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Biology is marked by a hierarchical organization: all life consists of cells; in some cases, these cells assemble
into groups, such as endosymbionts or multicellular organisms; in turn, multicellular organisms sometimes
assemble into yet other groups, such as primate societies or ant colonies. The construction of new organizational
layers results from hierarchical evolutionary transitions, in which biological units (e.g., cells) form groups that
evolve into new units of biological organization (e.g., multicellular organisms). Despite considerable advances,
there is no bottom-up, dynamical account of how, starting from the solitary ancestor, the first groups
originate and subsequently evolve the organizing principles that qualify them as new units. Guided by six
central questions, we propose an integrative bottom-up approach for studying the dynamics underlying
hierarchical evolutionary transitions, which builds on and synthesizes existing knowledge. This approach
highlights the crucial role of the ecology and development of the solitary ancestor in the emergence and
subsequent evolution of groups, and it stresses the paramount importance of the life cycle: only by
evaluating groups in the context of their life cycle can we unravel the evolutionary trajectory of hierarchical
transitions. These insights also provide a starting point for understanding the types of subsequent
organizational complexity. The central research questions outlined here naturally link existing research
programs on biological construction (e.g., on cooperation, multilevel selection, self-organization, and
development) and thereby help integrate knowledge stemming from diverse fields of biology.
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From a primordial soup of elements to the emergence
of protocells, from single cells to multicellular organ-
isms, and frommulticellular organisms to animal groups,
evolution has been punctuated by hierarchical evolu-
tionary transitions (HET), whereby simple units assem-
bled into groups that themselves became new units
of biological organization (1–4). The popularization of
these HET [also known as transitions in individuality (2,
5)] as part of the “major transitions in evolution” by
Maynard Smith and Szathmáry (3), resulted in extensive
research efforts—both empirical and theoretical—to un-
derstand how new units of biological organization can
evolve. However, this endeavor has proved challenging,
not least because a unique definition for what consti-
tutes a unit of biological organization has eluded the
field; instead, the literature abounds with definitions that
differ in theminimal criteria for a group to be considered
a unit of biological organization (SI Appendix, Text S1,
Fig. S1, and Table S1). There seem to be only two points

of general agreement: (i) a necessary criterion, common
to all definitions, for a group to be a unit of biological
organization is that the groupmust be a unit of selection
(i.e., it can undergo evolutionary change by natural se-
lection) (SI Appendix, Text S1); and (ii) there are certain
entities that are unambiguously units of biological orga-
nization (e.g., animals, plants, eusocial colonies). This
has engendered a “top-down” approach for the study
of HET that starts with such paradigmatic examples of
biological units, identifies their properties (e.g., high
level of cooperation, reduced conflict, differentiated types,
metabolic specialization) (SI Appendix, Text S1), and
explores how a group could have evolved each of these
properties.While this approach has revealed a wealth of
valuable insights, we argue that it is insufficient to under-
stand the origin and evolution of HET.

This type of top-down approach to the study of
HET runs into two critical problems. First, by focusing
on properties of groups that qualify as paradigmatic
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examples of biological units, studies largely ignore the ancestor,
including its internal organization and properties, the ecological
context, and the mechanisms that gave rise to the primitive
instantiations of those groups (6–8). As a consequence, it often
remains unclear how the organization of the group—including the
properties of interest—originated from that of the ancestor, mak-
ing it impossible to fully unravel the evolutionary trajectory from
the solitary ancestor to a new unit of biological organization (9–
12): Which organizing principles and properties (e.g., differentia-
tion, conflict suppression, metabolic specialization, cooperation)
evolved de novo and which appeared as by-products due to
strong interdependencies? What was the order in which organiz-
ing principles evolved? How did the organization at one point in
time constrain or potentiate the evolution of new organizing prin-
ciples? What is the relative importance of various factors (e.g.,
ecological context, conflict avoidance, development/physiology/
life history traits) for the evolution of new organizing principles?
What types of organizing complexity can emerge from different
ancestral properties and evolutionary trajectories?

Second, in addition to ignoring the ancestral properties, by
fixating on certain properties common to the known paradigmatic
examples of HET, the top-down approach fails to explore the full
potential of evolutionary trajectories and transitions, not only the
paradigmatic but also the peripheral, and not only the actual (i.e.,
realized) but also the possible (13). This likely paints an incomplete
picture of HET and precludes a valuable comparison across po-
tential evolutionary transitions: only by comparing their full spec-
trum can we determine the causal factors that explain why certain
trajectories did result in new units of biological organization and
others did not (14).

Here we identify six questions, Q1–Q6, that, regardless of the
definition for what constitutes a new unit of biological organiza-
tion, need to be addressed in a bottom-up approach to the study
of HET:

Q1: When/how does a group originate that has the potential to
undergo a HET?

Q2: What emergent properties do these groups have? (For
example, in the case of multicellular groups: group size, com-
position, shape, and the interactions of cells inside the group,
including cooperative interactions.)

