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If multicellularity is a key innovation, 
then wouldn’t selection had lead to an ecological selective sweep?

Why? 
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The time span in which all of the above changes took place
makes up !20% of the total time since the ancestors of the
Volvocaceae diverged from single-celled ancestors. In this rel-
atively short time, they evolved from single cells into tightly
integrated (but undifferentiated) colonies with a developmental
program (inversion) and a mode of locomotion that both re-
quired a high degree of coordination among cells.

Changes subsequent to the divergence of Goniaceae and
Volvocaceae (Fig. 2, node A; 189–234 Ma) are mostly related to
cellular specialization, and the associated dates cannot always be
restricted to a usefully narrow range. The first step in a repro-
ductive vs. somatic division of labor, the origin of sterile somatic
cells, happened between 134 and 227 Ma in the lineage leading
to Astrephomene, between 30.7 and 216 Ma in the lineage leading
to Volvox barberi and V. globator, and between 76.6 and 116 Ma
in the lineage leading to Pleodorina and the remaining species of
Volvox. The specialized germ cells found in the genus Volvox
originated between 65.0 and 98.7 Ma in the lineage leading to V.
aureus and V. carteri and within the last 51.9 My in the lineage
leading to V. gigas.

Although the striking transition in complexity from unicellu-
lar to multicellular in volvocine algae has been broken down into
a series of modest changes, our results on the timing of evolution

in this group reveal that the transition did not occur by smooth,
constant change. Rather, the changes occurred sporadically, with
periods of rapid change and occasional reversals from derived to
ancestral states interspersed among long periods of stasis. For
example, the basic body plan common to modern Eudorina,
Volvulina, and Yamagishiella—undifferentiated spheroids with
cells arranged at the periphery—was established within a few
tens of millions of years after the initial divergence from
unicellular ancestors but has been stable in several lineages for
200 My (179–222; Fig. 2, node C). These results support the view
that the various grades of organization in volvocine algae
represent not transitional forms but rather alternative stable
states (7), each well adapted to a particular environment.

Implications for Evolutionary Transitions in Individuality in General.
ETIs occur when individuals combine to form new individuals,
as occurred with the origin of cells, of eukaryotes, of multicel-
lular organisms, and of integrated societies. During each of these
ETIs, fitness was transferred from the individuals making up the
group to the group itself, forming a new individual with a single
fitness and a single evolutionary fate (8–10). According to
multilevel selection theory (MLS) this transfer of fitness requires
the evolution of cooperation and conflict mediators, which

Fig. 2. Chronogram showing estimated divergence times among volvocine algae. Colored boxes identify the 3 multicellular families; ingroup species not
highlighted in this manner are unicellular (Paulschulzia pseudovolvox, the outgroup, represents a separate origin of multicellularity). Blue bars are the central
95% of estimates from 300 Bayesian posterior trees. Bayesian posterior probabilities !0.95 are shown. The green circle indicates the calibration estimated in the
broad-scale analyses. Red letters indicate nodes referred to in the text. Character state changes are those supported by hypothesis tests in ref. 5. We have retained
Kirk’s (4) original numbering for these steps. *, steps 11 and 12 may have had 2 separate origins in the clade including V. africanus and V. carteri.

Herron et al. PNAS Early Edition ! 3 of 5
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Evolution by Natural Selection

1. Individuals within populations are variable.

2. The variation among individuals is, at least in part, heritable from parents 
to offspring.

3. Some individuals are more successful at surviving and reproducing than 
others.

4. The survival and reproduction of individuals is tied to the variation 
among individuals.  The individuals with the most favorable variations are 
naturally selected.
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The theory of natural selection does not 
predict increases in complexity

It predicts that fitness will increase in the short-term

horsetails
little change in 
375 million years

little change in
3,500 million years

cyanobacteria crinoids
little change in 
450 million years
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Yet some Lineages have become more Complex
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Yet some Lineages have become more Complex

Is complexity adaptive?
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Adaptive radiation ina
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Successive adaptive radiations have played a pivotal role in the

evolution of biological diversity
1–3

. The effects of adaptive radia-

tion are often seen
4–6

, but the underlying causes are difficult to

disentangle and remain unclear
7–9

. Here we examine directly

the role of ecological opportunity and competition in driving

genetic diversification. We use the common aerobic bacterium

Pseudomonas fluorescens10
, which evolves rapidly under novel

environmental conditions to generate a large repertoire of

mutants
11–13

. When provided with ecological opportunity

(afforded by spatial structure), identical populations diversify

morphologically, but when ecological opportunity is restricted

there is no such divergence. In spatially structured environments,

the evolution of variant morphs follows a predictable sequence

and we show that competition among the newly evolved niche-

specialists maintains this variation. These results demonstrate

that the elementary processes of mutation and selection alone are

suifficient to promote rapid proliferation of new designs and

support the theory that trade-offs in competitive ability drive

adaptive radiation
14,15

.

Explanation of macroevolutionary phenomena (for example,
adaptive radiation and punctuated evolution) by direct extrapola-
tion from microevolutionary processes (for example, mutation and
competition) is contentious1,16–18. Conventional explanations for
adaptive radiation frequently invoke no more than vacant niches
and stringent competition between niche specialists14,19–21. Experi-
mental studies have lent credence to this view22, but by necessity

Figure 1 Phenotypic diversity and niche specificity among P. fluorescens SBW25

colonies evolved in a spatially heterogeneous environment. Populations were

founded from single ancestral ‘smooth’ (SM morph) cells and propagated in 6-ml

King’s medium B contained in a 25-ml microcosm at 28 �C. Microcosms were

incubated without shaking to produce a spatially heterogeneous environment. a,

After 7 days, populations show substantial phenotypic diversity which is seen

after plating. b, Most phenotypic variants can be assigned to one of three

principle morph classes: (SM), wrinkly spreader (WS) and fuzzy spreader (FS). c,

Evolved morphs showed marked niche preferences.
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stratigraphy. Trans. R. Soc. Edinb. Earth Sci. 84, 177–188 (1993).
7. Milner, A. R. & Sequeira, S. E. K. The temnospondyl amphibians from the Viséan of East Kirkton,
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Successive adaptive radiations have played a pivotal role in the

evolution of biological diversity
1–3

. The effects of adaptive radia-

tion are often seen
4–6

, but the underlying causes are difficult to

disentangle and remain unclear
7–9

. Here we examine directly

the role of ecological opportunity and competition in driving

genetic diversification. We use the common aerobic bacterium

Pseudomonas fluorescens10
, which evolves rapidly under novel

environmental conditions to generate a large repertoire of

mutants
11–13

. When provided with ecological opportunity

(afforded by spatial structure), identical populations diversify

morphologically, but when ecological opportunity is restricted

there is no such divergence. In spatially structured environments,

the evolution of variant morphs follows a predictable sequence

and we show that competition among the newly evolved niche-

specialists maintains this variation. These results demonstrate

that the elementary processes of mutation and selection alone are

suifficient to promote rapid proliferation of new designs and

support the theory that trade-offs in competitive ability drive

adaptive radiation
14,15

.

Explanation of macroevolutionary phenomena (for example,
adaptive radiation and punctuated evolution) by direct extrapola-
tion from microevolutionary processes (for example, mutation and
competition) is contentious1,16–18. Conventional explanations for
adaptive radiation frequently invoke no more than vacant niches
and stringent competition between niche specialists14,19–21. Experi-
mental studies have lent credence to this view22, but by necessity

Figure 1 Phenotypic diversity and niche specificity among P. fluorescens SBW25

colonies evolved in a spatially heterogeneous environment. Populations were

founded from single ancestral ‘smooth’ (SM morph) cells and propagated in 6-ml

King’s medium B contained in a 25-ml microcosm at 28 �C. Microcosms were

incubated without shaking to produce a spatially heterogeneous environment. a,

After 7 days, populations show substantial phenotypic diversity which is seen

after plating. b, Most phenotypic variants can be assigned to one of three

principle morph classes: (SM), wrinkly spreader (WS) and fuzzy spreader (FS). c,

Evolved morphs showed marked niche preferences.
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ABSTRACT We followed evolutionary change in 12 pop-
ulations of Escherichia coli propagated for 10,000 generations
in identical environments. Both morphology (cell size) and
fitness (measured in competition with the ancestor) evolved
rapidly for the first 2000 generations or so after the populations
were introduced into the experimental environment, but both
were nearly static for the last 5000 generations. Although
evolving in identical environments, the replicate populations
diverged significantly from one another in both morphology
and mean fitness. The divergence in mean fitness was sustained
and implies that the populations have approached different
fitness peaks of unequal height in the adaptive landscape.
Although the experimental time scale and environment were
microevolutionary in scope, our experiments were designed to
address questions concerning the origin as well as the fate of
genetic and phenotypic novelties, the repeatability of adapta-
tion, the diversification of lineages, and thus the causes and
consequences ofthe uniqueness ofevolutionary history. In fact,
we observed several hallmarks of macroevolutionary dynam-
ics, including periods of rapid evolution and stasis, altered
functional relationships between traits, and concordance of
anagenetic and cladogenetic trends. Our results support a
Wrightian interpretation, in which chance events (mutation
and drit) play an important role in adaptive evolution, as do
the complex genetic interactions that underlie the structure of
organisms.

