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5.2 Growing branches entangle readily. a, 3 examples of combination-colored,
entangled yeast clusters. Scale bar is 100 µm.b, Proportion of clusters
oberved to be entangled for various treatment types, normalized by the pro-
portion of the minimum color type. Horizontal dashed line is a measure-
ment of algorithm error via a control where no entanglement is expected
(i.e. immediately pipetting a mix of green and red clusters onto a slide
without any agitation or growth). Error bars are also drawn from this empir-
ical measurement of algorithm precision. Three stars indicatesp < 0:001
signi�cance level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
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entangling, (iv) a view of all pieces identi�ed in the sample data cube.b
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SUMMARY

The evolution of multicellularity fundamentally changed life on Earth, resulting in suc-

cessful and impactful lineages that continue to permeate and change the planet. Yet its

origins, usually buried in the deep past, have remained unclear. For example, it is unknown

how multicellular traits arise and emerge as repeatable and heritable. It is also unclear

how spatial patterns of cell differentiation arise from undifferentiated origins. One camp

of study has investigated the emergence of these traits from a genetic point of view. This

camp is interested in how group-level genes are created, and then encoded into a multi-

cellular genome. But, there is also a growing understanding that physical considerations

play an outstanding role in shaping incipient multicellularity. Here, we use this biophysical

viewpoint to investigate how physical constraints arise in freshly multicellular groups, and

how these constraints may enable or limit subsequent adaptation and evolution. We show

that some properties of multicellularity, that are historically considered dif�cult to achieve,

can freely emerge without needing group-level genes.

First, we review the many ways that cells can physically attach, and introduce a helpful

classi�cation scheme based upon their mechanical function: intercellular bonds can either

be reformable after breaking, or they can be nonreformable. We investigate some of the

downstream consequences of attaching cells from either one of these two classes, argu-

ing that non-reformable bonds may bestow inherent advantages to a biological material,

naturally producing some of the key features necessary to partake in evolution by natural

selection, without any need for group level genes. Second, we consider one of the con-

sequences of self-assembling cells via cell attachments: how are cells organized absent a

developmental program? We �nd, through a combination of experiments and simulations,

that, no matter the starting intercellular bond class, random noise resulting from cell birth

and death processes result in a distribution of cell organization that is repeatable and pre-

dictable. In other words, there is a universal “ground state” of multicellular organization,
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that not only exists but repeatably reproduces itself, with the potential to effect any mul-

ticellular trait that relies upon cell packing. Therefore, heritable group-level traits can be

generated simply by attaching cells together, without the need for developmental programs.

After these two chapters, we turn our attention to investigating the evolution of spatially-

patterned multicellularity. A fundamental prerequisite to achieving spatial patterning is for

nascent multicellular organisms to become large, yet it is currently unknown if organisms

can achieve such large sizede novo. Here, we experimentally show that initially micro-

scopic organisms, without developmental plans, can achieve macroscopic size, on the or-

der of millimeters, by evolving a mechanism that enables large size: material toughness.

We uncover a novel biophysical adaptation, the entanglement of separate branches of cells,

that evolvedde novoto achieve this material toughness. Later, we explore (through ex-

periments, simulations, and theory) how entanglement might arise in general for growing

systems, �nding that entanglement is a relatively easy emergent biophysical phenomenon

for any multicellular group with nonreformable, branching cell structures. Since these

structures are rampant in both extant and fossil multicellularity, we suggest that physical

entanglement may be a hitherto underappreciate mechanism for achieving group toughness,

that can evolve without any need for group-level development.

Taken together, we have thus shown that some key characteristics of multicellular life,

including characteristics necessary for its origins, may freely emerge from physical consid-

erations. We suggest that by considering more biophysical challenges for nascent multicel-

lularity, we may yet �nd solutions to problems that were previously considered unsolvable.
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CHAPTER 1

INTRODUCTION

The evolution of multicellular life is one of the most important processes in Earth's history.

Though this statement is a little biased - we are ourselves, after all, multicellular organisms

- it is undeniable that multicellular evolution set the stage for unprecedented innovations

and complexity of life [1], and that multicellular organisms have been exceedingly suc-

cessful and impactful. Today, the majority of Earth's biomass comes from multicellular

life [2]. Multicellularity has fundamentally transformed Earth's ecosystems and climate;

for example, the “Great Oxidation Event”, when oxygen levels across the Earth's atmo-

sphere suddenly increased around 2.4 billion years ago, is correlated with the emergence

and activity of the �rst multicellular cyanobacteria [3]. More recently, human activity is

correlated with increases in global carbon dioxide levels, leading to an ongoing mass ex-

tinction event [4]. There are many examples of multicellularity's success and subsequent

impact on its environment; we even name most biomes by the dominant multicellular life

living there (e.g. woodlands, grasslands, coral reefs). Understanding how multicellularity

arose from unicellular origins, and how subsequent adaptations lead to its varied impacts,

may return both a history of life's past and an opportunity for shaping its future.

At its core, the study of the evolution of multicellularity is about how groups of cells

become “individuals”. In fact, the evolution of multicellularity is one of several major Evo-

lutionary Transitions in Individuality (ETIs) [5]. ETIs are processes that lead to a higher

level of organization, such as the formation of the �rst cellular compartments, the symbio-

sis of separate prokaryotes into the �rst eukaryotic cells with organelles, the evolution of

multicellular life from single-celled ancestors, and the collection of multicellular individ-

uals into eusocial societies. In each case, initially separate units of selection give up their

independence and stick together; they lose their ability to reproduce on their own, and they
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take on specialized roles to contribute to the whole.

An ETI fundamentally requires transferring individuality from a lower level (e.g. cells)

to a higher level (e.g. multicellularity). But what determines the beginning and end of

such a transition, and how are the higher levels de�ned? One way to distinguish the steps

of the process is to identify a set of criteria by which a unit can partake in evolution by

natural selection. To undergo Darwinian evolution, a unit must be able to reproduce, it

must possess some group-level traits that are heritable to its offspring, and selection should

act upon those traits [6]; these criteria de�ne a “Darwinian individual”. These criteria are

strict, meaning the process of transferring individuality is not easy. Not only must the

newly-formed groups gain these characteristics, the formerly independent individuals must

simultaneously lose them. If the lower level (e.g. single cells) does not lose its individuality,

then there is the possibility of destroying the group [7]; in humans, this fate manifests as

cancer [8, 9]. Due to these dif�culties, ETIs are rare; in fact, some classes of ETIs have

only occurred once [10, 11].

However, unlike other ETIs, multicellularity has evolved not just more than once, but

many times. Though the precise number of independent multicellular lineages is unknown

(see, for example, [12]), even the most conservative estimates enumerate at least25 inde-

pendent events [13]. Multicellularity has evolved in all domains of life, including bacteria

and archaea, as well as many diverse eukaryotes [13–15]. Simple multicellular organisms

also appear in some of the earliest cellular fossils, dating back3:5 billion years [16, 17].

The �rst single cells appeared around this same time [18]; it therefore appears that mul-

ticellular groups emerged quickly from their unicellular origins. Relative to other ETIs,

multicellularity therefore seems to be a relatively “easy” transition, and has thus been de-

scribed as the “minor major transition” [13].

Many multicellular lineages have also been exceedingly successful. Part of the reason

for multicellularity's success is that cells within organisms can diversify in task and func-

tion. Today, multicellular organisms vary tremendously in size and complexity, from just

2



a few cells up to1014 cells per individual [19], from 1 to over 100 cell types [20]. Spatial

patterning, i.e., the segregation of cellular differentiation, can produce functional structures

like organs, and other well-de�ned and reproducible shapes. High levels of patterning has

evolved in families as diverse as animals, plants, fungi, red algae and brown algae [1], each

of which has independent multicellular origins.