Q3: How does selection act on these properties?

Q4: How does this affect the ancestral developmental program(s)
and change group properties? Selection is only effective when
group properties emerge from a heritable developmental pro-
gram. In the case of newly formed groups, the developmental
program is that of the solitary ancestor(s) that make up the
group. Selection will therefore exert its effect by affecting the
ancestral developmental program(s).

Q5: When/how does this lead to novel organizing/develop-
mental principles within the new unit? (For example, in the case
of multicellular groups: differential adhesion, pattern formation
and cell signaling.)

Q6: What kinds of organizing complexity can evolve?

These questions separate the origination of the first group
and group properties (Q1–Q2) from the selective pressures that
underlie the conservation and further evolution of the group (Q3–
Q6). This conceptual distinction helps disentangle the causal factors
underlying HET; yet, importantly, it does not imply that these pro-
cesses occur sequentially, since groups can have an instantaneous

selective benefit upon their origination. Guided by these six questions,
in this Perspective we propose a bottom-up approach to study the
dynamics underlying HET, which builds on and integrates knowl-
edge from existing research programs on biological construction:
phylogenetic (12, 15–18), empirical (e.g., experimental evolution,
developmental biology, sociobiology) (10, 19–22), and theoretical
(e.g., on multilevel-selection, cooperation, self-organization) (4, 14,
23–29) (see also SI Appendix, Text S2). We illustrate this approach
by focusing on the transition to multicellularity, but we showcase its
wide applicability by briefly discussing the evolution of animal soci-
ality in Other HET, below, and SI Appendix, Text S4.

Bottom-Up Approach
Through his work on multicellularity, John T. Bonner was one of
the first to study evolutionary transitions in biological organization
(1, 30). Bonner focused in particular on the role of the life cycle in
the HET to multicellularity (30). He argued that the life cycle en-
capsulates all properties needed for the potential to evolve by
natural selection (1) (i.e., reproduction and heritable variation) and
considered the life cycle, and not the organism, to be the unit of
biology (30) (SI Appendix, Text S3). With this view, biological
entities (including groups) have the potential to be a unit of se-
lection if and only if they are part of a life cycle. For example, if a
cell acquires a mutation that makes it stick to its daughters after
division (e.g., ref. 31), a group life cycle arises, in which cells form
clumps that occasionally might break and give rise to new clumps.
Over evolutionary time, these clumps could evolve new properties.
Groups could also arise as part of the ancestral life cycle. In fact, an
increasing number of studies show that groups are often expressed
as facultative life stages—triggered by specific environmental con-
ditions—in life cycles of otherwise solitary organisms (32). For ex-
ample, Chlamydomonas reinhardtii, a close relative (i.e., sharing a
recent common ancestor) of the multicellular volvocine green algae
(33, 34), lives as a unicellular organism, but can induce stickiness and
form groups in response to its natural predator Peranema tricho-
phorum (35). Similarly, Capsaspora owczarzaki, a close relative of the
metazoans, can form facultative aggregates in response to environ-
mental stress (36). Even in endosymbioses, facultative associations
between the symbiotic partners are hypothesized to have preceded
obligate relationships (37).

Following these arguments, henceforth we will define a group
as having the potential to undergo a HET (i.e., the potential to be
a unit of selection) only when it is part of a life cycle, either as a
reproducible life stage in the life cycle of the solitary precursor or
as part of a life cycle in which the solitary life stage is effectively
absent (i.e., groups that propagate by fragmentation) (see also
refs. 38 and 39 and SI Appendix, Text S1). The reproducibility
requirement pertains strictly to the act of group formation; for all
other group properties, such as composition, size, or shape, we
allow for potentially low or no reproducibility (for the purpose of
this Perspective we distinguish between heritable material and
reproducible properties; see Table 1). Therefore, according to this
definition, one cannot establish a group’s potential to undergo a
HET by examining its properties at a given moment in time; in-
stead, one has to trace the group and its descendants over time to
determine the reproducibility of group formation. Furthermore,
we do not require the group to be formed in every successive
instantiation of the life cycle (henceforth generation), only that it is
formed sufficiently frequently for selection to potentially act on
the group stage. For example, a group could be expressed as a
facultative life stage only in response to certain recurrent envi-
ronmental conditions, as in the examples above.

To determine if groups are part of a life cycle, one needs to
determine what constitutes the life cycle (SI Appendix, Text S3).
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This might seem a trivial task when thinking of the paradigmatic
examples of biological organization (animals and plants), but it
can be surprisingly difficult in general. Soil-dwelling unicellular
organisms are a case in point: in the absence of information about
their environment, the life cycle of single cells could be described
by their division cycle; but many soil organisms are exposed to
fluctuating environmental conditions, such as feast–famine cycles,
where short periods of food availability are alternated with long
periods of starvation. One could therefore argue that the feast-
and-famine cycle, not the division cycle, determines the life cycle
of these unicellular organisms. Thus, the feedback between the
ecological context (biotic and abiotic interactions; also referred
to below as the ecology) and development gives rise to the
recurrent trait appearances that characterize the life cycle. Conse-
quently, one can only evaluate life cycles accurately in the appro-
priate ecological context.

