusively by fis-
sion, with genetic rearrangements that appear to prevent
meiosis (44). These asexual worms seem to function as
well as sexual strains, despite increased potential for selec-
tion and conflict among cells. Unfortunately, we know little
of the relative rates of sexual and fissiparous reproduction
in nature—even apparently obligate asexuals may have

Box 2. Relatedness

Relatedness is vital for our understanding of multicellularity:
Without positive relatedness between individuals, altruistic
traits cannot evolve. Relatedness describes genetic similarity.
It expresses the probability that individuals share a gene iden-
tical by descent (23, 24): Intuitively, there is a 50% chance that
two full siblings received the same gene copy from their
parents in a large, randomly mating population. Relatedness
(r) is vital for understanding the evolution of social behavior;
it tells us when to expect altruism and self-restraint (high r),
selfish exploitation and conflict (low r), or spite (negative
r)—depending on a trait’s costs and benefits (113). The impor-
tance of relatedness has repeatedly been vindicated: when
social insect workers should lay eggs and when other workers
should remove them (98), the sex ratio of reproductives pro-
duced by insect colonies (114), the production of public goods
in bacteria (106), and helping behavior in birds (115), among
others. Where cells are clonally related, as in multicellular
organisms starting from a single cell, any gene in one cell is
certain to be in any other (excepting rare mutations) and
highly altruistic traits like sterility can evolve (1, 19).

The relevant relatedness coefficient, however, is not across
the whole genome but only at the locus that controls the trait
under consideration (23). Usually, we do not know which loci
encode interesting traits, so estimates of relatedness have
often considered average, whole-genome relatedness val-
ues, e.g., in groups of Dictyostelium amoebae (33) or Polistes
wasps (93).

Typically, genome-wide estimates suffice, as relatedness
is highly correlated across the genome (116) and the fitness
interests of most genes are aligned for many traits (but see
ref. 88). Mutations, however, highlight the importance of
locus-specific relatedness: A mutation creates a gene not
found in other group members (i.e., r = 0), and selection will
act accordingly (24). The spread of cheating lineages in Pseu-
domonas populations in chronic lung infections demon-
strate this (117): Mutations that disrupt the secretion of
iron-scavenging public goods rapidly spread since mutants
benefit from the cooperative secretions of others without
paying a cost themselves (106). Two cells can be almost
genetically identical, but the few differences caused by
mutation can cause significant conflict.
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rare, unobserved sex. Many cell divisions between bottle-
necks may be required for selfish cell lineages to persist
(5), yet comparing mutational load between obligately sex-
ual and fissiparous planarian populations suggests that
fissiparous organisms have increased potential for within-
organism selection: Individuals from asexual populations
carried more mitochondrial diversity than those from sex-
ual populations (45). Clonality through a single-celled bot-
tleneck is far from universal across animals.

Germline Segregation. The specialization of cells into repro-
ductive germline versus sterile soma represents the most
fundamental division of labor in obligately multicellular organ-
isms. Differentiating into a somatic cell is altruistic: A somatic
cell sacrifices its immortality, relying on germ cells to transmit
their genes to future generations. Sterility can only evolve if
there is a net gain in gene copies produced, so somatic and
germline cells must be closely related (Box 2) (23).

Benefits from the separation of reproductive and somatic
roles are illustrated by the obligately multicellular volvocine
algae (46). In the volvocine algae, cells cannot reproduce and
remain motile simultaneously for long (47). Therefore, in vol-
vocine species without differentiated cells, like Gonium, all
cells perform all tasks and must switch between them, limit-
ing group size and complexity (46, 48). Volvox, however,
avoids this by specializing some cells in motility and others in
reproduction, enabling both to occur simultaneously, and
facilitating larger groups with more cell types (47, 49).

Once a reproductive division of labor has evolved, a strict
and early separation of somatic and reproductive functions
may enable further complexity (22, 50). Early germline
sequestration may increase developmental flexibility as cells
need not maintain a prolonged pluripotent state (51). Alterna-
tively, but not mutually exclusively, sequestration may reduce
the potential for reproductive conflict (7, 22). If somatic differ-
entiation is irreversible, somatic cells can only gain fitness
through helping related germ cells (22, 50). Even if some
somatic cells still divide (52), somatic mutations are still lost
upon organismal death as they cannot enter the germline.

The timing of mutations in development is crucial: The
earlier the germ and soma separate, the smaller the window
for selfish mutants to arise within the germline (Fig. 2) (22).
Buss suggested that early germline segregation is a direct
manifestation of conflict among cells (7, 8): If a mutation that
caused earlier germline differentiation were to arise before
germline segregation, offspring would comprise “early-
germline” cells, provided there are no deleterious pleiotropic
effects of the mutation and that early germline segregation
itself is not too deleterious. The first metazoans, however,
likely contained few cells, so the chance of mutations arising
before reproduction was small and a strict germline may
not have been required (53). Thus, while a reproductive divi-
sion of labor likely arose because of productivity benefits,
selection for reduced conflict might have shifted germline
segregation earlier (54), potentially enabling the increased
complexity observed in many animal lineages (7, 55).