A leading theory for the evolution of spatially-patterned multicellularity is hypothe-

sized to be a process of three steps. First, single cells must form simple groups [5, 21–23].

Second, as discussed above, these simple groups must become units of selection, i.e., they

must be able to evolve [6, 24]. These �rst two steps are true for all multicellular organisms,

no matter their level of cell differentiation. In some cases, these freshly multicellular or-

ganisms take a third step: evolving spatially patterned coordination and cell differentiation

[1]. But many pieces to this process remain experimentally untested. Most transitions to

multicellularity, and especially those that evolved high levels of spatial patterning and dif-

ferentiation, happened more than 400 million years ago [13, 16, 17, 25–31]. As a result,

little is known about incipient multicellularity, or how it evolved spatial patterning.

Luckily, there has been recent progress in the �eld which may shed light on the steps

to evolving a multicellular organism. In particular, there have been several long-term evo-

lution experiments, whereby initially unicellular microbial populations are put under se-

lective pressures to form groups of cells [7, 32–39]. These experimental systems provide

important mechanisms for investigating early multicellularity's characteristics and chal-

lenges, and are allowing us to explore our theory of multicellularity.

One of the common themes that these experiments have helped to expose is that the

process of constructing a multicellular organism is inherently physical. Cells geometrically

pack into close arrangements [40]; this tight packing often leads to the generation of large

mechanical stresses [41, 42]. Groups can fracture into pieces [42], and tissues can exhibit

�uid-like or solid-like properties [43, 44]. Physical constraints thus play an intrinsic role

in the assembly of a multicellular organism; a complete understanding of the evolution of
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multicellularity can only be accomplished along with an understanding of the biophysical

nature of this problem. Understanding how physical rules shape, enable, and limit the

evolution of multicellularity deepens our understanding for our own history, and provides

needed insight into the nature of all life on Earth. In the following sections we will lay out

the three broad steps of the theory of multicellularity, with a particular focus on the ways

in which physics plays an important role.

1.1 Assembling a multicellular group

Despite their many independent origins, all multicellular organisms share at least one uni-

versal property: cells physically attach to each other, forming groups. This is also the �rst

step for the unicellular to multicellular transition - without somehow con�ning cells, no

group exists at all. There are many mechanisms of cellular attachment in extant multicel-

lularity. For instance, cells can remain attached to one another through incomplete cell

division processes [14, 45], or they might adhere with sticky surface proteins [46], or they

might be corralled inside a con�ning maternal membrane [38, 47]. Extant multicellular

groups can employ more than one mechanism for cell attachment at a time. For example,

your skin cells adhere primarily through sticky surface proteins; at the same time, your red

blood cells are usually not stuck directly to one another, but instead are spatially con�ned

by a membrane. But while such mixing and matching of bond type is an adaptive result,

gained over many years of evolution, at the outset, nascent multicellular groups are likely

formed via only one cell attachment mechanism. The precise attachment mechanism pro-

vides an initial architecture for a multicellular lineage, and a context in which evolution

proceeds. However, though the type of bond may have substantial evolutionary impact,

little is known on the subject. It is currently unclear how different mechanisms of attaching

cells promote or constrain subsequent steps through the evolution of multicellularity.

Before elucidating the evolutionary impact of different bond types, it is useful to �rst

explore their physical consequences. As soon as cells join into groups, the bonds between
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the cells can experience mechanical stresses, which operate on new length scales irrelevant

to unicellular organisms. Nascent multicellular groups therefore immediately face entirely

new challenges. External forces such as shear �ows, that would not bother a unicellular

organism, become crises. Internally-generated forces, resulting from continued cell divi-

sion, can push cells into each other until they rupture their own bonds [42]. Intercellular

bonds can break, potentially destroying the organism or introducing an emergent group-

level reproduction. The success of these nascent multicellular groups depends on how their

new mechanical environment feeds back into their biological �tness. Mechanical bond

properties thus harbor important evolutionary consequences.

Though the mechanistic details can vary, virtually all intercellular bonds can be sorted

into two major categories: bonds can be reformable or nonreformable. Reformable bonds

are created via sticky, glue-like interactions, mediated by, for example, extracellular matrix,

or sticky surface proteins like cadherins. These bonds can break and then form again.

Mechanical stresses thus have the potential to rearrange cells that are joined via reformable

bonds (e.g. [48–51]). These bonds can often make an organism tough as they enable

the group to dissipate energy without fracturing. However, these bonds are usually not

strong, as deformations are relatively easy. On the other hand, nonreformable bonds cannot

form again after breaking. Nonreformable bonds may form as part of an incomplete cell

division process; if the last step in cell division, cleaving cells apart, does not occur, then

cells remain adhered at their division junction. These bonds often make a group strong

but brittle; groups formed with these bonds do not have effective mechanisms to dissipate

energy, and thus can fracture. Breaking these “nonreformable” bonds can even lead to

dissolution of the organism. While exceptions to this paradigm exist, the vast majority of

intercellular bonds can be classi�ed as reformable or nonreformable.

The type of intercellular bond has important group-level biophysical consequences. The

emergent physical properties from cell attachment may promote or constrain subsequent

steps in the evolution of multicellularity. Broadly, the emergence of tissue-level mechanical
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properties from cellular properties depends sensitively on intercellular bond type. Further,

the types of adaptations that are even possible will depend on bond type. Modifying group-

level mechanical properties necessarily requires changes at the single cell-level, and the

way single cell properties can be altered will depend on the bond type. Yet, how early

multicellular organisms can alter their internal force pro�les between cells remains unclear.

1.1.1 Tuningmechanicalstress

There are a few mechanical variables that can be altered to tune the ability for cells to stay

attached to one another. Organisms can organize cells in speci�c patterns using a genetic

regulatory network, or they may change mechanical properties like bond strength to change

how stress is distributed between cells. Let's consider how incipient multicellularity might

take advantage of available strategies to tune cell attachments.

One strategy for mitigating internal and external stresses is to organize cells in speci�c

patterns using a genetic regulatory network [52–55]. However, nascent multicellular or-

ganisms likely do not possess group-level developmental programs, which are themselves

multicellular adaptations. Without a genetic blueprint for global cell organization, strate-

gies for mitigating internal stresses necessarily emerge from single-cell properties. How

tissue-level properties emerge from cellular properties and behavior is an active area of

research [42, 56–61].

One obvious approach to varying mechanical properties at the cell level is to vary in-

tercellular bond strength. At initial formation, bond strength plays a role in either keeping

groups together, or splitting them apart. In some cases, strong bonds are necessary to

weather external or internal forces; in other cases, weaker bonds are preferred to facili-

tate cells splitting off from the group. It is also possible for organisms to evolve stronger

or weaker bonds in response to evolutionary pressures. In any case, continued cell divi-

sion can lead to high stress that may break even very strong bonds, or can lead to cells

self-limiting their own propagation (e.g. through mechanosensing feedbacks that alter cell
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behavior [41, 62]).

Another variable that changes internal stress accumulation is how cells pack. When

cells are pressed into close con�nement, continued cell division can drive cells into jammed

con�gurations. With more room between neighboring cells, there is less internally-generated

pressure. Cell shape is known to impact how cells pack, modifying their packing fraction

and coordination number [63]. Therefore, varying cell shape has the potential to substan-

tially change mechanical stress. Indeed, in long term experimental evolution of multicellu-

lar yeast groups under continued selective pressure for large size, cells evolve to be more

elongated, increasing the “free” space around each cell, and slowing the accumulations of

mechanical stress [42, 61]. However, the impact of cell shape likely also depends on the

intercellular bond type, as well as the mechanical environment in which they group lives,

making it unclear what role cell packing properties play in the evolution of multicellularity.