(Q1) Origination of a Group with the Potential to Undergo a

HET. Starting from the above definition of what constitutes a
group with the potential to undergo a HET, we can examine the
conditions necessary for its origination: first, something should
trigger group formation; second, group formation should be re-
producible across generations, either as an obligatory or as a
facultative life stage. We discriminate between two scenarios that
could trigger the appearance of the first group stage within a life
cycle (SI Appendix, Fig. S2): (i) the ecology-first scenario, in which
an ecological change results in the origination of the first group;
and (ii) the mutation-first scenario, in which a genetic change re-
sults in the origination of the first group. Both scenarios pertain
only to the mechanism that underlies the origination of the first
groups, not to the selection pressures that might favor or oppose
such groups.

In the ecology-first scenario, an ecological change (either
biotic or abiotic) acts on preexisting cellular properties to lead to
the formation of a group (19, 40). This can happen in many ways.
For example, cells might be exposed to an atypical ecological
condition that results in the overexpression (via regulatory in-
duction) of a set of proteins. Many proteins carry promiscuous
functions (41), such as weak adhesive properties [e.g., proteins
involved in phagocytosis (16, 42)]; the overexpression of such
proteins could lead to enhanced adhesion that would enable cell-
to-cell attachment resulting in group formation. Thus, in this sce-
nario, an ecological change is responsible for triggering group
formation by acting on the preexisting plastic response of the sol-
itary ancestor. Crucially, the ecological change should persist or
reoccur sufficiently often to support the reproducibility of group

formation across generations. It is important to note that here the
role of ecology is distinct from the one typically considered in
studies on HET: while most studies only consider the ecology when
it comes to the selection pressures that favor group formation (e.g.,
ecological benefits) (see ref. 43), we emphasize that the ecology
can also play a critical role in triggering and supporting the origi-
nation of the first group life cycles. We also consider the selective
(dis)advantages of group formation, but we do so later, in Q3. As
noted above, this conceptual separation is not meant to imply that
the selective benefits only arise after the origination of the group,
since groups can carry instantaneous benefits upon their origina-
tion; rather, it is done with the explicit purpose of highlighting the
largely ignored, nonselective role that the ecology can play in
group origination.

In the mutation-first scenario, a genetic change triggers group
formation in a preexisting ecological context. This can also occur
in many ways. For example, a genetic mutation could block the
expression of an enzyme necessary for hydrolyzing the cell wall at
the end of cytokinesis [e.g., a mutation in CTS1, a gene encoding
for a chitinase that mediates cell separation in Saccharomyces
cerevisiae (44)]. Then cells would remain attached after cell di-
vision and give rise to cell clumps. These clumps could grow and
fragment under mechanical stress, thereby giving rise to a group
life cycle (31). If the mutation is conditional on the environmental
context, in that it only blocks the expression of the hydrolyzing en-
zyme under certain conditions [e.g., the conditional repression of
autolysins in Bacillus subtilis (45)], environmental fluctuations might
support a life cycle that alternates between a solitary life stage and a
group life stage. Thus, although in this scenario ecological changes
are not the primary cause for the origination of group formation,
they can still play an important role in the emergent group life cycle
and the reproducibility of the group stage.

Fig. 1 gives an overview of the life-cycle motifs that could
emerge upon origination of a group life stage (triggered by either
ecological or genetic changes). These motifs represent the sim-
plest possible life cycles (which could be part of more complex
ones; see ref. 46) and they are categorized based on a few criteria
(compare with figure S2 in ref. 4): (i) the presence/absence of the
solitary life stage, (ii) the mechanism by which groups are formed,
and (iii) the life stage at which cell division occurs (necessary to
support the propagation of the life cycle). These criteria can be
further extended to specify, for example, whether the group life
stage is obligatory or facultatively expressed; how transitions be-
tween life stages take place (e.g., dispersal, sexual reproduc-
tion); or whether the solitary and group life stages coexist in time
and space [e.g., when grouping is triggered by a change in ecological

Table 1. Definitions as used in this Perspective

Term Definition

Unit of biological organization Multiple definitions (see SI Appendix, Text S1, Fig. S1 and Table S1).
Life cycle The cycle of phenotypic properties that reoccurs every generation [not all properties need to reoccur (see SI Appendix,

Text S3)].
Group with potential to

undergo a HET
Group that is part of a life cycle, such that the act of group formation is reproducible across subsequent instantiations of

the life cycle.
Development The intrinsic processes underlying an organism´s temporal and spatial organization. (Not confined to a particular life stage;

encapsulates all processes underlying an organism’s life cycle, including solitary and potential group life stages).
Ecology Biotic (e.g., competitors, predators) and abiotic environment (e.g., temperature, nutrient availability).
Emergent properties Higher-level (e.g., group) properties that result from interactions between lower-level components (e.g., group members).
Heritable material Material transmitted from parent to offspring as a direct continuation (e.g., DNA, developmental program).
Reproducible properties Properties reconstructed in subsequent generations, as the product of the inherited material and the ecology.
Cooperation Expression of a costly phenotype that is beneficial to others (e.g., public-good production).
Conflict Expression of a beneficial phenotype that is costly to others (e.g., toxin production, social free-riding, parasitism,

competition).
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conditions, some cells might remain solitary; see Dictyostelium dis-
coideum (47)].