Fig. 1. Clonal development and single-cell bottlenecks. Clonal development from a single cell ensures all cells within a multicellular organism are clonally
related, thereby facilitating cooperation. If mutations (orange) arise they are segregated in the next generation and offspring remain clonal. In aggregative
groups, cells may not be clonally related, and neither are any subsequent groups produced—selfish mutants (orange) that preferentially contribute to repro-
duction can spread within the population under the right conditions. When groups develop clonally from large propagules (e.g., fission), mutations may not
be segregated among offspring but may persist through generations. This could select for selfish cell lineages that could not otherwise spread. See ref. 118
for a similar figure discussing bacterial colonies. Image credit: Unsplash: Ray Henessy, Stephanie LeBlanc, Ivan Matveev; Wikimedia Commons: Michael Vos,
Bruno in Columbus, Vassil, Paolo Neo; Uri Weill, Rink laboratory, Max Planck Institute.
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Many model species segregate their germline early in
development (14–16). In C. elegans, the two primordial germ
cells are demarcated after four cell divisions, marked by
maternal factors asymmetrically deposited in the oocyte
(56). In sea urchins, germline cells are demarcated between
the third and fourth cell division, when asymmetrical cell
divisions create two small micromeres that will form the
germline (57). In vertebrates, germline specification occurs
shortly before gastrulation in mice (∼6.5 d postfertilization)
(58) and several weeks postfertilization in humans (59).
While late relative to C. elegans, this is early relative to repro-
ductive maturity, when these cells are needed. Compelling
demonstrations of strict germline segregation are provided
by the germline’s inability to be replaced if experimentally
ablated: When the germline progenitors in a 16-cell sea
urchin, or an eight-cell C. elegans embryo are removed, devel-
opment proceeds normally, but the gonads formed lack
gametes (56, 60). Likewise, after some ambiguity (e.g., ref. 61),
experiments have confirmed that the germline cannot be
replaced in mice (62), while human females are born with
their lifetime complement of oocytes (63).

Many animals, however, do not segregate a germline
(Fig. 3) (14, 15, 17). In the nonbilaterian animal lineages, plu-
ripotent cells that contribute to both germline and soma
throughout life are common (64): Sponges have archeocytes
(65), and Hydra have “interstitial cells” (37). Pluripotent cells
also occur in many bilaterial lineages: the neoblasts of the
aceolomorpha and the planarian flatworms (Platyhelminthes)
(66, 67), or the blood-borne stem cells of colonial ascidians
(Chordata) (4, 68). Some animals can regenerate gonads and
gametes when removed, implying the presence of pluripotent
cells (69); in the Annelida, a worm produced by asexual fission
that lacks gonads can still develop the germline (70), and some
starfish (Echinodermata) can regrow gonads (although sea
urchins apparently cannot) (60). Only few groups have a strict,
early segregation (Mollusca, Ecdysozoa, Chaetognatha, Roti-
fera, Micrognathozoa, and Craniata, although this may change
with more data), implying that the ancestral Metazoan did not
(14, 15, 17). Broadly throughout the Metazoa, therefore, the
window for mutations to arise and enter the germline never
closes (15), and the potential for reproductive conflict before
germline segregationmay be greater than often assumed.

Fig. 2. Germ–soma segregation. The relationships between the cells during multicellular development. Under strict germ–soma separation, the germline
and soma are separated early on, cells maintain totipotency (gray) for relatively few cell divisions, and no pluripotent cells are present in the adult. This is
predicted to prevent selfish mutants arising and disrupting cooperation, but many animal groups appear to have no separation. In these animals, a subset
of cells contributes to germline and soma even as adults (gray). Totipotency must be maintained, potentially creating conflict.
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Cell-Level Selection within Organisms

Based on the evolutionary theory above, a multicellular
organism is expected to start from a single cell, which
divides to produce clonally related daughter cells. Early in
development, a subset of cells are demarcated as the future
germline, while the remaining cells differentiate into a diver-
sity of sterile somatic cells—perhaps still capable of division,
but restricted to produce only somatic cells. Upon reproduc-
tive maturity, single cells derived from the germline progeni-
tors disperse to start the next generation. In short, they
resemble us, or many of our model organisms: C. elegans,
Drosophila melanogaster, Danio rerio, Xenopus laevis, or Mus
musculus. Yet, as highlighted, many organisms defy these
expectations to varying degrees. The potential for within-
organism selection, and therefore conflict, is the norm, not
the exception.

Conflict within organisms may manifest in several ways.
Typically, cells cooperate by sacrificing their own reproduc-
tion or survival for the good of the organism: They apoptose
or cooperatively develop down the evolutionary “cul-de-sacs’
of somatic lineages over “immortality” through the germline.
Cells with selfish mutations, however, might parasitize these

cooperative behaviors by overproliferating as cancers (Box 1)
or remaining pluripotent (3, 71, 72). Yet, despite the possibil-
ity for within-organism selection, overt conflict among cells
within multicellular organisms appears rare. What is the evi-
dence that organisms with the potential for cellular conflict
suffer the predicted consequences?

Evidence for within-Organism Selection in
the Metazoa

Since Buss argued for the role of selection among cells in
development in the 1980s (7, 8), his arguments have
largely been replaced by a major transitions’ perspective
that focuses on single-cell bottlenecks eliminating conflict
among cells lineages (1). Decades of data have been col-
lected since Buss’ work and in many cases within-organism
genetic diversity and selection are observed—at least in
the short term. How does this fit with a conflict-free view
of individuality in the metazoans, and how do those
dynamics differ in organisms without bottlenecks?

Cancers are obvious manifestations of within-organism
selection and are observed across multicellularity (Box 1)
(73). Cancerous cells proliferate with often fatal consequen-
ces for the larger organism—highlighting the short-sighted,
disruptive nature of within-group selection (3). The conse-
quences of within-organism selection, however, are not
always so clear and there are few examples of noncancer-
ous cheating by cells in complex obligately multicellular
organisms. Such cheating has predominantly been observed
in organisms that fuse, such as ascidians (68), fungi (6), or
red algae (74). Fusion causes a drop in relatedness across
multiple genes, so cells may have misaligned interests,
which facilitates the evolution of “parasitic” lineages that
stop contributing to soma when fused with other lineages
(75). In the only animal example—the colonial ascidian
Botryllus—some strains stop contributing to the soma after
fusion and are only present in the bloodborne stem cells
and the gonads, parasitizing the cooperative soma of other
strains (76).