Further, it is also unclear what cell organization looks like for a multicellular group without

a developmental program.

1.1.2 Noisymulticellularassembly

Absent coordinated cell organization, any structural architecture is self-assembled through

cell growth, movement, and death. Self-assembly, however, is fundamentally subject to

random noise [64–66] that affects the �nal emergent structure and its function [67]. This is

true for organisms with and without developmental programs. However, while organisms

with developmental plans can suppress [68] or leverage [69] this variability, the structures

of groups without developmental genes are, for better or worse, necessarily subject to this

stochastic noise. Since the physiology of multicellular organisms can depend sensitively

on the geometry of cellular packing [42, 51, 70–72], and such noise may have direct con-

sequences on organismal �tness, it is crucial to understand the impact of random noise

on multicellular self-assembly. Further, noise during self-assembly can result in deviations

from perfectly regular structures. It is unclear how unregulated assembly can reliably result
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in reproducible packing geometries and multicellular structures, both of which may affect

organism �tness.

The impact of assembly noise likely depends on the type of intercellular bond. Groups

that grow with nonreformable bonds maintain the same intercellular connections, `freez-

ing' in place any structural randomness that arises during reproduction. In contrast, cells

can rearrange in groups that grow with reformable bonds [60], which may damp or increase

the impact of noise. Further, the dimensionality of multicellular groups can vary, from �la-

ments [17] and quasi-two-dimensional sheets [73] to groups that grow in three dimensions

[33, 74]. While the impact of noise on systems in thermal equilibrium is well known to

depend sensitively on spatial dimensionality [75–77], no such information is yet at hand

for biological development, which is intrinsically out of equilibrium. The growth morphol-

ogy, connection topology, and dimensionality therefore together determine a multicellular

architecture. Randomness resulting from many sources, such as stochastic cell division,

variability in cell growth, intercellular interactions, and more, subsequently occurs as per-

turbations to this idealized form.

1.1.3 Outlookof assembly

A complete theory of multicellular assembly must account for noise, in addition to con-

siderations for how cells are attached. But, these are just the �rst considerations for a

multicellular group of cells. Attaching cells into groups has downstream consequences

for the lineage's future evolution. Yet, these consequences remain largely unexplored. It

is possible that certain types of bonds are inherently better at attaching cells into groups

for biophysical reasons. For instance, allowing cellular rearrangements allows groups to

explore different cellular con�gurations in response to external stimuli, and to reorganize

under conditions of random growth and death. But, are these same bonds also better at

solving other challenges for multicellularity? For instance, how does bond type impact an

organism's ability to reproduce, or obtain heritable groups properties? These properties are
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essential as a de�nition of multicellularity; otherwise, the groups cannot partake in evolu-

tion by natural selection. How physical attachments play a role in constructing an evolvable

organism have not yet been explored.

1.2 Constructing an evolvable organism

To be a multicellular organism, evolution must take place primarily at the group level. In

other words, the group must be a Darwinian individual, and thus must be able to reproduce,

must possess heritable group-level traits, and these traits should determine if groups survive

or die [6]. In fact, there are many groups of cells that are, generally, not considered multi-

cellular organisms because they do not completely satisfy these criteria, such as bacterial

bio�lms [78].

The transition from unicellular to multicellular life must involve an evolutionary tran-

sition in individuality [5], whereby individuality is transferred from the single cell level

to the group level. Understanding how simple groups become “Darwinized” (i.e. gaining

the characteristics outlined above), while single cells within the group are simultaneously

de-Darwinized, remains an open question [33, 34, 36, 78–87].

A leading theory for how the transfer of individuality is achieved is the multi-level se-

lection hypothesis [24, 79]. In this theory, selection occurs at all levels simultaneously.

This means that it is possible for mutations to be both bene�cial for the group and detri-

mental for single cells, or vice versa. If internal con�ict, in the form of genetic competition

between single cells of the same group, is suppressed, then the �tness of the group-level

and lower-level can be aligned [33, 81]. If internal con�ict is not suppressed, then lower

level evolution can sabotage the �tness of the higher-level group [36, 88–90]; in animals,

this noncooperation is called cancer [8, 9]. Mechanisms for minimizing internal genetic

variation within groups are still being explored.

In a different vein, organisms with high �tness can maximize their �tness gains, rel-

ative to the population, by maximizing their genetic differences to other groups [34]. In
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other words, while it is important for cells within groups to be closely related, it is also

optimal for distinct groups to be suf�ciently different for natural selection to occur. Estab-

lishing maximal genetic variation between groups may be closely related to how organisms

reproduce, and how they establish multicellular heritability.

The mechanism of intercellular bonds likely plays an important, though largely unex-

plored, role in both processes. For example, there may be ways of attaching cells that

facilitate both minimal internal genetic variation and maximal between-group variation

simultaneously. Such strategies inherently involve the processes of multicellular reproduc-

tion and the establishment of multicellular heredity. In the sections below, we summarize

how bond types impact group-level reproduction and heritability.

1.2.1 Group-levelreproduction

An important requirement of becoming multicellular is gaining the ability to replicate at

the group level. At a fundamental level, this is done by breaking intercellular bonds: at

least one cell must separate to form a new group. Therefore, the process of reproduction

is inherently biophysical, and again related to the types of bonds that hold the organism

together.

There are two classes of group-level reproduction. Either a single cell detaches from the

group [91] or multiple cells detach—for example, groups can fragment into multiple-cell

pieces [33]. In either case, the fewer bonds that must be broken, the easier it is to physically

accomplish the task. For simple groups of cells, it seems necessary for reproduction to

occur with as little coordination as possible, which likely means breaking as few bonds as

possible. However, this presents a fundamental trade-off: easily breaking bonds to form

new groups means the group reproduction rate is higher, but it also means that groups

are more fragile. How do nascent multicellular groups balance the need for reproduction

without becoming too fragile for survival?

For simple multicellular clusters that do not possess genetically regulated development,
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the trade-off between splitting and adhering can be tuned via material properties. For ex-

ample, organisms might alter the strength of their intercellular bonds. Alternatively, the

number and topology of intercellular connections may intrinsically unlock different ma-

terial behaviors; multicellular groups can form with linear chain connection topologies,

branched trees, or two- or three-dimensional tilings, and more. In some cases, only one

bond must break to fragment the group into two pieces; in others, multiple bonds must

break. Swapping between these different connection topologies may or may not be possible

depending on bond class. For example, with reformable bonds (such as aggregative sticky

proteins), connection topologies can change dynamically. Conversely, with non-reformable

bonds, the connection topology is static. These different morphologies present different op-

portunities and challenges. Reformable bonds can change, which can have effects that are

bene�cial (changing properties in response to the environment) or detrimental (properties

that were selected for may not recur). Nonreformable bonds cannot change connection

topologies, which can be bene�cial (enabling parent-offspring �delity) or detrimental (no

changes in response to the environment). Little work has attempted to disentangle these

competing effects.

Some types of group-level reproduction can impact genetic variation within groups.

For example, evolutionary con�ict between lower and higher levels of selection has histor-

ically been regarded as one of the greatest threats to simple groups [24]. If there is suf�cient

genetic variation between cells within the same multicellular group, there is potential for

these cells to compete with one another rather than cooperate as parts of a larger individual.

Therefore, multicellular organisms often evolve mechanisms to limit internal genetic vari-

ation. Extant multicellular organisms have evolved mechanisms for recognizing [92] and

policing [32] competing cell types. But another way to minimize internal genetic variation

is to use a single-cell bottleneck during development. Single-cell bottlenecks happen when

only one cell is responsible for the generation of a new multicellular group. Some inter-

cellular connection topologies are uniquely primed to offer this ability. For example, when
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cells are connected as linear �laments or branching trees, fracturing any one intercellular

bond can split the group into two pieces. Additionally, if the bonds formed as a product of

cell division, then each cell in each new fragment is genetically related. Group-level repro-

duction via bond fracture therefore automatically reduces genetic con�icts within groups.