Consistent with Bonner (48), we discriminate between two
grouping mechanisms (see also SI Appendix, Text S2): cells can
either stay together (ST) due to incomplete cell separation after cell
division (i.e., clonal development), or they can come together (CT)
by means of aggregation (i.e., aggregative development) (4, 26, 49,
50). ST can take many forms: for example, cells could have in-
complete cytokinesis, in which the cell walls at the division plane
remain fused (44); a daughter cell could be engulfed by the mother
cell during cell division (51); coenocytic filamentous cells could
cellularize through septa formation (52); cells could undergo com-
plete cell division, but remain attached due to adhesive molecules
(53); and so forth. Similarly, CT can also take many forms: for ex-
ample, cells can aggregate via chemotaxis (54), by binding a
common surface (55), or by binding each other (35). Most forms of
aggregation are mediated by soluble or membrane-bound adhe-
sive molecules, such as extracellular polysaccharides, protein fibers,
and adhesion receptors. ST and CT mechanisms can also be
combined: for example, cells (clonal or mixed) could aggregate on
a surface to form a group and subsequently undergo cell division
without cell separation (22, 55).

Cells in groups formed via ST are necessarily “similar” (since
they are clonal), while those in groups formed via CT can be similar
(e.g., same or related genotypes) or “different” (e.g., different
species). HET, in which group members are similar, are referred to
as fraternal transitions, while those in which group members are
different are referred to as egalitarian transitions (26). The bottom-
up approach we outline can be employed to study both cases but,
for simplicity of exposition, below we will focus on the fraternal
case; thus, in the case of CT, the aggregating cells will be either
clonal or at most of different genotypes of the same species.

Bonner (48) pointed out that all aquatic origins of multicellularity
arose via ST, while most terrestrial origins arose via CT. This shows
that the physics of the environment—for example, a relative lack of
surfaces that could support aggregative multicellularity in aquatic
systems—can constrain the possible grouping mechanisms, reem-
phasizing the diverse and critical roles of ecology in the origination
of groups.

(Q2) Emergent Group Properties. The origination of a group
with the potential to undergo a HET leads to the spontaneous
emergence of group properties that fall into three categories
(SI Appendix, Fig. S2).
Group formation. Multiple properties characterize group forma-
tion, such as the rate at which a group forms, its timing relative to
other events (e.g., the environmental fluctuations involved in
triggering group formation), its location in physical space, or its
efficiency. For example, a group that is triggered in response to
starvation could form more or less quickly depending on the
plastic response of individual cells to starvation (which could be
different due to both phenotypic and genotypic variability); it
could form in the same place where the cells starved, or elsewhere
if cells first migrate to more appropriate conditions; and it could
form more or less efficiently in terms of its inherent cohesion,
depending on the level of adhesiveness of each cell.
Group features. Group features emerge from the interactions
between member cells and depend on cell properties. There can
be many emergent group features, but here we briefly focus on
group size, group composition, within-group interactions, and
group shape. Group size is determined by the strength with which
cells adhere to each other: stronger adhesion results in less
fragmentation and hence bigger groups (56). Group composition
is determined by members that make up the group, which could