Normal developmental often involves selection among
competing cells (77, 78)—termed cell competition (79)—but
this is not conflict. Murine germline progenitors, for exam-
ple, embark on lengthy migrations within the developing
embryo (80), undergo multiple rounds of proliferation,
fragmentation, aggregation, and selection (81, 82), and con-
tribute nonrandomly to offspring (77, 83). Likewise, cell
competition contributes to normal development Drosophila
(84), where “higher-quality” cells divide and replace “loser”
cells (85). In these processes, cells are in competition, but
not in conflict: All competitors “agree” the “best” cells
should win, even if they themselves lose. Clonally related
cells will sacrifice themselves, through processes like
apoptosis, to increase group reproduction.

Noncancerous conflict has also been observed in
humans. A number of human disorders termed “paternal
age effect” disorders increase in likelihood with paternal age
faster than the germline mutation rate alone (86). They arise
because of the regular division of male germline stem cells:
Mutations that increase proliferation are favored and come
to dominate, and so are overrepresented in offspring. Unfor-
tunately, these same mutations also cause developmental

Fig. 3. Phylogenetic distribution of fissiparous reproduction and germline
regeneration. A phylogeny of the metazoan phyla with the presence or
absence of traits predicted to generate conflict within an organism: the abil-
ity to reproduce asexually through propagules containing many cells (i.e., fis-
sion or budding), and the ability to regenerate the germline if it is physically
or chemically removed as an indicator of pluripotent cells. Green circles indi-
cate the presence of a trait in any member of a phylum, red indicates where
no members possess a trait, and gray indicates a lack of data. Data predom-
inantly from refs. 14, 15, 17, 69, and 119. Image credit: Phloypic: Michelle
Site, Mali’o Kodis; Wikimedia Commons: Snoteleks; Flickr: Derek Keats.
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disorders in offspring: Responses to growth signals that
were adaptive in the germline stem cell environment are
inappropriate in a developing fetus (86, 87). These disorders
also highlight the role of single-cell bottlenecks in separating
“selfish” cheats from cooperators, as all cells in the offspring
will carry these mutations (29, 30). It remains possible, but
unexplored, that there are many such mutations favored
during gametogenesis, but with less obvious effects on
offspring.

While the data for germline selection are sparse, they
are even rarer in organisms where we might expect longer
bouts of selection. In the above examples, bottlenecks in
each generation expose cheats to selection, but in organ-
isms like Hydra or asexual planarians with extended peri-
ods between bottlenecks, mutation and selection within
organism has longer to occur. Here, we require data to
establish whether genetic diversity is present and to follow
the selective dynamics—within and among organisms.

Lessons from Other Major Evolutionary
Transitions

While conflict within organisms is little-studied in animals,
the power of the major evolutionary transitions framework
lies in its ability to unite our understanding across the bio-
logical hierarchy (1, 21). This view highlights how all levels of
the biological hierarchy arose from the same evolutionary
processes—that complex group-level adaptations evolve
when group-members’ interests coincide, but conflicts arise
when they do not. It explains why genes often cooperate to
build remarkable adaptations, but also why they are in con-
flict where they have different inheritance patterns (e.g.,
nuclear vs. cytoplasmic genes) (88). Similarly, the evolution
of multicellularity is driven by the same processes as the
evolution of eusocial insect colonies (89). We can therefore
look there for analogies (21, 53, 89, 90).

Obligate eusocial insects with sterile workers—i.e.,
“superorganismal” colonies (91)—evolved only under strict
monogamy where single females found colonies after mat-
ing with a single male and never remate (e.g., ants, corbi-
culate bees, vespine wasps, and termites) (Table 1) (89, 92).
Strict monogamy creates a relatedness equivalence

between offspring and siblings in the same way as a
single-cell bottleneck—albeit individuals in social insect col-
onies are usually not clonally related, and relatedness to
siblings and offspring is 0.5. In contrast, social insect
groups formed by aggregation, as in Polistes wasp colonies
(93), face the same problem as Dictyostelium aggregations.
Cooperation and helping is still favored but is often enfor-
ced—as in Polistes’ strict reproductive hierarchies (94).
Here, reproductive conflict has prevented the transition to
“superorganismality” and Polistes individuals remain facul-
tative helpers (91).

For the transition to multicellularity to occur, internal
conflict must have been suppressed, but we do not yet
fully understand the processes involved. What can we
learn from other cooperative groups where conflict resolu-
tion has been more thoroughly studied?

Intergroup Competition. Selection among organisms offers a
solution to within-organism selection: Organisms containing
selfish cells are eliminated in competition with organisms
composed of more cooperative cells, if selection is strong
enough (8, 27, 29). Evolution experiments in facultatively
multicellular organisms like Dictyostelium (32) demonstrate
the importance of the relative strength of within- and
between-organism selection: Forcing selection to act within
multicellular groups allows cheater cell lineages that con-
tribute less to altruistic stalk formation to spread, when
they are otherwise selected against under natural condi-
tions because of among-organism selection (5).

Conflict suppressing mechanisms like single-cell bottle-
necks and germline segregation shift selection from within
to among groups, exposing cheats to selection. Longer-
term selection among organisms can select for suppres-
sion of conflict between cell lineages within them, such as
tumor-suppressor genes that protect us from the conse-
quences of cell-level selection (95).