Supporting this hypothesis, in long-term evolution experiments where groups form with

clonal, nonreformable bonds with tree-like topologies, group-level evolution occurs rapidly

[33, 81]. On the other hand, long-term evolution experiments with groups that form via re-

formable, sticky bonds (such as an extracellular glue) appear to be vulnerable to genetic

con�ict [7, 39]. In these instances, the connection topology requires that multiple bonds be

broken simultaneously to eject at least one cell. Thus, some kinds of connection topologies

(namely, non-reformable bonds with tree-like or �lament-like connections) appear to read-

ily generate a kind of “Darwinian material” that facilitates the emergence of a multicellular

evolvability.

Alternatively, some hypotheses suggest that constructing an organism with reformable

bonds can also lead to behaviors that imitate reproduction in many extant multicellular

groups. This is because most extant multicellular organisms have a division of labor called

germ-soma differentiation, whereby only some of the cells can create new multicellular

organisms. These reproducing cells are called the germ line, while the remaining cells,

that cannot reproduce into another multicellular organism, are termed somatic cells. How a

germ line emerges is so far unclear. Yet, germ-soma differentiation is a key characteristic of

many multicellular organisms, including animals and plants. Consider the case of groups

that form with reformable, sticky bonds, which can be easily invaded by cheating cell types.

When there are no cheating cell types, the group functions well as a collective, producing

the goods needed for the group to survive. A classic example of such a scenario is a mat

of cells [7], each of which is producing extracellular matrix, which allows the mat to stay

a�oat atop a water column. Cheating cells, which in this example do not produce the

extracellular matrix, may invade the group. If there are too many cheating cell types, then
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there is not enough extracellular matrix produced and the entire mat collapses, destroying

the organism. Then, the remaining cells are dispersed; they may �oat into other regions

of the same “pond”, and if they begin producing extracellular matrix again, may form new

groups that �oat atop the water, and the cycle repeats. Thus, the invasion of the group

by cheating cells and the subsequent collapse and dispersal can be seen as a mechanism

for reproduction. Groups which embrace the cheating cells may thus acquire a life cycle

which alternates between a multicellular persistence stage and a unicellular dispersal stage.

If cheating types are purged, the mat has no mechanism for reproduction, and so is an

evolutionary dead end. This type of group formation has been experimentally observed

[36].

1.2.2 Heritability

For the Darwinain algorithm to function at the group level, groups group-level traits must

be heritable. An intuitive de�nition of heritability is that groups must possess traits that

they can pass to their offspring. These traits must be repeatable from group to group, i.e.,

offspring must resemble parents. Further, these traits must be changeable via mutations,

i.e. there should be potential to adapt. The emergence of higher-level heritability is poorly

understood, and is considered to be a signi�cant hurdle for nascent multicellular organisms

[83]. It has been a long-standing belief that organisms must reorganize how their genetic

information is used by evolving a developmental program [5]. However, the mechanism

for such a reorganization is unclear.

One way to achieve this genetic reorganization, called ecological scaffolding, has been

proposed [86]. In this theory, the environment imposes a structure onto a population of

initially unicellular organisms, allowing them to partake in the process of natural selection

as if they were members of a group. If the environmental scaffold is removed too soon,

these proto-multicellular groups cease to exist. But, if the scaffold persists for a long time,

it is hypothesized that this structure can become internalized into the group's genetics.
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Further, it is suggested that such a framework could enable multicellular properties like

division of labor to emerge, and that they may persist even if the scaffold is removed.

However, while environmental effects certainly play a role in the initial formation of groups

and their subsequent evolution, this hypothesis has not clari�ed how organisms internalize

the scaffolding imposed upon them.

An alternative hypothesis is that group traits can emerge from single-cell level traits nat-

urally [85]. In fact, there is already evidence from long-term experimental evolution sup-

porting this theory [42, 81, 93]. But this work is still in its early stages. For instance, how

randomly assembled groups achieve heritable, repeatable traits remains unclear. Nonethe-

less, it is possible that certain geometric and topological structures can enable a structural

heritability before genetic programming evolves.

1.2.3 Outlook

The interplay of biology and physics provides a springboard for investigating how evolv-

able multicellular organisms are generated. Once a group can evolve, it gains the potential

to evolve many other traits. These traits can include things like group shape, swimming

speed, and more. Potentially, simple multicellular groups can also evolve more complex

traits like spatial patterning, a particular important characteristic of many multicellular lin-

eages. When multicellular groups are “patterned”, differentiated cell types carry out dis-

tinct functional roles that increase the �tness of the whole organism, even if the function is

costly to the individual cell. Yet, it is unclear how (or even if) patterning and division of

labor evolve from previously un-patterned organisms.

1.3 Achieving spatial patterning and multicellular complexity

One of the de�ning characteristics of extant multicellular organisms, from land plants to

animals, from red algae to fungi, is their spatial patterning. Multicellular organisms are

typically not isotropic, but are instead incredibly organized; different components are re-

14



sponsible for different tasks. Central to this patterning is a complex and regulated devel-

opmental program. Developmental genes modify gene expression spatially and tempo-

rally, enabling thousands to trillions of cells to assemble in a highly coordinated fashion,

changing shape, forming and breaking intercellular bonds, and producing complex spatial

patterns. However, while genetically-encoded development is fundamental to extant mul-

ticellular life, developmental genes are themselves a group-level adaptation and thus likely

absent in nascent multicellular groups. It is thus unclear how spatially patterned organisms

�rst emerged; this is a major open question of developmental biology.

The preeminent hypothesis in this �eld suggests that a cycle of positive feedbacks could

facilitate the emergence of spatial patterning [1]. First, organisms must achieve large size;

when they are large enough, strong nutrient and signal gradients from diffusion span the

multicellular body. These gradients pose both a challenge and an opportunity for individual

cells. The challenge is to feed nutrients to cells in the interior (and remove toxins) so

that they do not perish, since resources like sugar and oxygen can be diffusion-limited

to the exterior shell of the group [94]. But gradients also present an opportunity: cells

are well-known to change their behavior according to the environment surrounding them.

Therefore, signal gradients may induce spatial differentiation of cell tasks [95, 96]. When

this cell differentiation facilitates the transport of nutrients, then even larger organism size

can be achieved, since the interior cells can be fed for further division. This increased

group size leads to more opportunities for generating gradients, and the process continues.

However, while the positive-feedback hypothesis is plausible and compelling, it remains

experimentally untested.

There is one major issue with the positive feedback cycle hypothesis; it is unclear is

how, or even if, it can �rst begin. While prior work with yeast and green algae [33, 34]

have shown that novel multicellularity is relatively easy to evolvein vitro, these organ-

isms remain microscopic, typically growing to a maximum size of tens to100cells. This

limit arise largely due to the limitations of physically packing cells in close proximity. To
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achieve large size, cells must avoid randomly bumping into each other and inducing enough

mechanical stress to break intercellular bonds, for many rounds of cell division. This prob-

lem is even more substantial if the organism is composed of bonds that are not reformable,

as breaking this class of bonds can fragment organisms before they reach large size. But

even for organisms with reformable intercellular bonds, continued bond breakage and ref-

ormation is costly, inef�cient, and may be too damaging to recover. It is therefore possible

that, absent developmental tools for cell organization, organisms are initially too fragile to

achieve the large size necessary to partake in the positive feedback loop.