Fig. 1. Potential multicellular life cycles that could emerge upon the formation of the first multicellular groups. Categorization based on (i) existence
of single cell (S), (ii) mechanism of group formation (CT/ST), and (iii) life stage where cell division occurs. Two life cycles have a group life stage
formed by both CT and ST; here, aggregated cells divide inside the group. Arrows indicate cell division in solitary life stage, transition between
solitary and group life stages, and potential fragmentation of the group (dotted line). Images show examples of species with a life cycle
comparable to each life cycle motif. (Top to Bottom)D. discoideum, image courtesy of MJ Grimson and RL Blanton (17, 90), C. owczarzaki, image
adapted from ref. 36, B. subtilis (107, 108), Botryllus schlosseri, reprinted from ref. 109 with permission from Elsevier, Streptomyces coelicolor,
image courtesy of VM Zacharia and MF Traxler (52, 107), Schmidtea mediterranea asexual biotype CIW4, image adapted from ref. 110.
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be clonal or nonclonal (different genotypes). Within the group,
spontaneous interactions could emerge between cells. For ex-
ample, in groups consisting of multiple genotypes, cells might
spontaneously engage in antagonistic interactions via the pro-
duction of toxins, but they might also engage in metabolic inter-
actions, such as cross-feeding, whereby they exchange metabolites
that improve growth (57). Suchmutualistic interactions could further
influence the organization of the group by promoting genotypic
intermixing (58). In clonal groups (i.e., consisting of a single geno-
type), cells could spontaneously engage in a variety of interactions
as well (25), some of which could be cooperative (31). Clonal groups
could also spontaneously express phenotypic heterogeneity [e.g.,
via cell responses to local environmental gradients (see ref. 59)].
This capacity of cells to express phenotypic differences inside the
group is in most cases already latently present in the ancestor (60).
Solitary cells face a multitude of ecological challenges, which they
overcome by adjusting their phenotype: for example, cells can
express different metabolic pathways in response to the available
resources, becomemotile in search for food, or induce dormancy to
survive stress. The phenotypic states that the ancestor expresses in
time can become expressed in space when cells form a group (61).
Thus, the plasticity of the ancestor in response to its environment
will likely influence the propensity of cells to vary inside the group.
This phenotypic variability could even result in pattern formation if
cells respond to each other through extracellular signals (62). Fi-
nally, group shape can also be affected by member cells. Models
and experiments have shown that when cells differ in their adhesive
properties, simple morphogenic processes could emerge (e.g.,
cell sorting, engulfment, folding) that can influence group shape
(27, 63, 64). Differential adhesion is relevant to both clonal and
nonclonal groups.
Propagation. As part of a life cycle, groups need to propagate (SI
Appendix, Text S3) to prevent the life cycle from ending with the
group stage. Propagation can take many forms: groups might
release single cells, they might shed fragments or fission, or they
might dissolve altogether. The mode and rate of propagule pro-
duction depend on the viscoelastic properties of the group as well
as on the environmental conditions (65). For example, when
groups are exposed to stronger shear stresses, they are expected
to shed more propagules. The processes of propagule production
and group formation are antagonistic (21, 66, 67): whereas the
latter requires the attachment of cells, the former relies on their
separation. This was experimentally illustrated in Vibrio cholerae
(68): constitutive production of extracellular matrix enhanced group
formation and growth due to cells firmly sticking together, but
dramatically reduced propagule production. The trade-off between
group formation and propagule production is just one of the many
possible interdependencies that might characterize the first groups.

(Q3 and Q4) Selection and New Emergent Properties. Selec-
tion could act on any of the emergent group properties and, due
to interdependencies, indirectly affect others. For example, when
there is selection for bigger group sizes, cells that produce more
adhesive molecules might be favored, which strengthens their
cohesion (56). This increased adhesiveness is likely to affect the
group composition as well: for example, cells might start to sort
based on their adhesive properties (69) or they might bind to
nonadhesive cells in the environment. Increased adhesiveness
can also change the group shape: for instance, adhesive mole-
cules might alter the growth dynamics of the group (70) or change
its viscoelastic properties (71), thereby changing the group re-
sponse to external mechanical forces (e.g., shear stress). Finally, as
mentioned above, increased adhesiveness can also influence
propagule production: for example, adhesive molecules might

decrease the rate of propagule production (68) and increase
propagule size (65). Thus, selection for one property—group size—is
likely to have consequences for many other group properties
as well, some of which could be deleterious (e.g., reduced
propagule production). Such interdependencies make it difficult
to discriminate a posteriori between properties that were favored
by selection and those that emerged as side-effects. For instance,
in the study of HET, it is often claimed that the single-cell bot-
tleneck evolved because it results in strict genetic homogeneity
and, thereby, prevents conflict. However, the single-cell bottle-
neck might just as well be conserved because it can promote
reproduction (72), improve dispersal (20, 21), support reliable
development (73), or because it is simply associated with one of
the ancestral life stages (e.g., syngamy) (74); this would lead to
strict genetic homogeneity as an inevitable side-effect, even when
it is not strictly required to prevent within-group conflict (75).

If trade-offs between group properties are deleterious to the life
cycle, such as the one between group formation and propagule
production, selection could favor mutations that overcome these
trade-offs. This was demonstrated experimentally in Pseudomonas
aeruginosa (21) by exposing it to a life-cycle regime in which cells
had to alternate between two life stages: one in which group for-
mation (i.e., adhesive cells) was favored and one in which propagule
production (i.e., nonadhesive cells) was favored. Under this selec-
tion regime, cells evolved a surprising molecular trick to overcome
the trade-off between group formation and propagule production.
They increased mutation rates that—via frameshift mutations in a
specific genomic region—facilitated the alternation between ad-
hesive and nonadhesive phenotypic states. Consequently, groups
always produced nonadhesive propagules, while a fraction of the
propagules always reverted to group formation. Another solution to
overcome this group formation–propagule production trade-off is
regulation, as is the case inmany strains of V. cholerae. These strains
regulate matrix production based on nutrient availability (76): cells
stimulate matrix production and stick together in good conditions,
but inhibit matrix production and secrete enzymes that digest the
remaining matrix to allow dispersal when conditions deteriorate.