Conflict Is Derived. Superorganismal insect colonies with
high potential conflict—colonies with multiple queens, or
multiply-mated queens—are derived, arising only after the
major transition to “superorganismality” occurred under
strict lifetime monogamy (89, 91, 92). Although individuals in

Table 1. The colony as an organism

Examples
Conditions
required

Ratio of
relatedness to
offspring and
relatedness to

siblings

Presence of
sterile

individuals

No. of
sterile
types

Bottleneck as
ancestral?

Secondary
reductions in
relatedness

Obligate
multicellularity

Animals, plants,
fungi, red algae,
brown algae,
ciliates,
cyanobacteria

Clonal relatedness
of cells due to
clonal
development

1/1 = 1 Yes 1–200+ Unclear: budding
and fission
widespread

Fusion
(e.g., Botryllus,
various fungi,
some red algae).

Superorganismality Ants, corbiculate
bees, vespine
wasps, termites

Relatedness
equivalence
between
offspring and
siblings due to
strict lifetime
monogamy

0.5/0.5 = 1 Yes 1–5+ Yes: strict lifetime
monogamy in
all cases

Polyandry and
polygyny
widespread

Multicellular organisms and social insect colonies evolved by analogous processes, so share many traits, such as a sterile “soma.” Both evolved where
individuals were equally related to siblings and offspring, yet while insect colonies have subsequently evolved low-relatedness colony structures, multicellular
organisms have generally not—with only a few cases of organisms fusing.
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a colony are not clonally related and conflict therefore still
arises (e.g., over sex ratios and worker reproduction), lifetime
monogamy creates similar conditions to clonality: Individuals
are equally related to their offspring and to their siblings,
and altruistic sterile workers can evolve (19, 89). Sterility then
reduces the potential benefits of not cooperating: A sterile
worker ant cannot leave and found a functional colony, and
so lower relatedness—through multiply-mated queens or
multiple queens—can be tolerated (89, 96). A similar pattern
may have occurred in the evolution of multicellular groups,
where minimal conflict enabled the evolution of obligate
multicellularity, which can then tolerate higher potential con-
flict. However, reproductive fission and pluripotency are
observed throughout the Metazoa, suggesting they may be
ancestral (Fig. 3) (14, 29) and that cell-level selection and con-
flict may have been present in the early Metazoa. Likewise,
the first Metazoan likely had at least semiregular single-
celled bottlenecks and likely contained many fewer cells than
contemporary Metazoans, as suggested by Queller (21) and
supported by the Choanoflagellates, the sister group to the
Metazoa, containing species with small multicellular stages
developing clonally from single cells (97). These are predicted
to have limited the potential for mutation, selection and
therefore conflict in the first Metazoa.

Selfishness Is under Group Control. Even in groups with high
potential internal conflict, conflict may rarely be realized.
Honey bee colonies have relatively low within-group relat-
edness, as the queen mates with many males: Selfishly
reproductive workers might be expected to be common,
but there are numerous mechanisms in honey bees that
prevent cheating (98). A strict separation between repro-
ductive queens and sterile workers is enforced by rearing
larvae as queens in ‘royal’ cells with a diet of royal jelly or as
workers in worker cells (99), while any worker-laid eggs are
rapidly removed by other workers (100).

Since the major transitions framework assumes that obli-
gate multicellular organisms are largely conflict-free (1–3),
we have perhaps neglected a role for similar enforcement
during multicellular development. In this view, the restric-
tion of stem cells to defined niches and cancer suppression
by the immune system are similar to the enforcement
mechanisms in honey bee colonies (52): limiting reproduc-
tion, and actively monitoring for “cheating” cell phenotypes
like hyperproliferation or inappropriate responses to signals
(73). However, while enforcement can reduce conflict, it is
unlikely to completely suppress it, as it is necessary for a
major evolutionary transition (1, 2, 21, 35, 89).

Heterogeneity Brings Benefits. Genetic diversity provides the
raw material for selection, increasing evolvability, but het-
erogeneity may also provide additional benefits. In social
insect colonies, increased genetic diversity can increase col-
ony productivity through a more efficient division of labor,
or greater resistance against parasites (96, 101–103). Group
fusion can provide immediate benefits and is observed
in many facultative and obligate multicellular organisms:
Dictyostelium “slugs” formed from multiple clones are larger
and can migrate further than when clones are partitioned
among separate slugs (104), potentially unrelated Rhodo-
phyte algae spores can fuse and form larger holdfasts in
turbulent waters (74), and increased genetic diversity from
the fusion of mycorrhizal fungi may confer individual level
benefits (105). Allorecognition mechanisms can increase
within-group relatedness by ensuring only related individu-
als fuse (75), but even with such mechanisms lineages that
favor reproducing over contributing to soma occur in asci-
dians (4) and rapidly evolve in evolution experiments in
fungi (6) and Dictyostelium (5). Whether within-organism
diversity could lead to individual benefits in the Metazoa,
or whether the increased conflict is detrimental, requires
experimental testing.

Conclusion

Research into the evolution of multicellularity has focused
on facultatively multicellular organisms, such as Dictyoste-
lium slime molds, as they enable manipulation of the rela-
tive costs and benefits to cells of independent or group
living. Yet, those same characteristics that make them
good experimental systems may prevent them from evolv-
ing obligate multicellularity. Obligately multicellular organ-
isms, like us, can be considered boringly predictable.
However, we highlight that our conflict-free expectations
are colored by our narrow set of model organisms, that
within-organism selection among cell lineages may be
more prevalent than often assumed and that, by exploring
more broadly across the Metazoa, a broader understand-
ing of multicellularity could emerge.

Data Availability. There are no data underlying this work.