One hypothesized solution to this mechanical assembly problem is that unicellular an-

cestors of complex multicellularity already possessed all the tools required for spatial pat-

terning before becoming multicellular. In fact, several gene families crucial for cell sig-

naling and high-level gene regulation are conserved across all animals, and thus appear to

predate animal origins [97]. Of course, many other genes involved in development and

body patterning seem to have evolved later, and animals are just one (small) portion of the

tree of life. Nonetheless, without evidence otherwise, it is possible that nascent multicellu-

lar organisms without coordinated developmental programs cannot evolve the macroscopic

size necessary for cell differentiation and further complexity.

An alternative hypothesis is that nascent multicellular organisms can evolve to become

mechanically tough. By withstanding greater internal and external forces, organisms may

enter the positive feedback cycle to large size. But, it is unclear how organisms can substan-

tially increase toughness, or even how toughness emerges from single-cell level properties.

Are new biophysical adaptations necessary for group-level toughness to emerge from single

cell properties? Testing this hypothesis requires studies investigating if and how organisms

can achieve a threshold of toughness that extends as a material property from a combination

of bond class, intercellular connection type, and cell organization.
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1.4 Perspective

The evolution of multicellularity involves confronting a host of new biophysical challenges.

They are tasked with achieving large size, in the face of novel forces acting over new length

scales, via a noisy self-assembly process, without breaking their own intercellular bonds

holding themselves together. In this group context, they must achieve group reproduction,

suppress non-cooperating cell types, and encode a repeatable blueprint for their functional

assembly, such that they may partake in evolution by natural selection. How can organisms

solve these challenges, and how do fundamental physical rules constrain and shape their

solutions?

Addressing this topic has historically been dif�cult because, while there have been

many independent transitions from single-celled to multi-celled life, they occurred in the

deep past. Recent advances in experimental evolution and computer simulations have pro-

vided a toolkit for studying the evolution of multicellularity. In this thesis, we will use a

wide range of techniques to study the biophysics of the evolution of multicellularity. This

work focuses on experimental evolution and measurements of “snow�ake yeast”, a model

system for undifferentiated multicellularity, that evolved from a unicellular ancestor [33].

In addition, we analyze experimental measurements of a type of green algae calledVolvox

carteri, which transitioned to multicellularity in the Triassic period (200Mya) [27]. We also

employ computer simulations, sometimes modeling particular organisms, and other times

modeling generic growth morphologies. Finally, we use analytic and numerical theory to

make and test some �rst-principle predictions throughout this work. This jack-of-all-trades

approach has been necessary due to the nature of this �eld: there is little prior work on the

physics of multicellular evolution, and particularly a lack of physical theory.

In Chapter 2, we introduce a new classi�cation scheme for intercellular bonds: they

can either be reformable, or non-reformable. Reformable bonds can form quickly and

present opportunities for group plasticity. Conversely, we argue that non-reformable bonds

17



solve a few problems of nascent multicellular groups simultaneously, creating single-cell

bottlenecks that can both minimize internal genetic variation between cells and maximize

group-level genetic variation, setting the stage for the emergence of group-level reproduc-

tion and heritability. Therefore, non-reformable bonds may be a better path to obtaining

a spatially complex multicellular organism; supporting this hypothesis, we review many

multicellular lineages that attach cells via non-reformable, permanent bonds. We also re-

view multicellular lineages that attach with reformable bonds, and we review how different

attachment mechanisms may change mechanical and biophysical properties of early mul-

ticellular groups, and play a role in eventual cell communication channels. This chapter

(with minor modi�cations) was published inBiophysics Reviewsin June 2022 [98].

In the third chapter, we tackle the problem of noisy self-assembly. Intuitively, noise dur-

ing an assembly process seems likely to limit an organism's ability to generate repeatable

and functional pieces, perhaps destroying its ability to perform tasks. However, we show

that noise inherent in self-assembly can actually generate highly repeatable cell packings

due to the maximum entropy principle, a long-known law of statistical physics. In fact, we

uncover a “ground state” of cellular organization that is highly repeatable, and universal

across many different growth morphologies, indicating that it is a general feature of incip-

ient multicellular organisms that has so far gone unappreciated. We show that this cellular

organization can be exploited by simple multicellular groups to generate consistent and

repeatable group properties. Organisms with more developmental control over cell place-

ment inevitably deviate from the maximum entropy predictions; this result indicates that

deviations from maximum entropy distributions may provide a measure of the degree of de-

velopmental control present. The constraints imposed by noisy, physical self-assembly may

therefore play an important role in the geometry and topology of cell interactions within

nascent multicellular groups. This chapter (with minor modi�cations) was published in

eLifein February 2022 [40].

In the fourth chapter, we investigate one way that multicellular organisms can increase
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biophysical toughness without developmental genes. We examined the interplay between

biological and biophysical drivers of macroscopic multicellularity using long-term exper-

imental evolution. Over 600 daily transfers, multicellular snow�ake yeast evolved to be-

comeO(104) times larger andO(104) more mechanically tough, while remaining clonal.

These changes occurred through a novel biophysical adaptation. Cells evolve to be increas-

ingly elongate. Intitally, these changes reduced the stress accumulation theat arises from

cellular packing. However, eventually cells that are especially long facilitate branch entan-

glement, enabling groups of cells stay together even after many intercellular bonds fracture.

I am the 3rd author on this work; I performed experiments using atomic force microscopy

to measure the mechanical properties of macroscopic yeast clusters and single cells, exper-

iments (from confocal microscopy) measuring the size of intercellular bonds, experiments

measuring cell size from SEM data, as well as contributing to other microscopy and me-

chanical testing experiments, and performed all of the simulations. These contributions are

highlighted in this chapter. This work was posted to theBioArXiV in August of 2021, and

is currently in revision [61].

In Chapter 5, we explore how entanglement can arise in growing systems. In non-

growing systems, entanglement can provide unique material properties, but it is also fairly

dif�cult to obtain. Currently-studied entangling components either must occupy a geomet-

ric sweet spot to entangle, or they must be precisely engineered to entangle. However, in

our experiments highlighted in Chapter 4, entanglement readily arose through experimental

evolution. Are snow�ake yeast uniquely poised to evolve entanglement, or is entanglement

a generic property of many growing systems? In Chapter 5, we show that growing tangled

branches is relatively easy, resulting in a class of con�gurations that are inaccessible to me-

chanical agitation alone. Under a broad range of conditions, entanglement is an inexorable

fate of growing systems. This observation suggests that many living systems may entan-

gle, and this growth morphology may in fact be quite common in biology. This chapter

represents ongoing work that is planned to be sent for review in February 2023.
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Altogether, this thesis represents a combined body of work in experiments, simulations,

and theory that discusses ways in which physical constraints can limit, facilitate, or guide

biophysical adaptation and evolution. we hope the reader �nds this information enlighten-

ing, and that some ideas discussed here �nd additional homes in their heart and mind, as

they have occupied mine ceaselessly for some years.
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CHAPTER 2

BACKGROUND: CLASSES OF INTERCELLULAR BONDS AND THEIR

BIOPHYSICAL CONSEQUENCES

This work was published in Biophysics Reviews in June 2022[98].

While multicellular organisms are exceptionally diverse, they share at least one univer-

sal property: they all have mechanisms that keep cells together. As might be expected from

their many independent origins, there are many modes of cellular attachment. For instance,

cells might remain attached to one another through incomplete cell division processes, or

they might adhere with sticky surface proteins, or they might be corralled inside a con�ning

maternal membrane. One way of distinguishing these different cell attachments is by sort-

ing intercellular bonds into two general classes: bonds may be reformable, or they can be

permanent (i.e., non-reformable) (Figure 2.1). Extant multicellular organisms sometimes

employ a combination of the two classes (for instance, employing permanent bonds at an

early stage of life and later shifting to reformable bonds, or using both simultaneously in

different body regions). However, nascent multicellular groups generally form using only

one of these two bond classes. Their initial intercellular attachment mechanism then un-

derpins the starting architecture of the group. The subsequent evolution of multicellular

complexity (i.e., form, function, patterning, and differentiation) proceeds in the context of

this initial architecture.