Fifty years after the publication of Simpson's Tempo and
Mode in Evolution (1), evolutionary biologists are still fas-
cinated by-and struggling to understand-the dynamics of
adaptation and diversification, especially for those traits that
affect the reproductive success ofindividual organisms. How
quickly do populations change in these traits, and are their
rates of change constant or variable? How rapidly do popu-
lations diverge from one another in these traits, and are rates
of adaptation and diversification tightly or loosely coupled?
How repeatable is evolution, and how sensitive are evolu-
tionary outcomes to a population's initial genetic state? What
are the relative roles of chance, phylogeny, and adaptation in
evolution? How do the answers to these questions depend on
the genetic system ofan organism and on the traits examined?
We have embarked on an experimental program to inves-

tigate these questions. We believe that experiments comple-
ment historical and comparative studies and, when appro-
priately designed, may forge an important link between
micro- and macroevolutionary studies. Before describing our
experiments, however, we present an imaginary framework
for such research. This imaginary framework illustrates the

profound problems of inference inherent in purely observa-
tional approaches to studying evolutionary dynamics, while
also highlighting the power of our particular experimental
system.

Imagine, then, that you have discovered a well-preserved
and clearly stratified fossil bed that provides a record of
evolution extending thousands of generations for the partic-
ular organism that you study. You could measure the size and
shape of the organisms that were preserved and perhaps
deduce the rate of change in these traits. But even from a
near-perfect record, you would have great difficulty inferring
the evolutionary processes-selection, drift, mutation, re-
combination, and migration-affecting these morphological
traits. It might be difficult even to exclude the hypothesis that
any phenotypic trends reflect nonheritable changes caused
by the direct effects of a changing environment on the
organism.
But imagine that you could infer that the environment had

not changed for thousands of generations, so that any phe-
notypic trends must have resulted from underlying genetic
changes. Moreover, you could be sure that there was no
influx of genotypes from other populations and that the
population was initially homogeneous, so that all of the
genetic variation in the fossil population must have arisen in
situ. You could then confidently assess the tempo and mode
of morphological evolution.
Now imagine that you found many fossil beds, all in

identical environments and having the same initial genetic
state. You could evaluate the repeatability of evolution by
examining the parallelism or divergence of the populations
from one another. Any repeatability (or lack thereof) would
also bear on the success of specific hypotheses that sought to
address the adaptive significance of particular phenotypic
trends.
And the fantasy continues. Imagine that you could resur-

rect these organisms (not merely bits of fossil DNA but the
entire living organisms) and reconstruct their environment
exactly as it was during the thousands of generations pre-
served in the fossil bed. You could measure not only the
organism's morphology, but also its functional capacities and
genetic composition. You could even place derived and
ancestral forms in competition to determine their relative
fitness in the "fossil" environment. You could assess which
phenotypes promoted ecological success, and you could
evaluate the similarity of the adaptive solutions achieved by
the replicate populations, thereby disentangling the roles of
"chance and necessity" (2) in evolutionary dynamics.

Still more opportunities exist in this fantastic world. You
could travel back in time and manipulate populations by
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Scotland. Trans. R. Soc. Edinb. Earth Sci. 84, 377–382 (1993).
9. Clack, J. A. Silvanerpeton miripedes, a new anthracosauroid from the Viséan of East Kirkton, West
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R. Soc. Edinb. Earth Sci. 84, 309–316 (1993).
15. Wood, S. P., Panchen, A. L. & Smithson, R. R. A terrestrial fauna from the Scottish lower

Carboniferous. Nature 314, 355–356 (1985).
16. Clarkson, E. N. K., Milner, A. R. & Coates, M. I. Palaeoecology of the Viséan of East Kirkton, West
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Successive adaptive radiations have played a pivotal role in the

evolution of biological diversity
1–3

. The effects of adaptive radia-

tion are often seen
4–6

, but the underlying causes are difficult to

disentangle and remain unclear
7–9

. Here we examine directly

the role of ecological opportunity and competition in driving

genetic diversification. We use the common aerobic bacterium

Pseudomonas fluorescens10
, which evolves rapidly under novel

environmental conditions to generate a large repertoire of

mutants
11–13

. When provided with ecological opportunity

(afforded by spatial structure), identical populations diversify

morphologically, but when ecological opportunity is restricted

there is no such divergence. In spatially structured environments,

the evolution of variant morphs follows a predictable sequence

and we show that competition among the newly evolved niche-

specialists maintains this variation. These results demonstrate

that the elementary processes of mutation and selection alone are

suifficient to promote rapid proliferation of new designs and

support the theory that trade-offs in competitive ability drive

adaptive radiation
14,15

.

Explanation of macroevolutionary phenomena (for example,
adaptive radiation and punctuated evolution) by direct extrapola-
tion from microevolutionary processes (for example, mutation and
competition) is contentious1,16–18. Conventional explanations for
adaptive radiation frequently invoke no more than vacant niches
and stringent competition between niche specialists14,19–21. Experi-
mental studies have lent credence to this view22, but by necessity

Figure 1 Phenotypic diversity and niche specificity among P. fluorescens SBW25

colonies evolved in a spatially heterogeneous environment. Populations were

founded from single ancestral ‘smooth’ (SM morph) cells and propagated in 6-ml

King’s medium B contained in a 25-ml microcosm at 28 �C. Microcosms were

incubated without shaking to produce a spatially heterogeneous environment. a,

After 7 days, populations show substantial phenotypic diversity which is seen

after plating. b, Most phenotypic variants can be assigned to one of three

principle morph classes: (SM), wrinkly spreader (WS) and fuzzy spreader (FS). c,

Evolved morphs showed marked niche preferences.
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Successive adaptive radiations have played a pivotal role in the

evolution of biological diversity
1–3

. The effects of adaptive radia-

tion are often seen
4–6

, but the underlying causes are difficult to

disentangle and remain unclear
7–9

. Here we examine directly

the role of ecological opportunity and competition in driving

genetic diversification. We use the common aerobic bacterium

Pseudomonas fluorescens10
, which evolves rapidly under novel

environmental conditions to generate a large repertoire of

mutants
11–13

. When provided with ecological opportunity

(afforded by spatial structure), identical populations diversify

morphologically, but when ecological opportunity is restricted

there is no such divergence. In spatially structured environments,

the evolution of variant morphs follows a predictable sequence

and we show that competition among the newly evolved niche-

specialists maintains this variation. These results demonstrate

that the elementary processes of mutation and selection alone are

suifficient to promote rapid proliferation of new designs and

support the theory that trade-offs in competitive ability drive

adaptive radiation
14,15

.

Explanation of macroevolutionary phenomena (for example,
adaptive radiation and punctuated evolution) by direct extrapola-
tion from microevolutionary processes (for example, mutation and
competition) is contentious1,16–18. Conventional explanations for
adaptive radiation frequently invoke no more than vacant niches
and stringent competition between niche specialists14,19–21. Experi-
mental studies have lent credence to this view22, but by necessity

Figure 1 Phenotypic diversity and niche specificity among P. fluorescens SBW25

colonies evolved in a spatially heterogeneous environment. Populations were

founded from single ancestral ‘smooth’ (SM morph) cells and propagated in 6-ml

King’s medium B contained in a 25-ml microcosm at 28 �C. Microcosms were

incubated without shaking to produce a spatially heterogeneous environment. a,

After 7 days, populations show substantial phenotypic diversity which is seen

after plating. b, Most phenotypic variants can be assigned to one of three

principle morph classes: (SM), wrinkly spreader (WS) and fuzzy spreader (FS). c,

Evolved morphs showed marked niche preferences.

of fresh water. This is enough to balance our measured
salinity with a mean sea-level change of 135m. Increas-
es in ice-shelf volumes can also balance the salt budget.
Given a total volume of 0.7 ! 106 km3 for all the
Antarctic ice shelves (50), there would have to be seven
times this amount of floating ice at the LGM to balance
our data with the sea-level constraints.
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Most models of speciation require gradual change and geographic or ecological
isolation for new species to arise. Homoploid hybrid speciation occurred readily
between Saccharomyces cerevisiae and Saccharomyces paradoxus. Hybrids had
high self-fertility (about 82%), low fertility when backcrossed to either parental
species (about 7.5%), and vigorous growth under different thermal environ-
ments that favored one or the other of the parental species. Extensive karyo-
typic changes (tetrasomy) were observed in the hybrids, although genic in-
compatibilities accounted for 50% of the variation in self-fertility.