ACKNOWLEDGMENTS. We thank all who attended our multicellularity sympo-
sium at Wissenschaftskolleg zu Berlin for the inspired discussions that prompted
this paper. We thank Stuart West, Guy Cooper, Alan Grafen, and Uri Weil for
their comments and input, as well as Andrew Bourke whose insightful com-
ments greatly improved the manuscript. This work was funded by a Volkswagen
Foundation grant 94818 awarded to J.C.R., A.S.G., and B.W. and a Carlsberg
Foundation grant CF20_0541 awarded to J.H.

1. J. Maynard Smith, E. Szathmary, The Major Transitions in Evolution (Oxford University Press, 1997).
2. S. A. West, R. M. Fisher, A. Gardner, E. T. Kiers, Major evolutionary transitions in individuality. Proc. Natl. Acad. Sci. U.S.A. 112, 10112–10119 (2015).
3. A. Gardner, A. Grafen, Capturing the superorganism: A formal theory of group adaptation. J. Evol. Biol. 22, 659–671 (2009).
4. D. S. Stoner, I. L. Weissman, Somatic and germ cell parasitism in a colonial ascidian: Possible role for a highly polymorphic allorecognition system. Proc. Natl. Acad. Sci. U.S.A. 93, 15254–15259 (1996).
5. J. J. Kuzdzal-Fick, S. A. Fox, J. E. Strassmann, D. C. Queller, High relatedness is necessary and sufficient to maintain multicellularity in Dictyostelium. Science 334, 1548–1551 (2011).
6. E. Bastiaans, A. J. Debets, D. K. Aanen, Experimental evolution reveals that high relatedness protects multicellular cooperation from cheaters. Nat. Commun. 7, 11435 (2016).
7. L. W. Buss, The Evolution of Individuality (Princeton University Press, 1987), vol. 796.
8. L. W. Buss, Diversification and germ-line determination. Paleobiology 14, 313–321 (1988).
9. S. P. Otto, I. M. Hastings, Mutation and selection within the individual. Genetica 102-103, 507–524 (1998).
10. S. P. Otto, M. E. Orive, Evolutionary consequences of mutation and selection within an individual. Genetics 141, 1173–1187 (1995).
11. R. K. Grosberg, R. R. Strathmann, One cell, two cell, red cell, blue cell: The persistence of a unicellular stage in multiecellular life histories. Trends Ecol. Evol. 13, 112–116 (1998).
12. M. Pineda-Krch, K. Lehtil€a, Costs and benefits of genetic heterogeneity within organisms. J. Evol. Biol. 17, 1167–1177 (2004).
13. M. Pineda-Krch, T. Fagerstrom, On the potential for evolutionary change in meristematic cell lineages through intraorganismal selection. J. Evol. Biol. 12, 681–688 (1999).
14. N. W. Blackstone, B. D. Jasker, Phylogenetic considerations of clonality, coloniality, and mode of germline development in animals. J. Exp. Zoolog. B Mol. Dev. Evol. 297, 35–47 (2003).
15. C. G. Extavour, M. Akam, Mechanisms of germ cell specification across the metazoans: Epigenesis and preformation. Development 130, 5869–5884 (2003).

8 of 10 https://doi.org/10.1073/pnas.2120457119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 C
O

PE
N

H
A

G
E

N
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 1

7,
 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

13
0.

22
6.

23
0.

27
.



16. C. Juliano, G. Wessel, Developmental biology. Versatile germline genes. Science 329, 640–641 (2010).
17. C. E. Juliano, S. Z. Swartz, G. M. Wessel, A conserved germline multipotency program. Development 137, 4113–4126 (2010).
18. R. K. Grosberg, R. R. Strathmann, The evolution of multicellularity: A minor major transition? Annu. Rev. Ecol. Evol. Syst. 38, 621–654 (2007).
19. R. M. Fisher, C. K. Cornwallis, S. A. West, Group formation, relatedness, and the evolution of multicellularity. Curr. Biol. 23, 1120–1125 (2013).
20. A. H. Knoll, The multiple origins of complex multicellularity. Annu. Rev. Earth Planet. Sci. 39, 217–239 (2011).
21. D. C. Queller, Relatedness and the fraternal major transitions. Philos. Trans. R. Soc. Lond. B Biol. Sci. 355, 1647–1655 (2000).
22. R. E. Michod, Cooperation and conflict in the evolution of individuality. II. Conflict mediation. Proc. Biol. Sci. 263, 813–822 (1996).
23. W. D. Hamilton, The genetical evolution of social behaviour. I. J. Theor. Biol. 7, 1–16 (1964).
24. W. D. Hamilton, The genetical evolution of social behaviour. II. J. Theor. Biol. 7, 17–52 (1964).
25. L. Wolpert, E. Szathmary, Multicellularity: Evolution and the egg. Nature 420, 745 (2002).
26. A. S. Kondrashov, Muller’s ratchet under epistatic selection. Genetics 136, 1469–1473 (1994).
27. G. Bell, Darwin and biology. J. Hered. 80, 417–421 (1989).
28. D. C. Queller, Cooperators since life began. Q. Rev. Biol. 72, 184–188 (1997).
29. L. Wolpert, The evolution of the development. Biol. J. Linn. Soc. Lond. 39, 109–124 (1990).
30. L. Van Valen, Is somatic selection an evolutionary force. Evol. Theory 8, 163–167 (1988).
31. R. Dawkins, The Extended Phenotype (Oxford University Press, Oxford, 1982), vol. 8.
32. J. E. Strassmann, Y. Zhu, D. C. Queller, Altruism and social cheating in the social amoeba Dictyostelium discoideum. Nature 408, 965–967 (2000).
33. O. M. Gilbert, K. R. Foster, N. J. Mehdiabadi, J. E. Strassmann, D. C. Queller, High relatedness maintains multicellular cooperation in a social amoeba by controlling cheater mutants. Proc. Natl. Acad. Sci. U.S.A.