Details about the attachment mechanism through which cells form a multicellular group

have signi�cant biophysical, ecological and evolutionary consequences, over both short

and long timescales. For instance, on short timescales, bond type impacts the rate at which

intercellular bonds form [39, 99–101], the topology of connected or physically contacting

cells [102], and the availability and utility of intercellular space [71, 103]. There are also

emergent consequences at the level of the group: for example, how large can the organism
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Figure 2.1: The two main classes of bonds which form a multicellular organism. Re-
formable bonds allow for relative cellular rearrangements; permanent bonds do not. This
topological constraint has many downstream effects.

grow before intercellular bonds are placed under loads large enough to break them [41,

42]? How does attachment mechanism impact the geometry of cell arrangements? How

likely are physical forces to fragment entire organisms into separate pieces [42, 104]? How

do tissue-level mechanical properties emerge from cellular properties and behavior [56–

60]? How do the type and number of intercellular connections lead to different modes of

intercellular communication [105]? How do nascent multicellular life cycles arise, and how

do these affect subsequent evolution? The speci�c class of intercellular attachments leads

to different biophysical constraints, advantages, and trade-offs.

This chapter is a review the two classes of multicellular attachment, and a discussion

about their impact on development and evolution. As different mechanisms have differ-

ent consequences, the chapter is partitioned into four sections: (1) �rst, we discuss groups

formed with permanent intercellular bonds, how these bonds are formed, their immediate
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biophysical consequences and constraints such as connection topologies and packing ge-

ometries, and some of the downstream effects on communication pathways, (2) then, we

similarly discuss groups formed via reformable bonds, of which extracellular matrix and

sticky proteins are sub-examples, (3) we examine the evolutionary consequences of differ-

ent attachment mechanisms on the evolution of multicellularity and �nally (4) we discuss

some of the ambiguities in the dichotomy introduced here.

2.1 Permanent intercellular bonds

The �rst attachment mechanism we will discuss is a “permanent” or “�xed” intercellular

bond. This type of intercellular bond is not capable of being reformed if it is broken.

Permanent bonds are formed via incomplete cell separation processes. Many multicellular

organisms form these bonds through incomplete cell separation. In such processes, mother

and daughter cells remain physically attached after the cell division process. This process

occurs in both prokaryotes and eukaryotes, spanning many clades of multicellularity: it is

observed in bacteria, land plants, green algae, brown algae, red algae, fungi, and in some

stages of animal development [1, 14]. It is one of the oldest forms of multicellular assembly

[16, 74] and one of the most successful, dominating the planet's biomass [2].

There are a few different versions of permanent bond formation via incomplete cell

separation. Examples include incomplete cytokinesis, where the cell cytoplasms remain

connected; incomplete cell separation, where cell cytoplasms may be disconnected but the

cell walls or membranes remain strongly adhered; syncytial growth, where a cylinder of

cell wall material is partitioned via crosswalls, and other forms of cell partitioning, where a

cell boundary is deposited in the middle of a larger cell, partitioning it into two pieces. In all

of these instances, the bonds are formed by cell division, whether that includes additional

cell growth or not. Additionally, the bonds cannot be unformed and reformed again; they

are �xed until severed, at which point they cease to exist.
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2.1.1 Bondformation

As incomplete cell separation is common across biological domains, details of how it oc-

curs can differ dramatically between organisms. Cell division itself occurs differently in

different lineages, the structural components of the cells are different (for instance, plants

have cell walls while animals don't), and cell shape and geometry can also vary (for in-

stance, some lineages produce cells which are roughly rectangular prisms, while many

others may have spherical or ellipsoidal cells). Additionally, the molecules mediating in-

tercellular attachment are diverse: in most plants, the molecules composing their cell walls

include a variety of polysaccharides like pectins and hemicelluloses [45, 106, 107], while

fungal cell walls are composed of different polysaccharides such as glucans, mannans, and

chitin [108, 109]; in other cases, protein complexes which span cell cytoplasms provide the

structural support of these bonds [110].

Despite the many differences in the biochemical components of cellular attachment,

there are a few important characteristics of the incomplete cell separation process that are

broadly shared. For one, the rate of bond formation is intertwined with the rate of cell

division, since the division process creates these bonds. Ultimately, this means that these

bonds are formed relatively slowly. Second, while not strictly necessary, a common feature

of these bonds is the formation of stable cytoplasmic bridges that span from one cell into its

neighbor, which can be a key mechanism for intercellular communication. These bridges

have been observed in all the different extant taxonomic lineages that exhibit �xed bonds

formed from incomplete cell separation. Below, we summarize some cell division pro-

cesses that lead to the formation of �xed intercellular bonds, and highlight the intercellular

connections that exemplify the stable nature of these bonds.

Land plants The vast majority of plant cells develop via incomplete cell division, thus

forming intercellular bonds with middle lamella [45]. At the onset of cell division, a cell

plate forms at the center of the dividing cell [106]. The cell plate grows, thus partitioning
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Figure 2.2: There are two ways to create permanent bonds, both of which involve creating
new cells. Either new cells can be grown, and with them permanent bonds; or previous
cells can be partitioned, preserving total volume.

the parent cell into two daughter cells. Then, cell wall material is deposited on either side of

the cell plate, forming the shared middle lamella. During this process, the cells maintain an

intercellular tunnel called the plasmodesmata which connects neighboring cell cytoplasms

[111, 112]. In woody plant tissue, the pectins in the lamellar region become hardened (a

process called ligni�cation) to handle the intense tensile and compressive stresses associ-

ated with structural forces [106]. In soft plant tissues, both internal and external compres-

sive forces are generally carried by the cellular turgor pressure, allowing cell walls to be

thinner and more �exible; in this case, the cross-linked pectins are generally not ligni�ed

[45].

Green algae Green algae are a diverse group, consisting of many marine algae and all

land plants. Therefore, some multicellular green algae share the same characteristics of

the land plants described above. But green algae can also form intercellular bonds through

other processes. For instance, volvocine algae form multicellular groups through a process

called multiple �ssion, where cells �rst grow to a large size without dividing, then divide

rapidly many times, resulting in many cells [23]. Throughout this process, cells maintain

cytoplasmic bridges between their division-mates [113, 114], resulting in an average total

of 25 bridges per cell, divided across the several intercellular bonds connecting the cells
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together [23]. The bridges are composed of phospholipid bilayers (the same material that

composes the plasma membrane), the same that surrounds each somatic cell, and are also

characterized by an electron-dense ring [114, 115].

Fungi Many fungi can grow as hyphae, which are characterized by long, branching �l-

amentous structures. Hyphae are the main mode of vegetative growth (i.e., growth which

increases the organism's size) for most multicellular fungi. A single hyphal branch is a

structural cylinder of cell wall, composed mostly of mannans and glucans [109]. When

cell division occurs, an internal cross-wall called a “septum” grows and partitions the cells

within the hyphae. The septum is shared by both neighboring daughter cells. Importantly,

cells maintain holes in the septal wall called septal pores [116, 117]. The sizes of septal

pores (varying in cross-sectional area from50� 500 nm) and the pore density per septum

(from single pores to multiple pores) can vary between organisms [117, 118].