Speciation is thought to arise by gradual evolu-
tion of genic incompatibilities (1), ecological
specialization (2, 3), or chromosomal differenc-
es (4) that prevent mating or cause inviable or
infertile hybrid offspring (5). Rapid species for-
mation can potentially occur by hybridization;
however, the degree of reproductive isolation
between potential new hybrid species and the
two parental species is a major limiting
factor. Hybrids must be self-fertile and suffi-
ciently reproductively isolated to maintain a
distinct lineage, but reproductive barriers be-
tween parental species must not preclude the
initial hybridization. In postzygotically isolated
species, where hybrids are typically inviable or
sterile (6), these conflicting requirements can
be achieved by a doubling of chromosome
complement in the new species to produce an
allotetraploid (7). Potentially, these require-
ments can also be met by maintaining chromo-
some number (homoploid hybrid speciation) (8,
9), but this mechanism is very uncommon in
plants and unknown in animals (10).

Saccharomyces yeast species are postzy-
gotically isolated, because hybrids form readily
but are sterile, producing only "1% viable
gametes (spores) (11–13). However, popula-
tions of yeast can be very large (#108), and

viable gametes can be easily obtained. More-
over, the ability of Saccharomyces gametes to
divide and switch mating type allows for
autofertilization (gametophytic selfing) and, po-
tentially, for instantaneous homoploid hybrid
speciation. We investigated this potential with
Saccharomyces cerevisiae and Saccharomyces
paradoxus and measured the effects of intrinsic
incompatibilities (hybrid sterility and infertility)
and extrinsic incompatibilities (relative fitness
of hybrids under different environmental con-
ditions) (14).

First, we crossed S. cerevisiae and S. para-
doxus and isolated 80 independent viable hap-
loid gametes from their F1 hybrid offspring.
After allowing for spontaneous hybrid diploid
formation by autofertilization (15), we found
that 81.25% were capable of sporulation and
that fertility (spore viability) was high (medi-
an $ 90%; mean $ 84.40%, with 95% confi-
dence interval of 73.75 to 92.67%) (Fig. 1A)
(15). Fertility was slightly reduced from that of
the parental species (S. cerevisiae, 99.93%,
99.04 to 99.79%; S. paradoxus, 99.21%, 97.80
to 99.92%) (11), with statistically significant
variation among F2 hybrids (F61,260 $ 15.72,
P % 0.0001). We tested for reproductive isola-
tion of the fertile F2 hybrids from the parental
species (Fig. 1B). The backcross hybrids have
fertility that is significantly higher (7.54%, 5.38
to 10.02%) than that of F1 hybrids (0.03%, 0.00
to 0.18%) (11), but they have fertility that is
much lower than that of the F2 hybrids
(F1,895 $ 817.02, P %% 0.0001). Although rare,
hybrid F2 diploids are both fertile and isolated
from their parental species.

Crossing F2 hybrids and assessing fertility
of their hybrid offspring demonstrated the
existence of multiple different highly fertile
F2 hybrids (15). Ten independent F2 geno-
types, each having 100% fertility, were ran-
domly paired and used to generate F3 hy-
brids. All pairs yielded some viable gametes,
but the average fertility of F3 hybrids
(10.64%, 0.93 to 28.97%) was much lower
than that of their immediate parents; also,
there was genetic variation in fertility among
the F3 hybrids caused by interaction between
the F2 parental genomes (F4,94 $ 5.65, P %
0.001). Nevertheless, autofertilized F4 hybrid
diploids derived from the viable gametes had
particularly high fertility (97.33%, 92.10 to
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Fig. 1. Reproductive isolation of sporulation-
proficient F2 hybrids. (A) Hybrids have high
fertility when crossed with themselves. (B) Hy-
brids have low fertility when crossed with ei-
ther parental species (squares, S. cerevisiae;
triangles, S. paradoxus).
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Spatial structure has been identified as a major contributor to the maintenance of diversity. Here, we show
that the impact of spatial structure on diversity is strongly affected by the ecological mechanisms
maintaining diversity. In well-mixed, unstructured environments, microbial populations can diversify by
production of metabolites during growth, providing additional resources for novel specialists. By contrast,
spatially structured environments potentially limit such facilitation due to reduced metabolite diffusion.
Using replicate microcosms containing the bacterium Escherichia coli, we predicted the loss of diversity
during an environmental shift from a spatially unstructured environment to spatially structured conditions.
Although spatial structure is frequently observed to be a major promoter of diversity, our results indicate
that it can also have negative impacts on diversity.

Keywords: evolution of diversity; spatial structure; loss of diversity; facilitation; ecological interactions

1. INTRODUCTION
Niche theory posits that species diversity evolves and is
maintained via trade-offs (Whittaker 1965), predomi-
nately mediated by ecological interactions such
as competition, predation or mutualism (Doebeli &
Dieckmann 2000; Schluter 2000). Spatial structure can
promote diversity by localizing the impact of organisms on
their environment (Amarasekare 2003). Locally depleted
resources and limited diffusion of inhibitors generate a
patchy environment, and the resulting multiple niches
provide ecological opportunity for diversification (Chao &
Levin 1981; Durrett & Levin 1994; Rainey & Travisano
1998; Czaran et al. 2002; Greig & Travisano 2004; Habets
et al. 2006). However, spatial structure can also potentially
limit niche generation by reducing resource availability;
specifically, resources made available through facilitation
(for example, as by-products of consumption). In such a
case, primary consumers produce waste products that
provide new resources. In a well-mixed environment, such
resources are readily available to scavengers. By contrast,
spatial structure localizes by-product resources to the
immediate environment of primary consumers, potentially
restricting resource availability to scavengers and thereby
limiting ecological opportunity.

Laboratory populations of Escherichia coli and other
bacteria rapidly adapt and diversify in spatially unstruc-
tured microcosms (Friesen et al. 2004), as predicted by

niche theory, even in single-nutrient environments
(Helling et al. 1987; Rozen & Lenski 2000). During
growth on excess glucose or other carbohydrates,
microbes release into the medium metabolites that serve
as additional substrates for growth and can therefore give
rise to the evolution of novel and coexisting types
specializing on these metabolites, as has been repeatedly
demonstrated (Rosenzweig et al. 1994; Turner et al. 1996;
Doebeli 2002; Pfeiffer & Bonhoeffer 2004; Wolfe 2005).
We therefore hypothesized that diversity maintained by
such metabolite-mediated facilitation would decline after
a shift to spatially structured conditions that restrict
diffusion and, hence, the availability of metabolites.