104, 8913–8917 (2007).
34. N. J. Mehdiabadi et al., Social evolution: Kin preference in a social microbe. Nature 442, 881–882 (2006).
35. C. El Mouden, S. A. West, A. Gardner, The enforcement of cooperation by policing. Evolution 64, 2139–2152 (2010).
36. A. Gardner, S. A. West, Demography, altruism, and the benefits of budding. J. Evol. Biol. 19, 1707–1716 (2006).
37. T. C. Bosch, F. Anton-Erxleben, G. Hemmrich, K. Khalturin, The Hydra polyp: Nothing but an active stem cell community. Dev. Growth Differ. 52, 15–25 (2010).
38. E. S. Bocharova, I. A. Kozevich, Modes of reproduction in sea anemones (Cnidaria, Anthozoa). Biol. Bull. 38, 849–860 (2011).
39. P. Mladenov, Environmental factors influencing asexual reproductive processes in echinoderms. Oceanol. Acta 19, 227–235 (1996).
40. E. E. Zattara, A. E. Bely, Phylogenetic distribution of regeneration and asexual reproduction in Annelida: Regeneration is ancestral and fission evolves in regenerative clades. Invertebr. Biol. 135, 400–414 (2016).
41. I. M. She K%man, Z. V. Sedel’nikov, M. F. Shkutin, N. D. Kreshchenko, Asexual reproduction of planarians: Metric studies. Ontogenez 37, 130–135 (2006).
42. B. Wang, J. J. Collins, 3rd, P. A. Newmark, Functional genomic characterization of neoblast-like stem cells in larval Schistosoma mansoni. eLife 2, e00768 (2013).
43. H. D. Park, C. Mecca, A. Ortmeyer, Sexual differentiation in hydra in relation to population density. Nature 191, 92–93 (1961).
44. J. Bagu~n�a et al., From morphology and karyology to molecules. New methods for taxonomical identification of asexual populations of freshwater planarians. A tribute to Professor Mario Benazzi. Ital. J. Zool.

(Modena) 66, 207–214 (1999).
45. L. Leria, M. Vila-Farr�e, E. Sol�a, M. Riutort, Outstanding intraindividual genetic diversity in fissiparous planarians (Dugesia, Platyhelminthes) with facultative sex. BMC Evol. Biol. 19, 130 (2019).
46. M. D. Herron, R. E. Michod, Evolution of complexity in the volvocine algae: Transitions in individuality through Darwin’s eye. Evolution 62, 436–451 (2008).
47. V. Koufopanou, The evolution of soma in the Volvocales. Am. Nat. 143, 907–931 (1994).
48. M. D. Herron, A. M. Nedelcu, “Volvocine algae: From simple to complex multicellularity” in Evolutionary Transitions to Multicellular Life, I. Ruiz-Trillo, A. M. Nedelcu, Eds. (Springer, 2015), pp. 129–152.
49. M. D. Herron, A. Rashidi, D. E. Shelton, W. W. Driscoll, Cellular differentiation and individuality in the ‘minor’multicellular taxa. Biol. Rev. Camb. Philos. Soc. 88, 844–861 (2013).
50. R. E. Michod, Cooperation and conflict in the evolution of individuality. I. Multilevel selection of the organism. Am. Nat. 149, 607–645 (1997).
51. B. I. Crother, M. E. White, A. D. Johnson, Diversification and germ-line determination revisited: Linking developmental mechanism with species richness. Front. Ecol. Evol. 4, 10.3389/fevo.2016.00026 (2016).
52. F. Ferraro, C. L. Celso, D. Scadden, Adult stem cells and their niches. Adv. Exp. Med. Biol. 695, 155–168 (2010).
53. A. F. Bourke, Principles of Social Evolution (Oxford University Press, 2011).
54. A. D. Johnson et al., Evolution of predetermined germ cells in vertebrate embryos: Implications for macroevolution. Evol. Dev. 5, 414–431 (2003).
55. R. E. Michod, D. Roze, Transitions in individuality. Proc. Biol. Sci. 264, 853–857 (1997).
56. J. E. Sulston, E. Schierenberg, J. G. White, J. N. Thomson, The embryonic cell lineage of the nematode Caenorhabditis elegans. Dev. Biol. 100, 64–119 (1983).
57. M. Yajima, G. M. Wessel, Small micromeres contribute to the germline in the sea urchin. Development 138, 237–243 (2011).
58. M. Saitou, Specification of the germ cell lineage in mice. Front. Biosci. 14, 1068–1087 (2009).
59. M. De Felici, “The formation and migration of primordial germ cells in mouse and man” inMolecular Mechanisms of Cell Differentiation in Gonad Development, R. P. Piprek, Ed. (Springer International

Publishing, Cham, Switzerland, 2016), pp. 23–46.
60. G. M. Wessel et al., The biology of the germ line in echinoderms.Mol. Reprod. Dev. 81, 679–711 (2014).
61. J. Johnson, J. Canning, T. Kaneko, J. K. Pru, J. L. Tilly, Germline stem cells and follicular renewal in the postnatal mammalian ovary. Nature 428, 145–150 (2004).
62. S. Begum, V. E. Papaioannou, R. G. Gosden, The oocyte population is not renewed in transplanted or irradiated adult ovaries. Hum. Reprod. 23, 2326–2330 (2008).
63. T. G. Baker, S. Zuckerman, A quantitative and cytological study of germ cells in human ovaries. Proc. R. Soc. Lond. B Biol. Sci. 158, 417–433 (1963).
64. M. L. Condic, Totipotency: What it is and what it is not. Stem Cells Dev. 23, 796–812 (2014).
65. N. Funayama, The stem cell system in demosponges: Suggested involvement of two types of cells: Archeocytes (active stem cells) and choanocytes (food-entrapping flagellated cells). Dev. Genes Evol. 223,