The properties of the first groups are not only expected to be
interdependent, but also to vary considerably across generations
(4, 63, 77). In the relative absence of developmental control,
groups are likely to be sensitive to small environmental pertur-
bations. For example, a small change in the shear stress could
affect the group size, group shape, and rate of propagule pro-
duction. An important selective target might therefore be the
reproducibility of group properties (4): selection in favor of de-
velopmental mechanisms that improve the reproducibility of
beneficial group properties across generations (77). Selection for
reproducibility is, in effect, selection for developmental control,
since reproducible properties can evolve only to the extent that
group formation is under the control of a heritable developmental
program (78), whether it be encoded by a single or multiple ge-
nomes. Importantly, our bottom-up approach emphasizes that
reproducibility of group properties can evolve after the origin of
group formation, which only requires the act of group formation,
and not the group properties, to be reproducible across genera-
tions (see discussion of Q1). Beneficial properties that might first
be triggered by specific ecological conditions (i.e., facultatively
expressed), can—via the evolution of new developmental mech-
anisms—become part of the developmental program, and
therefore be expressed under a much wider range of conditions
(i.e., genetic assimilation) (79, 80). For example, selection might
favor groups that produce stress-resistant propagules. Initially,
these might only be produced under starvation, which triggers
sporulation as part of the ancestral developmental program.
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However, additional mutations might allow for quorum-sensing
signaling (81), which could facilitate sporulation to also be trig-
gered by high cell densities (i.e., bigger groups), even in the rel-
ative absence of starvation signals [in some colony-forming bacteria
sporulation indeed depends on quorum-sensing signals (for exam-
ple, see refs. 82 and 83)]. In the end, any developmental mechanism
that facilitates the robust expression of a beneficial group property,
over a large range of ecological conditions, is a mechanism that
improves reproducibility via a form of developmental canalization.

Developmental mechanisms that promote reproducibility can
also evolve in the presence of genetic diversity. For example, in
the case of symbiosis, a group property (e.g., cross-feeding) might
rely on the presence of two symbiotic partners, but might be
difficult to reproduce if these partners dissociate after group for-
mation and cannot re-establish a new group. Developmental
mechanisms that prevent genotypes from dissociating (e.g.,
mechanisms that promote vertical transmission of the symbiotic
partners) or promote their reestablishing a new group (e.g.,
partner-choice mechanisms) could improve the reproducibility of
group properties (37). There might also be selection against the
association of some genotypes. For example, if cooperation gives
rise to a group property, noncooperative genotypes could reduce
the fidelity with which this property is propagated across gener-
ations (e.g., noncooperating cells could undermine the develop-
ment of the group property by exploiting cooperating cells). In
that case, selection might favor developmental mechanisms that
prevent noncooperative cells from joining the group [e.g., as-
sortment mechanisms, such as kin discrimination and bottlenecks
(84)]. The extent to which within-group conflict leads to re-
producibility issues depends on the grouping mechanism and the
ecological context in which groups are formed (28, 50). For ex-
ample, groups formed by ST are less prone to internal conflict
than those formed by CT (49), because in ST conflicts can only
arise through mutations. Importantly, even if noncooperative cells
might occasionally join a CT group, strong spatial assortment, if
present in the environment, could still prevent those cells from
parasitizing other groups, and therefore from reducing the re-
producibility of group properties in the population.

Since within-group conflict is just one of many factors that
could reduce the reproducibility of group properties, a lack of
conflict does not guarantee accurate reproducibility of group
properties. Conversely, the presence of within-group conflict
does not automatically reduce reproducibility either, since there
might be mechanisms that suppress within-group selection; for
example, it could be physically impossible for the noncooperative
cells to spread within the group, as is the case for cancerous tis-
sues in plants (85). Thus, mechanisms that prevent within-group
conflict (i.e., assortment mechanisms) and inhibit within-group se-
lection [i.e., individuating mechanisms (see SI Appendix, Text S2)
(86)] are merely a subset of the many developmental mechanisms
that could influence the reproducibility of group properties.

(Q5 and Q6) New Organizing Principles and Organizing

Complexity. New organizing principles are those that underlie
the organization of a group but that were not present in the an-
cestor. In the previous section we already alluded to some of
these principles (e.g., quorum-sensing signaling). There are many
organizing principles, which act at different spatial scales, ranging
from the organization of single cells to that of organs. Some of
these organizing principles are shared across a wide-range of
multicellular organisms: for example, cell differentiation, cell-to-cell
communication, pattern formation, lateral inhibition, induction, de-
termination, regional differentiation, differential adhesion, segmen-
tation, germ–soma differentiation, boundary formation, and tissue

formation (10, 27, 64, 87). However, not all of these organizing
principles are unique to multicellular groups: for example, in some
cases, the solitary ancestor might already express cell differentia-
tion or communication. Only when organizing principles evolved
after the origin of the first groups do we consider them to be new
organizing principles of the group.