Single-celled budding yeast (Saccharomyces cerevisiae) readily make the transition to

multicellularity under laboratory experimental evolution [33, 94]. In these cases, attached

cells share not one cell wall, but rather each cell has their own cell wall which remains ce-

mented together. For instance, in budding yeast, a chitin-rich region binds the daughter cell

to its mother [108, 109]. During the budding process, the two cells share a cytoplasm. In

the �nal stages of cell division, two thick cell walls are constructed between the two cells.

In unicellular yeast, the last step in cell division is dissolution of the chitinous polysac-

charide that surrounds the cell junction, thereby separating the two cells, leaving behind a

crater-like “bud scar” on the mother cell's surface and a “birth scar” on the daughter cell's

surface. However, in cases where proteins which dissolve the budding chitin scar are not

expressed, the two cell walls remain physically attached and touching one another at the

junction [33, 81].

Animals and choano�agellates Animals exhibit diverse intercellular bonds that can vary

both spatially and temporally. However, stable cytoplasmic bridges are conserved across
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the embryogenesis process [119]. In animals from insects to humans, incomplete mem-

brane furrowing during oogensis and spermatogenesis leaves regions called “ring canals”

which connect their cells [120–127]. In mammals, these intercellular bridges are typically

constructed from midbody matrix protein complexes [121]. In invertebrates such as ne-

matodes and fruit �ies, somatic cells can maintain external intercellular bridges that are

formed from actin and other proteins [119]. External cytoplasmic bridges have also been

observed in some protists, like choano�agellate �laments and choano�agellate rosettes [51,

128, 129], which are the most closely-related clade of organisms to the animals [97, 130].

Together, it is apparent that incomplete cytokinesis plays an important role in the develop-

ment of many metazoans and their closest relatives.

Multicellular bacteria Filamentous multicellular bacteria with permanent intercellular

bonds are the �rst known multicellular organisms; incomplete cell division began in the

cyanobacteria around 2.5 billion years ago, and was subsequently lost and gained a few

times in the ensuing years [14, 29]. Protein complexes span the two cytoplasms of adja-

cent cells in the bacterial �lament [110]. Similar to the cyanobacteria,Beggiatoagrow in

�laments that can be found in a variety of marine and freshwater environments [131]. A

different multicellular bacterial family, the streptomycetes, grow in hyphal-like �laments

that are then partitioned by septal crosswalls, similar to fungal mycelial networks in the

fungi. These crosswalls sometimes have holes through which nutrients and plasmids are

transported [132].

2.1.2 Cellularspatialstructure

Microscopic details underlying how incomplete cell division unfolds can produce large

macroscopic differences in multicellular topology (i.e. which cells are bonded to which

other cells) and geometry (i.e. how much space each cell is afforded). These properties

have profound impacts, affecting everything from organismal strength and toughness, to
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resource sharing, intercellular communication, division of labor and more [40, 42, 94, 105].

We call the combination of topological and geometric properties the spatial structure of a

multicellular organism.

Since bonds formed via incomplete cell division are, by de�nition, not reformable, the

original bond network cannot rearrange to connect cells that were previously unconnected:

organisms are stuck with their original bond network. Further, geometric rearrangements

are limited to strictly elastic cases: that is, cases where the cell positions may be stressed

into a slightly new conformation, but upon release of the stress they will spring back to

their unstressed state. Intercellular bond topologies can range from �lamentous linear net-

works (e.g. cyanobacteria), to branched networks (e.g. mycelia) to neighbor networks

(e.g. plant meristems). Additionally, there are different types of cell spatial geometries,

that can range in dimension (e.g. sheets of cells vs volumes), packing fraction, and more.

In this section, we �rst enumerate different intercellular bond topologies and discuss how

they emerge from incomplete cell division, then we discuss how these bond topologies may

affect strength, toughness, and the geometry of cellular arrangement.

Topology

Filaments One type of intercellular bond topology that can result from incomplete cell

division is the linear �lament, i.e., a chain of cells. In �laments, cells are bonded to a

maximum of two other cells. Severing one bond therefore results in complete fragmentation

of the organism into two distinct pieces, each of which may be viable. This kind of bond

topology can result from cell division processes such as binary �ssion or budding [133].

Filaments are one of the oldest forms of multicellularity [28], including some of the oldest

fossils yet found for both prokaryotes [16] and eukaryotes [74]. There are also extant

forms of �lamentous multicellularity, including the prokaryotic cyanobacteria [14], and

eukaryotic protist choano�agellates [51, 128]. Formation of �laments therefore appears to

be a robust and accessible evolutionary strategy.
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Figure 2.3: Multicellular groups formed with linear �lament and branched-tree bond
topologies fragment into two pieces when any one bond is broken. Neighbor network
topologies do not share this property: multiple bonds must be removed to extract any piece
of the organism. Experimental images shown left-to-right are: (i) Linear �laments of the
cyanobacteriaCylindrospermum sp.courtesy of CSIRO; (ii) Membrane-based 3d volume
from confocal microscopy of aDrosophila melanogasterembryo, courtesy of Dr. Jasmin
Alsous, Flatiron Institute; (iii) Branching ”snow�akes” of the yeastSaccharomyces cere-
visiae, from Bozdag et. al., BioRxiv 2021.08.03.454982 (2021), licensed under a Creative
Commons Attribution (CC BY 4.0) license; (iv) the apical meristem in an onion root tip;
(v) the entire green algae organismVolvox carteri, Day et. al., eLife 11:e72707 (2022),
licensed under a Creative Commons Attribution (CC BY 4.0) license.

29



Filaments present some distinct biophysical constraints. For instance, many organ-

isms have evolved to pass nutrients to their nearest neighbors via cytoplasmic bridges. The

bridges then constrain direct resource sharing to only two nearest neighbors. In cyanobacte-

ria, this constraint led to functional differentiation of cell types that are mutually dependent:

cyanobacterial cells can specialize to �x nitrogen or to perform photosynthesis, with cells

sharing the products of their activities with their nearest neighbors, leading to a pattern

of heterocyst formation [14]. The linear topology of �laments also has geometric effects:

every cell is in contact with the environment, which may include nutrients or toxins. These

groups therefore do not require additional multicellular structures to channel nutrients from

the exterior to interior cells.

In addition to constraints on cell spatial structure and connectivity, �laments present

mechanical constraints. The strength of the multicellular structure is equal to the strength

of each individual bond; adding more cells adds only one more bond at a time. Therefore,

mechanical load (for instance, a shear stress) will strain all of the bonds in the �lament in

series. Should any of the bonds fracture, then the entire group splits into two pieces.

Branched tree networks Another class of intercellular connections is a branched tree

network, or branched �lament, which is always a planar graph of intercellular connections.

Incomplete cell separation can lead to this type of topology when individual cells can main-

tain connections to multiple daughter cells. Every cell (besides the original root cell) has

one basal bond, i.e., the bond to its mother; however, cells in these groups can vary in

how many daughters they have and remain connected to. Each daughter cell represents the

formation of a new ”branch”. This type of branched network is common; for instance, it

is observed in fungal mycelia [134], certain stages of animal development [135],Strepto-

mycesbacteria [14], and also in experimentally evolved ”snow�ake” yeast [81].

In branched tree networks, cells can maintain intercellular bonds with more than two

other cells, but they are geometrically limited in the maximum number of bonds achievable.
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If the cells were all equally sized spheres arranged on a 3D lattice with the highest possible

packing density, the maximum number of bonds any one cell could have would be 12.

In most cases, however, cells are not organized on a perfect lattice but are structurally

disordered; this disorder lowers the total number of possible bonds [136, 137]. Conversely,

cells generally come in a range of sizes (a property called polydispersity) and they are

not incompressible spheres; packing with softer, polydisperse, or non-spherical cells can

increase the maximum number of possible bonds [63]. Geometric cell packing therefore

plays a clear role in the ultimate topological structure of the multicellular organism.