23–38 (2013).
66. D. E. Wagner, I. E. Wang, P. W. Reddien, Clonogenic neoblasts are pluripotent adult stem cells that underlie planarian regeneration. Science 332, 811–816 (2011).
67. P. A. Newmark, Y. Wang, T. Chong, Germ cell specification and regeneration in planarians. Cold Spring Harb. Symp. Quant. Biol. 73, 573–581 (2008).
68. D. J. Laird, A. W. De Tomaso, I. L. Weissman, Stem cells are units of natural selection in a colonial ascidian. Cell 123, 1351–1360 (2005).
69. A. E. Bely, K. G. Nyberg, Evolution of animal regeneration: Re-emergence of a field. Trends Ecol. Evol. 25, 161–170 (2010).
70. R. Tadokoro, M. Sugio, J. Kutsuna, S. Tochinai, Y. Takahashi, Early segregation of germ and somatic lineages during gonadal regeneration in the annelid Enchytraeus japonensis. Curr. Biol. 16, 1012–1017

(2006).
71. M. Ghoul, A. S. Griffin, S. A. West, Toward an evolutionary definition of cheating. Evolution 68, 318–331 (2014).
72. J. E. Strassmann, D. C. Queller, Genetic conflicts and intercellular heterogeneity. J. Evol. Biol. 17, 1189–1191, discussion 1192–1194 (2004).
73. C. A. Aktipis et al., Cancer across the tree of life: Cooperation and cheating in multicellularity. Philos. Trans. R. Soc. Lond. B Biol. Sci. 370, 20140219 (2015).
74. B. Santelices, A. V. Gonz�alez, J. Beltr�an, V. Flores, Coalescing red algae exhibit noninvasive, reversible chimerism. J. Phycol. 53, 59–69 (2017).
75. D. K. Aanen, A. J. M. Debets, J. A. G. M. de Visser, R. F. Hoekstra, The social evolution of somatic fusion. BioEssays 30, 1193–1203 (2008).
76. D. S. Stoner, B. Rinkevich, I. L. Weissman, Heritable germ and somatic cell lineage competitions in chimeric colonial protochordates. Proc. Natl. Acad. Sci. U.S.A. 96, 9148–9153 (1999).
77. A. V. Cant�u, D. J. Laird, A pilgrim’s progress: Seeking meaning in primordial germ cell migration. Stem Cell Res. (Amst.) 24, 181–187 (2017).
78. S. J. Ellis et al., Distinct modes of cell competition shape mammalian tissue morphogenesis. Nature 569, 497–502 (2019).
79. S. Dupont, L. Morsut, Tissue patterning: The winner takes it all, the losers standing small. Curr. Biol. 29, R334–R337 (2019).
80. D. H. Nguyen, R. G. Jaszczak, D. J. Laird, Heterogeneity of primordial germ cells. Curr. Top. Dev. Biol. 135, 155–201 (2019).
81. H. Ueno, B. B. Turnbull, I. L. Weissman, Two-step oligoclonal development of male germ cells. Proc. Natl. Acad. Sci. U.S.A. 106, 175–180 (2009).
82. L. Lei, A. C. Spradling, Mouse primordial germ cells produce cysts that partially fragment prior to meiosis. Development 140, 2075–2081 (2013).
83. M. Kanatsu-Shinohara, H. Naoki, T. Shinohara, Nonrandom germline transmission of mouse spermatogonial stem cells. Dev. Cell 38, 248–261 (2016).
84. G. Morata, P. Ripoll, Minutes: Mutants of drosophila autonomously affecting cell division rate. Dev. Biol. 42, 211–221 (1975).
85. M. M. Merino, R. Levayer, E. Moreno, Survival of the fittest: Essential roles of cell competition in development, aging, and cancer. Trends Cell Biol. 26, 776–788 (2016).
86. A. Goriely, A. O. Wilkie, Paternal age effect mutations and selfish spermatogonial selection: Causes and consequences for human disease. Am. J. Hum. Genet. 90, 175–200 (2012).
87. S. K. Choi, S. R. Yoon, P. Calabrese, N. Arnheim, A germ-line-selective advantage rather than an increased mutation rate can explain some unexpectedly common human disease mutations. Proc. Natl. Acad. Sci.

U.S.A. 105, 10143–10148 (2008).
88. L. M. Cosmides, J. Tooby, Cytoplasmic inheritance and intragenomic conflict. J. Theor. Biol. 89, 83–129 (1981).
89. J. J. Boomsma, Lifetime monogamy and the evolution of eusociality. Philos. Trans. R. Soc. Lond. B Biol. Sci. 364, 3191–3207 (2009).
90. J. Maynard Smith, “Evolutionary progress and levels of selection” in Evolutionary Progress, M. H. Nitecki, Ed. (University of Chicago Press, 1988), pp. 219–230.
91. J. J. Boomsma, R. Gawne, Superorganismality and caste differentiation as points of no return: How the major evolutionary transitions were lost in translation. Biol. Rev. Camb. Philos. Soc. 93, 28–54 (2018).
92. W. O. H. Hughes, B. P. Oldroyd, M. Beekman, F. L. W. Ratnieks, Ancestral monogamy shows kin selection is key to the evolution of eusociality. Science 320, 1213–1216 (2008).
93. J. Field, C. R. Sol�ıs, D. C. Queller, J. E. Strassmann, Social and genetic structure of paper wasp cofoundress associations: Tests of reproductive skew models. Am. Nat. 151, 545–563 (1998).
94. L. Zanette, J. Field, Cues, concessions, and inheritance: Dominance hierarchies in the paper wasp Polistes dominulus. Behav. Ecol. 20, 773–780 (2009).
95. L. Nunney, The real war on cancer: The evolutionary dynamics of cancer suppression. Evol. Appl. 6, 11–19 (2013).
96. P. Nonacs, Go high or go low? Adaptive evolution of high and low relatedness societies in social hymenoptera. Front. Ecol. Evol. 5, 10.3389/fevo.2017.00087 (2017).
97. T. Brunet, N. King, The origin of animal multicellularity and cell differentiation. Dev. Cell 43, 124–140 (2017).