We have relatively little understanding of the origin of most
organizing principles (e.g., germ–soma differentiation, tissue for-
mation, pattern formation). However, there is accumulating evi-
dence for the important role of the ancestor in the evolution of new
organizing principles (12). For example, the aquatic and colonial
green alga Volvox carteri exhibits germ–soma differentiation, with
biflagellated somatic cells at the periphery of the spherical colony
and dividing germ cells in the interior (Fig. 2) (34). Differentiation of
somatic cells is regulated by RegA, a protein that suppresses
photosynthesis and thereby prevents division (88). Interestingly,
phylogenetic studies revealed that a close homolog of RegA is in-
volved in photoacclimation, a plastic response that can be triggered

Fig. 2. Relationship between life stages in hypothesized life cycles of
solitary ancestors and group formation in derived group life cycles.
(Upper) Simplified depiction of hypothesized ancestral solitary life
cycles of V. carteri (33, 88, 89), D. discoideum (90), and Polistes
metricus (103–105). Life cycles here consist of a life stage expressed
under good conditions (black) and a life stage expressed under
adverse conditions (green). For the latter life stage, we show an
environmental signal that might trigger it and some phenotypic
consequences. For P. metricus, high food provisioning at the end of
the breeding season is hypothesized to be a cue for the upcoming
winter season. (Lower) Simplified depiction of group life cycles of:
V. carteri, corresponding to fifth life cycle in Fig. 1 (ST group and
nondividing unicellular life stage; zygote, not shown); D. discoideum,
corresponding to first life cycle in Fig. 1 (CT group and dividing
unicellular life stage); and P. metricus, corresponding to seventh life
cycle in SI Appendix, Fig. S3 (ST group and nonreproducing solitary
life stage). Developmental program underlying life stages in solitary
ancestor is co-opted for group formation (shown in green):
differentiation of somatic cells (V. carteri ), fruiting body formation
(D. discoideum), and appearance of foundress phenotype (P.metricus).
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by light deprivation (39, 89). In the unicellular ancestor, photo-
acclimation was likely required for cells to adjust to the diurnal light
cycle: inhibiting photosynthesis during light limitation prevents
oxidative stress. Thus, the regulatory protein involved in a switch
between life stages in the solitary ancestor was co-opted for germ–

soma differentiation in its multicellular descendant (Fig. 2). An even
more striking case of co-option is found in the phagocytic and soil-
dwelling amoeba Dictyostelium discoideum (90). This social
amoeba is exposed to feast–famine cycles resulting from fluctu-
ating resource levels in the soil. Upon starvation, cells aggregate
into fruiting bodies that mediate spore dispersal. Cell aggrega-
tion, fruiting body formation, and sporulation depend on cAMP,
which exerts its effect by activating cAMP receptors and the
cAMP-dependent protein kinase (PKA) (54, 90). Interestingly, in
species of solitary amoebae, encystation—which can be triggered
by osmotic stress (e.g., due to soil dehydration)—also relies on
cAMP-mediated activation of PKA (91). The disruption of cAMP
receptors in the social amoeba Polysphondylium pallidum—a
relative of D. discoideum—results in malformed fruiting bodies
that are filled with cysts instead of spores (92). P. pallidum normally
only forms cysts in the unicellular life stage (by comparison,
D. discoideum never forms cysts). Supported by phylogenetic
studies, these results indicate that the developmental program
underlying fruiting body formation is derived from the encystation
program (Fig. 2). In fact, one could argue that cysts in solitary
amoebae and fruiting bodies in D. discoideum are distant homol-
ogies, in much the same way as fins and arms are homologies (93):
they are different functional realizations of a (partly) conserved
developmental program.

This mounting evidence for the importance of the ancestral
developmental program to the emergence of new organizing
principles in its multicellular descendants (see also refs. 12, 36, 94,
and 95) also emphasizes the need for caution when referring to
HET in multicellularity as transitions in complexity. Many solitary
organisms have intricate regulatory pathways—such as the
encystation program in solitary amoebae—that could potentially
support multicellular organization. In fact, multiple phylogenetic
studies have shown that the regulatory complexity of solitary or-
ganisms, when focusing on specific regulatory pathways, can be
comparable to that of their multicellular relatives. For example,
the choanoflagellate Monosiga brevicollis, the closest unicellular
relative of the metazoans, has a repertoire of phosphotyrosine
signaling comparable to that of metazoans (96–98). This is par-
ticularly striking since phosphotyrosine signaling—involved in cell
differentiation, adhesion, and the control of cell proliferation in
metazoans (99)—was long considered to be unique to metazoan
development. Along similar lines, Clarke et al. (100) showed that
the solitary amoeba, Acanthamoeba castellanii, displays a rich
repertoire of sensory receptors, transcription factors, and phos-
photyrosine signaling, comparable to that of D. discoideum. The
regulatory complexity in these solitary organisms likely reflects the
complex ecology to which they are exposed—cells have to find
food, avoid predation, and withstand many environmental
changes (16, 19)—and therefore reveals that the life cycle of the
solitary organisms can in many ways be more complex than that of
their multicellular relatives. Hence, the full complexity of an or-
ganism cannot be adequately captured by measuring group prop-
erties alone (e.g., group size, number of differentiated cell types);
one must also account for the properties of its life cycle (12, 101).