2. MATERIAL AND METHODS
(a) Evolution experiment

We evolved 12 populations of E. coliB in Davis minimal liquid

medium supplemented with 410 mg mlK1 glucose (DMC
Glu) for 1000 generations by daily diluting stationary-phase

populations 100-fold into fresh medium. The populations

were founded with two isogenic ancestral genotypes, which

only differed in a selectively neutral marker (araK and araC;

Levin et al. 1977; Lenski & Travisano 1994; Travisano &

Lenski 1996) that can easily be distinguished on tetrazolium-

arabinose (TA) indicator plates. We assessed colony size by

plating a sample of each population at low density onto TA

agar plates and incubating them for 48 hours, prior to

measuring individual colony size (in pixels) using IMAGEJ

(v. 1.31v, NIH). Diversity within a population was

calculated as the corrected coefficient of variation (CV*) of

colony size as CV*Z(1C1/4n)!CV, where n is the sample
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The SUC multigene family of the single-celled yeast
Saccharomyces cerevisiae is polymorphic, with
genes varying both in number and activity. All of the
genes encode invertase, an enzyme that is secreted
to digest sucrose outside of the cell. This communal
endeavour creates the potential for individual cells
to defect (cheat) by stealing the sugar digested by
their neighbours without contributing the enzyme
themselves. We measured the fitness of a defector,
with a deleted suc2 gene, relative to an otherwise
isogenic cooperator, with a functional SUC2 gene.
We manipulated the level of social interaction within
the community by varying the population density
and found that the defector is less fit than the coop-
erator at low levels of sociality but more fit in dense
communities. We propose that selection for anti-
social cheating causes SUC polymorphism in nature.
The infamous Prisoner’s Dilemma game shows that
social behaviour is generally unstable, and the suc-
cess of both cooperation and defection can vary con-
tinuously in time and space. The variation in SUC
genes reflects constant adaptation to an ever-chang-
ing biotic environment that is a consequence of the
instability of cooperation. It is interesting that social
interactions can have a direct effect on molecular
evolution, even in an organism as simple as yeast.

Keywords: Saccharomyces; SUC; multigene family;
Prisoner’s Dilemma; cooperation; defection

1. INTRODUCTION
The everyday problems of conflict and lack of cooperation
are familiar to all of us, so it is not surprising that the
evolution of cooperative behaviour is hard to fathom. The
Prisoner’s Dilemma game is a popular metaphor that
clearly represents the difficulty (Axelrod 1984). Two play-
ers each choose whether to cooperate with the other player
or to defect (cheat). Cooperation gives the greatest aver-
age advantage but unilateral defection gives the greatest
individual advantage, to the defector. If the game is played
only once defection is the superior strategy since it is the
only strategy that can win, rather than tie or lose. How-
ever, in biologically realistic simulations, with repeated
interactions, mutations, errors, or a spatially structured
environment, there is no single stable solution and the suc-
cess of individual strategies can vary in endless periodic
or chaotic cycles (Nowak 1989; Nowak and May 1992;
Nowak and Sigmund 1993; for a review see Brembs
1996).

Proc. R. Soc. Lond. B (Suppl.) " 2003 The Royal Society
DOI 10.1098/rsbl.2003.0083

The SUC genes of Saccharomyces cerevisiae are highly
polymorphic. Strains vary both in the number of SUC
genes that they possess near their telomeres (chromosome
ends) and in whether a single non-telomeric gene (SUC2)
is functional or a pseudogene (Carlson & Botstein 1983).
Such wide variation is unusual and reminiscent of that
seen in antigen or virulence genes of microbes as they
evolve under the changing selective pressure of their hosts’
immune systems (for a review see Moxon et al. 1994).
However, S. cerevisiae is normally free-living, and the SUC
genes do not encode an antigen but an enzyme: invertase.
Unlike most other yeast enzymes, invertase is secreted
outside of the cell, where it hydrolyses sucrose. This cre-
ates the potential for a Prisoner’s Dilemma that can
explain the polymorphism.

A yeast cell could defect by exploiting the enzyme pro-
duced by a neighbour whilst contributing little or none
itself. The average fitness of a group would be highest
when each member secretes an optimal amount of enzyme
into the shared pool, but the fitness of an individual would
be maximized by taking from the pool without bearing
the cost of contributing. This social instability could drive
molecular evolution if cooperation and defection were
heritable behaviours. We tested this hypothesis exper-
imentally.

2. MATERIAL AND METHODS
We measured the fitness of a defector relative to a cooperator as

they competed in a structured environment, a sucrose-rich agar plate.
We manipulated the role of sociality by inoculating plates with a wide
range of cell numbers—from a few well-separated individuals to a
dense layer of touching cells. The defector was a diploid strain sup-
plied by Research Genetics (Invitrogen, Carlsbad, CA 92008, USA)
in which both homologous copies of the SUC2 gene were deleted
and replaced with the selectively neutral marker KanMX4. By cross-
ing the defector to an isogenic strain that had an intact SUC, dis-
secting tetrads and mating haploids with the appropriate genotypes,
a cooperator diploid was produced that was genetically identical to
the defector except that it had both wild-type copies of SUC2, and
did not contain the marker KanMX4.

Initially, the two strains were grown separately to an equal density
in 5 ml of liquid YEPD (yeast extract 1%, peptone 2%, glucose 2%),
then mixed together in equal volumes and a 111 µl sample taken.
The sample was serially diluted in five tenfold increments (1 in 105

overall) and then plated onto solid YEPD to produce single colonies
that would be counted to determine the initial cell density. The initial
frequency of the defector was also calculated from this sample by
replica-plating the colonies onto YEPD that had been supplemented
with 200 mg l!1 of G418, permitting only the KanMX4-containing
defector colonies to grow. The mixed culture was also plated on solid
sucrose plates (yeast extract 1%, peptone 2%, sucrose 2%, agar
2.5%) at a wide range of initial densities ranging from 1.6 # 109 down
to 108 cells per plate. These fitness assay plates were incubated for
three days at 30 °C. The colonies were then washed off in 10 ml of
sterile water and mixed thoroughly by vortex machine for 30 s. The
final cell numbers on each sucrose plate were determined by taking
a 111 µl sample of the washed-off cells, serially diluting it, plating on
YEPD plates and counting the resulting colonies as before. The final
frequencies of the defector in each fitness assay population was calcu-
lated by replica-plating these colonies to YEPD supplemented with
G418 and counting the G418-resistant defector colonies, as before.
The YEPD plates and their G418 replicas were randomized and lab-
elled by an assistant, so that the colony counts were performed blind.
The relative fitness of the defector at each initial density was then
calculated as the ratio of the Malthusian parameters (Lenski et al.
1991). Three replicate fitness assays were done at each of eight differ-
ent levels of sociality. In addition, a control experiment was perfor-
med in which YEPD (glucose) plates were used instead of sucrose
plates, with threefold replication, at the highest and lowest levels of
sociality.

3. RESULTS
The results are shown in figure 1. A linear regression is

highly significant (r = 0.847, 22 d.f., p " 10!6). The
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genes varying both in number and activity. All of the
genes encode invertase, an enzyme that is secreted
to digest sucrose outside of the cell. This communal
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Multicellularity was one of the most signi!cant innovations in the
history of life, but its initial evolution remains poorly understood.
Using experimental evolution, we show that key steps in this tran-
sition could have occurred quickly. We subjected the unicellular
yeast Saccharomyces cerevisiae to an environment in which we
expected multicellularity to be adaptive. We observed the rapid
evolution of clustering genotypes that display a novel multicellular
life history characterized by reproduction via multicellular propa-
gules, a juvenile phase, and determinate growth. The multicellular
clusters are uniclonal, minimizing within-cluster genetic con"icts of
interest. Simple among-cell division of labor rapidly evolved. Early
multicellular strains were composed of physiologically similar cells,
but these subsequently evolved higher rates of programmed cell
death (apoptosis), an adaptation that increases propagule produc-
tion. These results show that key aspects ofmulticellular complexity,
a subject of central importance to biology, can readily evolve from
unicellular eukaryotes.

complexity | cooperation | major transitions | individuality |
macro evolution

The evolution of multicellularity was transformative for life on
earth (1). In addition to larger size, multicellularity increased

biological complexity through the formation of new biological
structures. For example, multicellular organisms have evolved
sophisticated, higher-level functionality via cooperation among
component cells with complementary behaviors (2, 3). However,
dissolution and death of multicellular individuals occurs when
cooperation breaks down, cancer being a prime example (4).
There are multiple mechanisms to help ensure cooperation of
component cells in most extant multicellular species (5–8), but the
origin and the maintenance of multicellularity are two distinct
evolutionary problems. Component cells in a nascent multicellular
organism would appear to have frequent opportunities to pursue
noncooperative reproductive strategies at a cost to the reproduc-
tion of the multicellular individual. How, then, does the transition
to multicellularity occur?
Understanding the evolution of complex multicellular individ-