PNAS 2022 Vol. 119 No. 32 e2120457119 https://doi.org/10.1073/pnas.2120457119 9 of 10

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 C
O

PE
N

H
A

G
E

N
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 1

7,
 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

13
0.

22
6.

23
0.

27
.

https://doi.org/10.3389/fevo.2016.00026
https://doi.org/10.3389/fevo.2017.00087


98. F. L. W. Ratnieks, K. R. Foster, T. Wenseleers, Conflict resolution in insect societies. Annu. Rev. Entomol. 51, 581–608 (2006).
99. W. Von Rhein, €Uber die Entstehung des weiblichen Dimorphismus im Bienenstaate.Wilhelm Roux Arch. Entwickl. Mech. Org. 129, 601–665 (1933).
100. F. L. W. Ratnieks, P. K. Visscher, Worker policing in the honeybee. Nature 342, 796 (1989).
101. J. J. Boomsma, F. L. W. Ratnieks, Paternity in eusocial Hymenoptera. Philos. Trans. R. Soc. Lond. B Biol. Sci. 351, 947–975 (1996).
102. D. J. Kronauer, R. A. Johnson, J. J. Boomsma, The evolution of multiple mating in army ants. Evolution 61, 413–422 (2007).
103. W. O. Hughes, J. J. Boomsma, Genetic diversity and disease resistance in leaf-cutting ant societies. Evolution 58, 1251–1260 (2004).
104. K. R. Foster, A. Fortunato, J. E. Strassmann, D. C. Queller, The costs and benefits of being a chimera. Proc. Biol. Sci. 269, 2357–2362 (2002).
105. T. W. Scott, E. T. Kiers, G. A. Cooper, M. Dos Santos, S. A. West, Evolutionary maintenance of genomic diversity within arbuscular mycorrhizal fungi. Ecol. Evol. 9, 2425–2435 (2019).
106. A. S. Griffin, S. A. West, A. Buckling, Cooperation and competition in pathogenic bacteria. Nature 430, 1024–1027 (2004).
107. R. E. Irwin, J. L. Bronstein, J. S. Manson, L. Richardson, Nectar robbing: Ecological and evolutionary perspectives. Annu. Rev. Ecol. Evol. Syst. 41, 271–292 (2010).
108. A. F. Bourke, The gene’s-eye view, major transitions and the formal darwinism project. Biol. Philos. 29, 241–248 (2014).
109. K. A. Lythgoe, A. Gardner, O. G. Pybus, J. Grove, Short-sighted virus evolution and a germline hypothesis for chronic viral infections. Trends Microbiol. 25, 336–348 (2017).
110. C. Murgia, J. K. Pritchard, S. Y. Kim, A. Fassati, R. A. Weiss, Clonal origin and evolution of a transmissible cancer. Cell 126, 477–487 (2006).
111. A. M. Pearse, K. Swift, Allograft theory: Transmission of devil facial-tumour disease. Nature 439, 549 (2006).
112. M. J. Metzger, C. Reinisch, J. Sherry, S. P. Goff, Horizontal transmission of clonal cancer cells causes leukemia in soft-shell clams. Cell 161, 255–263 (2015).
113. S. A. West, A. S. Griffin, A. Gardner, Social semantics: Altruism, cooperation, mutualism, strong reciprocity and group selection. J. Evol. Biol. 20, 415–432 (2007).
114. J. J. Boomsma, A. Grafen, Colony-level sex ratio selection in the eusocial Hymenoptera. J. Evol. Biol. 4, 383–407 (1991).
115. P. A. Downing, A. S. Griffin, C. K. Cornwallis, Group formation and the evolutionary pathway to complex sociality in birds. Nat. Ecol. Evol. 4, 479–486 (2020).
116. A. Grafen, Modelling in behavioural ecology. Behav. Ecol. 3, 5–31 (1991).
117. S. B. Andersen, R. L. Marvig, S. Molin, H. Krogh Johansen, A. S. Griffin, Long-term social dynamics drive loss of function in pathogenic bacteria. Proc. Natl. Acad. Sci. U.S.A. 112, 10756–10761 (2015).
118. L. Keller, M. G. Surette, Communication in bacteria: An ecological and evolutionary perspective. Nat. Rev. Microbiol. 4, 249–258 (2006).
119. H. N. Sk€old, M. Obst, M. Sk€old, B. Åkesson, “Stem cells in asexual reproduction of marine invertebrates” in Stem Cells in Marine Organisms, B. Rinkevich, V. Matranga, Eds. (Springer, 2009), pp. 105–137.

10 of 10 https://doi.org/10.1073/pnas.2120457119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 C
O

PE
N

H
A

G
E

N
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 1

7,
 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

13
0.

22
6.

23
0.

27
.


	TF1