Even though we focus in our bottom-up approach largely on
questions underlying the very origin of HET (Q1–Q4), we believe
that this approach nevertheless can provide a valuable starting
point toward understanding the kinds of organizational com-
plexity that can emerge subsequently, which constitutes an

important research challenge (Q5 and Q6). We are surrounded by
an incredible diversity of multicellular organization, from fila-
mentous algae to metazoan development, but it remains unclear
what determines the organizational outcomes of these HET. Even
though we have some intuitive understanding (e.g., filamentous
organisms might be unlikely to evolve 3D structures), there are no
theoretical or empirical studies yet that systematically approach
this question. This is problematic, because intuition often fails. A
salient example is the assumption that organizing principles arise
in a certain intuitive order, from less to more complex, which has
been disproven by phylogenetic studies in both volvocine green
algae (102) and social amoebae (17). Traditional classifications
based on phenotypic complexity do not match phylogenetic
history; species that are phenotypically alike (i.e., similar com-
plexity) are often far apart on the phylogenetic tree, while species
that are phenotypically different are often closely related. Just as
counterintuitively, many species with a relatively simple organi-
zation (e.g., small group sizes, few cell types, simple morphology)
are derived from ones with more complex organization [e.g., the
Acytosteliums, social amoebae that lack stalk cells, are derived
from an ancestor with stalk cells (17)]. These phylogenetic studies
further reveal that many organizing principles are invented mul-
tiple times (e.g., germ-soma differentiation) (102), which suggests
that the developmental program underlying group formation
strongly potentiates the evolution of some organizing principles
more than others. A systematic, bottom-up approach to the study
of HET could reveal what is possible, not only what seems intuitively
probable. And by understanding how the earliest organizing prin-
ciples came about, we could identify questions that help us un-
derstand the evolution of more advanced ones.

Other HET. Although here we focused on the transition to multi-
cellularity, the above questions can also be applied to other HET,
both fraternal and egalitarian. Each HET has its own peculiarities
that need to be accounted for. For example, in the case of animal
sociality, a group cannot be defined in the same way as for multi-
cellularity (SI Appendix, Text S4 and Fig. S3). However, despite
these differences, the six questions we outline here help to identify
commonalities and parallels among the various HET. For example,
as for multicellularity, there is strong evidence that the ancestral life
cycle plays an important role in the emergence of animal groups.
This is exemplified in Polisteswasps, for which the bivoltine life cycle
of the solitary ancestor was hypothesized to constitute a stepping
stone to eusociality and caste differentiation (103–105). Wasps with
a bivoltine life cycle have two reproductive broods a year (Fig. 2):
the first brood occurs at the start of the breeding season and un-
dergoes normal development; the second brood occurs in the
summer and intercedes development by a diapause stage to sur-
vive winter. The phenotypic differences between the spring and
summer brood result from a developmental switch, in which larvae
can follow one of two possible developmental trajectories de-
pending on the cues they experience (i.e., food provisioning).
Substantiated by empirical evidence (105), the diapause ground-
plan hypothesis (103, 104) states that this developmental switch is
co-opted for caste differentiation in Polistes, in the same way that
photoacclimation in the green algae and encystation in the amoe-
bae were co-opted in the transition to multicellularity (89, 90) (Fig.
2). Recent work has further suggested that the bivoltine life cycle
might also facilitate the transition to eusociality by allowing for the
joint evolution of sex ratios and helping (106). Taken together, these
studies highlight the paramount importance of the ancestral life
cycle in the HET to animal sociality and reinforce the similarity
across HET.
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Conclusion
In this report, we proposed an integrative, bottom-up approach
to study the dynamics underlying HET in biological organiza-
tion. Starting from the solitary ancestor and its life cycle, we
discussed how the first life cycles with a group life stage could
originate (Q1); what properties characterize the first groups
(Q2); how selection could act on those properties (Q3) and
subsequently alter the organization of the groups (Q4); and, fi-
nally, how new organizing principles could evolve (Q5) and in-
fluence future organizational complexity (Q6). We argue that
only by starting with the solitary ancestor and its life cycle, and
studying these six questions, can we derive an understanding of
the causal factors underlying HET. Then, by comparing different

instantiations of the same transition (e.g., the multiple origins
and transitions to multicellularity), we can determine whether
the same causal factors underlie different transitions and which
causal factors explain the different organizational outcomes of
those transitions.

Acknowledgments
We thank John T. Bonner, whose pioneering work on multicellularity has been
an inspiration to us and who provided invaluable feedback on this manuscript;
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