uals from unicellular ancestors has been extremely challenging,
largely because the !rst steps in this process occurred in the deep
past (>200million years ago) (9, 10). As a result, transitional forms
have been lost to extinction, and little is known about the physi-
ology, ecology, and evolutionary processes of incipient multicel-
lularity (11). Nonetheless, several key steps have been identi!ed
for this transition. Because multicellular organisms are composed
of multiple cells, the !rst step in this transition was likely the
evolution of genotypes that form simple cellular clusters (1, 3, 12–
16). It is not known whether this occurs more readily although
aggregation of genetically distinct cells, as in bio!lms, or by
mother–daughter cell adhesion after division. Once simple clusters
have evolved, selection among multicelled clusters must pre-
dominate over selection among single cells within clusters (1, 15,
17, 18). The mode of cluster formation may affect the occurrence
of this shift. Aggregation of genetically distinct free-living cells
could lead to con"icts of interest among cells within the cluster,
potentially inhibiting adaptation in cluster-level traits (6, 19, 20).
Clusters that are formed via postdivision adhesion are uniclonal and
thus avoid this potential con"ict. Finally, for cellular differentiation

to evolve, division of labor among cells within a cluster must in-
crease cluster-level !tness (15, 21–23).
Prior experimental work with de novo transitions to multicel-

lularity have focused mainly on the ecological conditions that
would favor the evolution of cellular clusters. Boraas et al. (16)
have shown that predation by a small-mouthed ciliate results in the
evolution of eight-celled clusters of the previously single-celled
algae Chlorella. Koschwanez et al. (18) have shown that metabolic
cooperation among cluster-forming yeast allows them to grow at
low densities prohibitive to growth of single-celled yeast. However,
previous work has not systematically examined the de novo evo-
lution of cellular clusters and their subsequent multicellular evo-
lution. Here we use experimental evolution to directly explore the
evolution of early multicellularity, focusing on the mode of cluster
formation (postdivision adhesion vs. aggregation), the shift from
single-cell to cluster-level selection, and the evolution of among-
cell division of labor.
We used gravity to select for primitive multicellularity in the

unicellular yeast Saccharomyces cerevisiae. Clusters of cells settle
through liquid more quickly than do single cells, allowing us to
easily select for clustering genotypes. Settling selection was chosen
not because it is widespread in nature, but rather because it is an
experimentally tractable method to select for larger size. Ten
replicate populations of initially isogenic S. cerevisiae were grown
in nutrient-rich liquid medium with shaking to stationary phase
(!109 cells/replicate population) before subculturing and daily
transfer to fresh medium. All replicate populations were allowed
to stand for 45 min before transfer to 10 mL fresh medium, during
which time cells settled toward the bottom of the culture tube.
Cells in the lower 100 !L were then transferred to fresh medium.
After the !rst week, we modi!ed the settling step to be more time
ef!cient by using 100 ! g, 10-s centrifugations of 1.5-mL sub-
samples from the shaken 10-mL tube to settle population fractions
for transfer to fresh medium. We expected these conditions to
select for clusters of cells, whether by postdivision adhesion or
by aggregation.

Results
We observed rapid increases in settling rate over the course of
selection. After 60 transfers, all populations were dominated by
roughly spherical snow"ake-like phenotypes consisting of multiple
attached cells (Fig. 1 and Figs. S1 and S2).We veri!ed the selective
bene!t of the snow"ake phenotype, showing that it has a 34%
!tness advantage over individual cells under the selection con-
ditions (Fig. 2A; t9 = 4.53, P = 0.004, one-sided t test), whereas it
appears to suffer a 10% !tness cost in the absence of settling
selection (t9 = 1.92, P = 0.06, one-sided t test).
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crease cluster-level !tness (15, 21–23).
Prior experimental work with de novo transitions to multicel-

lularity have focused mainly on the ecological conditions that
would favor the evolution of cellular clusters. Boraas et al. (16)
have shown that predation by a small-mouthed ciliate results in the
evolution of eight-celled clusters of the previously single-celled
algae Chlorella. Koschwanez et al. (18) have shown that metabolic
cooperation among cluster-forming yeast allows them to grow at
low densities prohibitive to growth of single-celled yeast. However,
previous work has not systematically examined the de novo evo-
lution of cellular clusters and their subsequent multicellular evo-
lution. Here we use experimental evolution to directly explore the
evolution of early multicellularity, focusing on the mode of cluster
formation (postdivision adhesion vs. aggregation), the shift from
single-cell to cluster-level selection, and the evolution of among-
cell division of labor.
We used gravity to select for primitive multicellularity in the

unicellular yeast Saccharomyces cerevisiae. Clusters of cells settle
through liquid more quickly than do single cells, allowing us to
easily select for clustering genotypes. Settling selection was chosen
not because it is widespread in nature, but rather because it is an
experimentally tractable method to select for larger size. Ten
replicate populations of initially isogenic S. cerevisiae were grown
in nutrient-rich liquid medium with shaking to stationary phase
(!109 cells/replicate population) before subculturing and daily
transfer to fresh medium. All replicate populations were allowed
to stand for 45 min before transfer to 10 mL fresh medium, during
which time cells settled toward the bottom of the culture tube.
Cells in the lower 100 !L were then transferred to fresh medium.
After the !rst week, we modi!ed the settling step to be more time
ef!cient by using 100 ! g, 10-s centrifugations of 1.5-mL sub-
samples from the shaken 10-mL tube to settle population fractions
for transfer to fresh medium. We expected these conditions to
select for clusters of cells, whether by postdivision adhesion or
by aggregation.

Results
We observed rapid increases in settling rate over the course of
selection. After 60 transfers, all populations were dominated by
roughly spherical snow"ake-like phenotypes consisting of multiple
attached cells (Fig. 1 and Figs. S1 and S2).We veri!ed the selective
bene!t of the snow"ake phenotype, showing that it has a 34%
!tness advantage over individual cells under the selection con-
ditions (Fig. 2A; t9 = 4.53, P = 0.004, one-sided t test), whereas it
appears to suffer a 10% !tness cost in the absence of settling
selection (t9 = 1.92, P = 0.06, one-sided t test).
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history of life, but its initial evolution remains poorly understood.
Using experimental evolution, we show that key steps in this tran-
sition could have occurred quickly. We subjected the unicellular
yeast Saccharomyces cerevisiae to an environment in which we
expected multicellularity to be adaptive. We observed the rapid
evolution of clustering genotypes that display a novel multicellular
life history characterized by reproduction via multicellular propa-
gules, a juvenile phase, and determinate growth. The multicellular
clusters are uniclonal, minimizing within-cluster genetic con"icts of
interest. Simple among-cell division of labor rapidly evolved. Early
multicellular strains were composed of physiologically similar cells,
but these subsequently evolved higher rates of programmed cell
death (apoptosis), an adaptation that increases propagule produc-
tion. These results show that key aspects ofmulticellular complexity,
a subject of central importance to biology, can readily evolve from
unicellular eukaryotes.
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The evolution of multicellularity was transformative for life on
earth (1). In addition to larger size, multicellularity increased

biological complexity through the formation of new biological
structures. For example, multicellular organisms have evolved
sophisticated, higher-level functionality via cooperation among
component cells with complementary behaviors (2, 3). However,
dissolution and death of multicellular individuals occurs when
cooperation breaks down, cancer being a prime example (4).
There are multiple mechanisms to help ensure cooperation of
component cells in most extant multicellular species (5–8), but the
origin and the maintenance of multicellularity are two distinct
evolutionary problems. Component cells in a nascent multicellular
organism would appear to have frequent opportunities to pursue
noncooperative reproductive strategies at a cost to the reproduc-
tion of the multicellular individual. How, then, does the transition
to multicellularity occur?
Understanding the evolution of complex multicellular individ-

uals from unicellular ancestors has been extremely challenging,
largely because the !rst steps in this process occurred in the deep
past (>200million years ago) (9, 10). As a result, transitional forms
have been lost to extinction, and little is known about the physi-
ology, ecology, and evolutionary processes of incipient multicel-
lularity (11). Nonetheless, several key steps have been identi!ed
for this transition. Because multicellular organisms are composed
of multiple cells, the !rst step in this transition was likely the
evolution of genotypes that form simple cellular clusters (1, 3, 12–
16). It is not known whether this occurs more readily although
aggregation of genetically distinct cells, as in bio!lms, or by
mother–daughter cell adhesion after division. Once simple clusters
have evolved, selection among multicelled clusters must pre-
dominate over selection among single cells within clusters (1, 15,
17, 18). The mode of cluster formation may affect the occurrence
of this shift. Aggregation of genetically distinct free-living cells
could lead to con"icts of interest among cells within the cluster,
potentially inhibiting adaptation in cluster-level traits (6, 19, 20).
Clusters that are formed via postdivision adhesion are uniclonal and
thus avoid this potential con"ict. Finally, for cellular differentiation

to evolve, division of labor among cells within a cluster must in-
crease cluster-level !tness (15, 21–23).
Prior experimental work with de novo transitions to multicel-

lularity have focused mainly on the ecological conditions that
would favor the evolution of cellular clusters. Boraas et al. (16)
have shown that predation by a small-mouthed ciliate results in the
evolution of eight-celled clusters of the previously single-celled
algae Chlorella. Koschwanez et al. (18) have shown that metabolic
cooperation among cluster-forming yeast allows them to grow at
low densities prohibitive to growth of single-celled yeast. However,
previous work has not systematically examined the de novo evo-
lution of cellular clusters and their subsequent multicellular evo-
lution. Here we use experimental evolution to directly explore the
evolution of early multicellularity, focusing on the mode of cluster
formation (postdivision adhesion vs. aggregation), the shift from
single-cell to cluster-level selection, and the evolution of among-
cell division of labor.
We used gravity to select for primitive multicellularity in the

unicellular yeast Saccharomyces cerevisiae. Clusters of cells settle
through liquid more quickly than do single cells, allowing us to
easily select for clustering genotypes. Settling selection was chosen
not because it is widespread in nature, but rather because it is an
experimentally tractable method to select for larger size. Ten
replicate populations of initially isogenic S. cerevisiae were grown
in nutrient-rich liquid medium with shaking to stationary phase
(!109 cells/replicate population) before subculturing and daily
transfer to fresh medium. All replicate populations were allowed
to stand for 45 min before transfer to 10 mL fresh medium, during
which time cells settled toward the bottom of the culture tube.
Cells in the lower 100 !L were then transferred to fresh medium.
After the !rst week, we modi!ed the settling step to be more time
ef!cient by using 100 ! g, 10-s centrifugations of 1.5-mL sub-
samples from the shaken 10-mL tube to settle population fractions
for transfer to fresh medium. We expected these conditions to
select for clusters of cells, whether by postdivision adhesion or
by aggregation.

Results
We observed rapid increases in settling rate over the course of
selection. After 60 transfers, all populations were dominated by
roughly spherical snow"ake-like phenotypes consisting of multiple
attached cells (Fig. 1 and Figs. S1 and S2).We veri!ed the selective
bene!t of the snow"ake phenotype, showing that it has a 34%
!tness advantage over individual cells under the selection con-
ditions (Fig. 2A; t9 = 4.53, P = 0.004, one-sided t test), whereas it
appears to suffer a 10% !tness cost in the absence of settling
selection (t9 = 1.92, P = 0.06, one-sided t test).
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There are multiple mechanisms to help ensure cooperation of
component cells in most extant multicellular species (5–8), but the
origin and the maintenance of multicellularity are two distinct
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organism would appear to have frequent opportunities to pursue
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tion of the multicellular individual. How, then, does the transition
to multicellularity occur?
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have been lost to extinction, and little is known about the physi-
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lularity (11). Nonetheless, several key steps have been identi!ed
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of multiple cells, the !rst step in this transition was likely the
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16). It is not known whether this occurs more readily although
aggregation of genetically distinct cells, as in bio!lms, or by
mother–daughter cell adhesion after division. Once simple clusters
have evolved, selection among multicelled clusters must pre-
dominate over selection among single cells within clusters (1, 15,
17, 18). The mode of cluster formation may affect the occurrence
of this shift. Aggregation of genetically distinct free-living cells
could lead to con"icts of interest among cells within the cluster,
potentially inhibiting adaptation in cluster-level traits (6, 19, 20).
Clusters that are formed via postdivision adhesion are uniclonal and
thus avoid this potential con"ict. Finally, for cellular differentiation

to evolve, division of labor among cells within a cluster must in-
crease cluster-level !tness (15, 21–23).
Prior experimental work with de novo transitions to multicel-

lularity have focused mainly on the ecological conditions that
would favor the evolution of cellular clusters. Boraas et al. (16)
have shown that predation by a small-mouthed ciliate results in the
evolution of eight-celled clusters of the previously single-celled
algae Chlorella. Koschwanez et al. (18) have shown that metabolic
cooperation among cluster-forming yeast allows them to grow at
low densities prohibitive to growth of single-celled yeast. However,
previous work has not systematically examined the de novo evo-
lution of cellular clusters and their subsequent multicellular evo-
lution. Here we use experimental evolution to directly explore the
evolution of early multicellularity, focusing on the mode of cluster
formation (postdivision adhesion vs. aggregation), the shift from
single-cell to cluster-level selection, and the evolution of among-
cell division of labor.
We used gravity to select for primitive multicellularity in the

unicellular yeast Saccharomyces cerevisiae. Clusters of cells settle
through liquid more quickly than do single cells, allowing us to
easily select for clustering genotypes. Settling selection was chosen
not because it is widespread in nature, but rather because it is an
experimentally tractable method to select for larger size. Ten
replicate populations of initially isogenic S. cerevisiae were grown
in nutrient-rich liquid medium with shaking to stationary phase
(!109 cells/replicate population) before subculturing and daily
transfer to fresh medium. All replicate populations were allowed
to stand for 45 min before transfer to 10 mL fresh medium, during
which time cells settled toward the bottom of the culture tube.
Cells in the lower 100 !L were then transferred to fresh medium.
After the !rst week, we modi!ed the settling step to be more time
ef!cient by using 100 ! g, 10-s centrifugations of 1.5-mL sub-
samples from the shaken 10-mL tube to settle population fractions
for transfer to fresh medium. We expected these conditions to
select for clusters of cells, whether by postdivision adhesion or
by aggregation.

Results
We observed rapid increases in settling rate over the course of
selection. After 60 transfers, all populations were dominated by
roughly spherical snow"ake-like phenotypes consisting of multiple
attached cells (Fig. 1 and Figs. S1 and S2).We veri!ed the selective
bene!t of the snow"ake phenotype, showing that it has a 34%
!tness advantage over individual cells under the selection con-
ditions (Fig. 2A; t9 = 4.53, P = 0.004, one-sided t test), whereas it
appears to suffer a 10% !tness cost in the absence of settling
selection (t9 = 1.92, P = 0.06, one-sided t test).
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gules, a juvenile phase, and determinate growth. The multicellular
clusters are uniclonal, minimizing within-cluster genetic con"icts of
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The evolution of multicellularity was transformative for life on
earth (1). In addition to larger size, multicellularity increased

biological complexity through the formation of new biological
structures. For example, multicellular organisms have evolved
sophisticated, higher-level functionality via cooperation among
component cells with complementary behaviors (2, 3). However,
dissolution and death of multicellular individuals occurs when
cooperation breaks down, cancer being a prime example (4).
There are multiple mechanisms to help ensure cooperation of
component cells in most extant multicellular species (5–8), but the
origin and the maintenance of multicellularity are two distinct
evolutionary problems. Component cells in a nascent multicellular
organism would appear to have frequent opportunities to pursue
noncooperative reproductive strategies at a cost to the reproduc-
tion of the multicellular individual. How, then, does the transition
to multicellularity occur?
Understanding the evolution of complex multicellular individ-

uals from unicellular ancestors has been extremely challenging,
largely because the !rst steps in this process occurred in the deep
past (>200million years ago) (9, 10). As a result, transitional forms
have been lost to extinction, and little is known about the physi-
ology, ecology, and evolutionary processes of incipient multicel-
lularity (11). Nonetheless, several key steps have been identi!ed
for this transition. Because multicellular organisms are composed
of multiple cells, the !rst step in this transition was likely the
evolution of genotypes that form simple cellular clusters (1, 3, 12–
16). It is not known whether this occurs more readily although
aggregation of genetically distinct cells, as in bio!lms, or by
mother–daughter cell adhesion after division. Once simple clusters
have evolved, selection among multicelled clusters must pre-
dominate over selection among single cells within clusters (1, 15,
17, 18). The mode of cluster formation may affect the occurrence
of this shift. Aggregation of genetically distinct free-living cells
could lead to con"icts of interest among cells within the cluster,
potentially inhibiting adaptation in cluster-level traits (6, 19, 20).
Clusters that are formed via postdivision adhesion are uniclonal and
thus avoid this potential con"ict. Finally, for cellular differentiation

to evolve, division of labor among cells within a cluster must in-
crease cluster-level !tness (15, 21–23).
Prior experimental work with de novo transitions to multicel-

lularity have focused mainly on the ecological conditions that
would favor the evolution of cellular clusters. Boraas et al. (16)
have shown that predation by a small-mouthed ciliate results in the
evolution of eight-celled clusters of the previously single-celled
algae Chlorella. Koschwanez et al. (18) have shown that metabolic
cooperation among cluster-forming yeast allows them to grow at
low densities prohibitive to growth of single-celled yeast. However,
previous work has not systematically examined the de novo evo-
lution of cellular clusters and their subsequent multicellular evo-
lution. Here we use experimental evolution to directly explore the
evolution of early multicellularity, focusing on the mode of cluster
formation (postdivision adhesion vs. aggregation), the shift from
single-cell to cluster-level selection, and the evolution of among-
cell division of labor.
We used gravity to select for primitive multicellularity in the

unicellular yeast Saccharomyces cerevisiae. Clusters of cells settle
through liquid more quickly than do single cells, allowing us to
easily select for clustering genotypes. Settling selection was chosen
not because it is widespread in nature, but rather because it is an
experimentally tractable method to select for larger size. Ten
replicate populations of initially isogenic S. cerevisiae were grown
in nutrient-rich liquid medium with shaking to stationary phase
(!109 cells/replicate population) before subculturing and daily
transfer to fresh medium. All replicate populations were allowed
to stand for 45 min before transfer to 10 mL fresh medium, during
which time cells settled toward the bottom of the culture tube.
Cells in the lower 100 !L were then transferred to fresh medium.
After the !rst week, we modi!ed the settling step to be more time
ef!cient by using 100 ! g, 10-s centrifugations of 1.5-mL sub-
samples from the shaken 10-mL tube to settle population fractions
for transfer to fresh medium. We expected these conditions to
select for clusters of cells, whether by postdivision adhesion or
by aggregation.

Results
We observed rapid increases in settling rate over the course of
selection. After 60 transfers, all populations were dominated by
roughly spherical snow"ake-like phenotypes consisting of multiple
attached cells (Fig. 1 and Figs. S1 and S2).We veri!ed the selective
bene!t of the snow"ake phenotype, showing that it has a 34%
!tness advantage over individual cells under the selection con-
ditions (Fig. 2A; t9 = 4.53, P = 0.004, one-sided t test), whereas it
appears to suffer a 10% !tness cost in the absence of settling
selection (t9 = 1.92, P = 0.06, one-sided t test).
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Multicellularity was one of the most signi!cant innovations in the
history of life, but its initial evolution remains poorly understood.
Using experimental evolution, we show that key steps in this tran-
sition could have occurred quickly. We subjected the unicellular
yeast Saccharomyces cerevisiae to an environment in which we
expected multicellularity to be adaptive. We observed the rapid
evolution of clustering genotypes that display a novel multicellular
life history characterized by reproduction via multicellular propa-
gules, a juvenile phase, and determinate growth. The multicellular
clusters are uniclonal, minimizing within-cluster genetic con"icts of
interest. Simple among-cell division of labor rapidly evolved. Early
multicellular strains were composed of physiologically similar cells,
but these subsequently evolved higher rates of programmed cell
death (apoptosis), an adaptation that increases propagule produc-
tion. These results show that key aspects ofmulticellular complexity,
a subject of central importance to biology, can readily evolve from
unicellular eukaryotes.

complexity | cooperation | major transitions | individuality |
macro evolution

The evolution of multicellularity was transformative for life on
earth (1). In addition to larger size, multicellularity increased

biological complexity through the formation of new biological
structures. For example, multicellular organisms have evolved
sophisticated, higher-level functionality via cooperation among
component cells with complementary behaviors (2, 3). However,
dissolution and death of multicellular individuals occurs when
cooperation breaks down, cancer being a prime example (4).
There are multiple mechanisms to help ensure cooperation of
component cells in most extant multicellular species (5–8), but the
origin and the maintenance of multicellularity are two distinct
evolutionary problems. Component cells in a nascent multicellular
organism would appear to have frequent opportunities to pursue
noncooperative reproductive strategies at a cost to the reproduc-
tion of the multicellular individual. How, then, does the transition
to multicellularity occur?
Understanding the evolution of complex multicellular individ-

uals from unicellular ancestors has been extremely challenging,
largely because the !rst steps in this process occurred in the deep
past (>200million years ago) (9, 10). As a result, transitional forms
have been lost to extinction, and little is known about the physi-
ology, ecology, and evolutionary processes of incipient multicel-
lularity (11). Nonetheless, several key steps have been identi!ed
for this transition. Because multicellular organisms are composed
of multiple cells, the !rst step in this transition was likely the
evolution of genotypes that form simple cellular clusters (1, 3, 12–
16). It is not known whether this occurs more readily although
aggregation of genetically distinct cells, as in bio!lms, or by
mother–daughter cell adhesion after division. Once simple clusters
have evolved, selection among multicelled clusters must pre-
dominate over selection among single cells within clusters (1, 15,
17, 18). The mode of cluster formation may affect the occurrence
of this shift. Aggregation of genetically distinct free-living cells
could lead to con"icts of interest among cells within the cluster,
potentially inhibiting adaptation in cluster-level traits (6, 19, 20).
Clusters that are formed via postdivision adhesion are uniclonal and
thus avoid this potential con"ict. Finally, for cellular differentiation

to evolve, division of labor among cells within a cluster must in-
crease cluster-level !tness (15, 21–23).
Prior experimental work with de novo transitions to multicel-

lularity have focused mainly on the ecological conditions that
would favor the evolution of cellular clusters. Boraas et al. (16)
have shown that predation by a small-mouthed ciliate results in the
evolution of eight-celled clusters of the previously single-celled
algae Chlorella. Koschwanez et al. (18) have shown that metabolic
cooperation among cluster-forming yeast allows them to grow at
low densities prohibitive to growth of single-celled yeast. However,
previous work has not systematically examined the de novo evo-
lution of cellular clusters and their subsequent multicellular evo-
lution. Here we use experimental evolution to directly explore the
evolution of early multicellularity, focusing on the mode of cluster
formation (postdivision adhesion vs. aggregation), the shift from
single-cell to cluster-level selection, and the evolution of among-
cell division of labor.
We used gravity to select for primitive multicellularity in the

unicellular yeast Saccharomyces cerevisiae. Clusters of cells settle
through liquid more quickly than do single cells, allowing us to
easily select for clustering genotypes. Settling selection was chosen
not because it is widespread in nature, but rather because it is an
experimentally tractable method to select for larger size. Ten
replicate populations of initially isogenic S. cerevisiae were grown
in nutrient-rich liquid medium with shaking to stationary phase
(!109 cells/replicate population) before subculturing and daily
transfer to fresh medium. All replicate populations were allowed
to stand for 45 min before transfer to 10 mL fresh medium, during
which time cells settled toward the bottom of the culture tube.
Cells in the lower 100 !L were then transferred to fresh medium.
After the !rst week, we modi!ed the settling step to be more time
ef!cient by using 100 ! g, 10-s centrifugations of 1.5-mL sub-
samples from the shaken 10-mL tube to settle population fractions
for transfer to fresh medium. We expected these conditions to
select for clusters of cells, whether by postdivision adhesion or
by aggregation.

Results
We observed rapid increases in settling rate over the course of
selection. After 60 transfers, all populations were dominated by
roughly spherical snow"ake-like phenotypes consisting of multiple
attached cells (Fig. 1 and Figs. S1 and S2).We veri!ed the selective
bene!t of the snow"ake phenotype, showing that it has a 34%
!tness advantage over individual cells under the selection con-
ditions (Fig. 2A; t9 = 4.53, P = 0.004, one-sided t test), whereas it
appears to suffer a 10% !tness cost in the absence of settling
selection (t9 = 1.92, P = 0.06, one-sided t test).

Author contributions: W.C.R., R.F.D., and M.T. designed research; W.C.R. performed re-
search; W.C.R., R.F.D., M.B., and M.T. analyzed data; and W.C.R., R.F.D., M.B., and M.T.
wrote the paper.

The authors declare no con!ict of interest.

*This Direct Submission article had a prearranged editor.

Freely available online through the PNAS open access option.
1To whom correspondence should be addressed. E-mail: ratcl009@umn.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1115323109/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1115323109 PNAS Early Edition | 1 of 6

EV
O
LU

TI
O
N

2012

107 - 108

Population size

15



Ratcliff, Denison, Borrello, & Travisano. 2012. PNAS

16



Ratcliff, Denison, Borrello, & Travisano. 2012. PNAS

16



Ratcliff, Denison, Borrello, & Travisano. 2012. PNAS

16



selection scheme

24 hour, shaking
incubation

Ratcliff, Denison, Borrello, & Travisano. 2012. PNAS
17



selection scheme

24 hour, shaking
incubation

centrifuge 100g
for 10 seconds

Ratcliff, Denison, Borrello, & Travisano. 2012. PNAS
17



selection scheme

24 hour, shaking
incubation

centrifuge 100g
for 10 seconds

discard upper
93% of media

Ratcliff, Denison, Borrello, & Travisano. 2012. PNAS
17



selection scheme

24 hour, shaking
incubation

centrifuge 100g
for 10 seconds

discard upper
93% of media transfer to fresh

media

Ratcliff, Denison, Borrello, & Travisano. 2012. PNAS
17



evolution of rapid settling
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Two routes to faster settling
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large-celled genotype

Ratcliff, Denison, Borrello, & Travisano. 2012. PNAS

20



Characteristics of multicellularity

21



Characteristics of multicellularity

• Physical adhesion between cells

21



Characteristics of multicellularity

• Physical adhesion between cells
• Multicellular life-history

21



Characteristics of multicellularity

• Physical adhesion between cells
• Multicellular life-history
	
 - reproduction

21



Characteristics of multicellularity

• Physical adhesion between cells
• Multicellular life-history
	
 - reproduction
	
 - juvenile and adult stages

21



Characteristics of multicellularity

• Physical adhesion between cells
• Multicellular life-history
	
 - reproduction
	
 - juvenile and adult stages
• Life history responds to selection

21



Characteristics of multicellularity

• Physical adhesion between cells
• Multicellular life-history
	
 - reproduction
	
 - juvenile and adult stages
• Life history responds to selection
• Division of labor among cells

21



Modes for Evolution of Multicellularity

coming together staying together
22



Modes for Evolution of Multicellularity

unicellular 
wild type

floc  +
Queller, 2008

coming together staying together
22



Modes for Evolution of Multicellularity

unicellular 
wild type

floc  +
snowflake phenotype clusterQueller, 2008

coming together staying together

Ratcliff, Denison, Borrello, & Travisano. 2012

22



Modes for Evolution of Multicellularity

unicellular 
wild type

floc  +
snowflake phenotype clusterQueller, 2008

coming together staying together

Ratcliff, Denison, Borrello, & Travisano. 2012

22



‘bud scar’ 
attachment

Ratcliff, Denison, Borrello, & Travisano. 2012. PNAS
23



Ratcliff, Denison, Borrello, & Travisano. 2012. PNAS
24



single cells regenerate clusters

Ratcliff, Denison, Borrello, & Travisano. 2012. PNAS
25



single cells regenerate clusters

Ratcliff, Denison, Borrello, & Travisano. 2012. PNAS
25



Molecular Mechanism

ACE2 TF activity 
impaired but 
where?

Fluorescent micrograph of 
Saccharomyces cerevisiae 
Green: Septum
Red: Cell outline 

Spitfire ch, Philippsen Lab, 
Biozentrum Basel (2006)

26



Molecular Mechanism

ACE2 TF activity 
impaired but 
where?

1.RAM Complex 
Cbk1+Mob2…
M-phase specific 
activation of ACE2

Fluorescent micrograph of 
Saccharomyces cerevisiae 
Green: Septum
Red: Cell outline 

Spitfire ch, Philippsen Lab, 
Biozentrum Basel (2006)

26



Molecular Mechanism

ACE2 TF activity 
impaired but 
where?

1.RAM Complex 
Cbk1+Mob2…
M-phase specific 
activation of ACE2

2. ACE2 is exported from the  
mother nucleus  and localized 
in the daughter cell nucleus 
(O’Conallain et.al. 1999)

Fluorescent micrograph of 
Saccharomyces cerevisiae 
Green: Septum
Red: Cell outline 

Spitfire ch, Philippsen Lab, 
Biozentrum Basel (2006)

26



Molecular Mechanism

ACE2 TF activity 
impaired but 
where?

1.RAM Complex 
Cbk1+Mob2…
M-phase specific 
activation of ACE2

2. ACE2 is exported from the  
mother nucleus  and localized 
in the daughter cell nucleus 
(O’Conallain et.al. 1999)

3. ACE2 activates 
CTS1 and DSE1/2 
among others in 
daughter cell G1 
phase

Fluorescent micrograph of 
Saccharomyces cerevisiae 
Green: Septum
Red: Cell outline 

Spitfire ch, Philippsen Lab, 
Biozentrum Basel (2006)

26



Molecular Mechanism

ACE2 TF activity 
impaired but 
where?

1.RAM Complex 
Cbk1+Mob2…
M-phase specific 
activation of ACE2

2. ACE2 is exported from the  
mother nucleus  and localized 
in the daughter cell nucleus 
(O’Conallain et.al. 1999)

3. ACE2 activates 
CTS1 and DSE1/2 
among others in 
daughter cell G1 
phase

4. CTS1 is an 
endochitnase and 
DSE2 is a glucanase to 
degrade the septum

Fluorescent micrograph of 
Saccharomyces cerevisiae 
Green: Septum
Red: Cell outline 

Spitfire ch, Philippsen Lab, 
Biozentrum Basel (2006)

26



Molecular Mechanism

ACE2 TF activity 
impaired but 
where?

1.RAM Complex 
Cbk1+Mob2…
M-phase specific 
activation of ACE2

2. ACE2 is exported from the  
mother nucleus  and localized 
in the daughter cell nucleus 
(O’Conallain et.al. 1999)

3. ACE2 activates 
CTS1 and DSE1/2 
among others in 
daughter cell G1 
phase

4. CTS1 is an 
endochitnase and 
DSE2 is a glucanase to 
degrade the septum

Fluorescent micrograph of 
Saccharomyces cerevisiae 
Green: Septum
Red: Cell outline 

Spitfire ch, Philippsen Lab, 
Biozentrum Basel (2006)

26



Are snowflake yeast multicellular?

27



Are snowflake yeast multicellular?
• physical adhesion between cells

27



Are snowflake yeast multicellular?
• physical adhesion between cells
• multicellular life-history

27



Are snowflake yeast multicellular?
• physical adhesion between cells
• multicellular life-history
	
 - Reproduction

27



Ratcliff, Denison, Borrello, & Travisano. 2012. PNAS
28



Ratcliff, Denison, Borrello, & Travisano. 2012. PNAS
28



Ratcliff, Denison, Borrello, & Travisano. 2012. PNAS
29



Ratcliff, Denison, Borrello, & Travisano. 2012. PNAS
29



Offspring are functionally juvenile

30



Offspring are functionally juvenile

reproductionmaturation

30



Offspring are functionally juvenile

parental size at 
reproduction

offspring size

reproductionmaturation

30



• physical adhesion between cells
• multicellular life-history
	
 -Reproduction
	
 -juvenile and adult stages

Are snowflake yeast multicellular?

31



• physical adhesion between cells
• multicellular life-history
	
 - Reproduction
	
 - juvenile and adult stages
• Life history responds to selection

Are snowflake yeast multicellular?

32



• physical adhesion between cells
• multicellular life-history
	
 - Reproduction
	
 - juvenile and adult stages
• Life history responds to selection

“Major transitions [i.e. multicellularity] are major stages in 
the evolution of complexity that involve a change in the 
level of organization, and hence the level of selection.”

Maynard Smith and Szathmary, 1995

Are snowflake yeast multicellular?
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3. How? Not directly predicted 
by Natural Selection.

Questions about multicellularity

3. How? Not directly predicted
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Using a simple model, my project seeks to understand central questions about
the evolution of complexity. As it is widely known, the whole is more than the
sum of its parts. Thus, understanding the parts is insufficient to understand the
whole. The study system is multicellular yeast strains obtained via experimental
evolution. It is a tractable system with a known evolutionary history, providing a
great model to study the integration of new parts (cells) to form a new individual
(a multicellular one). My project addresses questions like: How are these parts
organized and how do different parts interact to form a whole? But also, what
are the evolutionary implications of such organization? Parts in recent
evolutionary discussions have been named modules. Modules are at the same
time coherent integrated units and autonomous to certain degree. I am
interested in how these properties of modules affect the evolution of the
organism as a whole. To address these questions I am evaluating the response
of the multicellular organism to different stresses. 
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