Similar to linear �laments, branched networks fragment into two separate pieces if

any single intercellular bond is severed [81]. Therefore, increasing the number of cells

in the group does not increase the toughness of the organism. In fact, since new cells

may physically contact other cells, they can impart mechanical strain, forcing existing cells

away from their “relaxed”, i.e., unstressed, con�guration. Continued cellular reproduction

can therefore actually decrease toughness, as has been shown in experimentally evolved

snow�ake yeast [42].

Branched-network topologies may or may not geometrically �ll space – in other words,

cells occupy a volume fraction� = Nv c
V of all space available, whereN is the number of

cells, vc is the average volume occupied by a single cell,V is the total volume occupied

by the organism, including intercellular space. In cases where� < 1, also called noncon-

�uence, there is plenty of intercellular space where nutrients and toxins may diffuse or be

transported, potentially accessing every cell of the organism. Mycelial networks, for ex-

ample, are not generally space �lling (see, for example, [134, 138]); accordingly, mycelia

employ the gaps between their branches to great effect, using this space to dissolve organic

matter. Nutrient transport can also be achieved via entirely diffusive processes [72]. There

are also examples of branched tree bond networks that do �ll space (� � 1, called con-

�uence), such as fruit �y egg chambers [135]. In these con�uent cases, an intercellular

vasculature capable of transporting nutrients and toxins becomes increasingly necessary as
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size increases, since diffusion may not ef�ciently access all cells in the body.

Neighbor networks A third type of intercellular bond topology is a neighbor network

topology, in which a cell is connected to its contacting geometric neighbors. As one ex-

ample, consider a two-dimensional sheet of cells, where each cell shares a bond with every

neighbor, such as inVolvox carteri[23]. These neighbor networks can, in principle, be

either disordered or lattice-like. However, the inherent stochasticity of the cell division

process, combined with any curvature of the tissue, makes it unlikely that crystalline ar-

rangements of cells will prevail across the entire organism [40]. In experimental images

of select cases, we indeed see that the intercellular bond network has disorder (see e.g.

[40, 68], and Figure 3). These contact networks can be arranged in 2 dimensions (like a

monolayer cell sheet) or in 3 dimensions (such as a tube of plant cells).

Contact network topologies can result in con�uent tissues (i.e.� = 1) or non-con�uent

tissues (� < 1). Examples of 2D contact networks that are noncon�uent include some

volvocine algae [56] and possibly choano�agellate rosettes [51]. In these cases, there can

be signi�cant gaps between the individual cells where nutrients can pass. There are also

many examples of con�uent tissues in plant tissues. Additionally, it is unclear if some

animal embryos maintain neighbor networks of ring canals or branched tree networks; if

they are neighbor networks, then other examples of con�uent tissues may be: humans

[124], rats [126], rabbits [123], chickens [127], frogs [125], and fruit �ies [122]. Some

animals have somatic intercellular bridges, too: nematodes and fruit �ies are the most

well-studied of these [119].

When assembled with neighbor networks, organisms do not fragment if a single inter-

cellular bond is fractured. This is because each cell is degenerately attached to multiple

others, including cousin cells. In neighbor networks, many bonds must be removed to frag-

ment the organism, meaning that the strength of the tissue is greater than the strength of any

one bond. As with branched tree networks, the maximum number of bonds that each cell
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can achieve depends on the dimensionality of the tissue, shape and relative size of the cells,

and cell compressibility. It may be that not all cells will contact the environment in con�u-

ent contact networks, which means that for cells to obtain necessary nutrients, organisms

of large size must evolve a vasculature to transport material [1].

Special cases Some intercellular bond topologies do not �t neatly into one of the above

categories. For instance, some fossilized algae, such as those from the rhodophyta [25, 74]

or the charophyta [31], have cells arranged in clusters of tetrads. Each cell in the tetrad

is bonded to two others with a neighbor network topology; tetrads are then bonded one

to another in unknown fashion. It is possible that each tetrad is bonded to the next tetrad

at only one location, meaning that the bond topology within tetrads is a contact network,

while the bond topology between tetrads may be different (such as a branched tree). That

there may be topological networks existing at different modular scales is an interesting

topic for future study.

Geometry

Having established that many different intercellular bond topologies are possible for mul-

ticellular organisms assembled with permanent bonds, we now turn our attention to how

the different arrangements may affect the geometry of cell positions and orientations. This

spatial structure inherently depends on the intercellular bond topology. However, any one

particular bond topology can be invariant to many different geometric cellular con�gura-

tions.

Let's consider all the possible con�gurations of cells in permanently-bonded groups. In

the extreme case, we might consider a scenario where new cells are randomly positioned,

subject to the constraint that they must be bonded according to a prescribed bond topol-

ogy. Additionally, the cells will be constrained by their geometric size: two cells cannot

occupy the same space. Nonetheless, there are very many (in fact, uncountably many)
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different ways that the cells can be positioned subject to these constraints. If every con-

�guration is equally likely, then saying anything quantitative about the cell structure may

seem intractable; however, the maximum entropy principle can provide precise predictions

of quantities such as the space afforded to each cell. In experimental studies of multi-

cellular organisms, (i) snow�ake yeast, which form groups with branched-tree topological

structures and (ii)Volvox carteri, which form groups with a cousin network topological

structure (see Figure 3), the observed distribution of volume-per-cell was found to match

the predicted distribution from maximum entropy considerations [40]. Their cellular spa-

tial structure was remarkably reproducible, even without explicit developmental patterning,

underpinning the emergence of novel, heritable multicellular traits that arise from the me-

chanics of cellular packing [40, 93]. Entropic effects on cell packing are not simply a

factor for small, undifferentiated groups of cells, but have also been observed to affect

organisms that possess complex developmental regulation. For example, cell packings in

fruit �y embryos are known to follow patterns that arise from the entropy of “frustrated”

topological con�gurations [135]. Deviations from maximum entropy predictions, whether

these be geometric or topological in nature, also provide important information about the

underlying processes leading to multicellular assembly. For instance, deviations can in-

dicate where developmental patterning is strongly affecting morphology [40]. Maximum

entropy predictions may therefore become a tool for investigating the origin and extent of

developmental regulation.

2.1.3 Bondfracture

By de�nition, �xed intercellular bonds are not reformable. As a consequence, cells with

these types of intercellular bonds are not motile with respect to one another: they cannot

rearrange their topological connections, signi�cantly limiting their ability to move spatially.

Any forced rearrangement event causes permanent structural damage. In permanently-

bonded organisms, mitigating or controlling the frequency of bond fracture is an essential

34



part of achieving structural robustness.

The forces that cause bond fracture can come from internal or external sources, and

can emerge and propagate over a wide range of magnitudes and length scales inaccessi-

ble to single cells. For instance, external shear forces can arise from �uid �ows and wind

loads; neighboring multicellular organisms may apply forces on one another; in some cases,

predators can apply forces on their prey (or vice versa); for large multicellular organisms,

gravitational forces become relevant. These external forces can fragment multicellular or-

ganisms [51, 131, 139–141]. Further, internal stress from cell division can lead to large,

heterogeneous intercellular force networks due to cell crowding [70] and can eventually

lead to fragmentation [42]. For example, in experiments on con�ned single-celled yeast,

large and heterogeneous forces arose from continued cell division within con�nement [41].

The boundary conditions imposed by the walls resulted in a self-driven jammed cellular

con�guration; without the con�ning walls, the single cells would have rearranged into a

con�guration with less internal stress. Multicellular organisms assembled with �xed bonds

don't require con�nement to achieve the same high-stress effect: the bonds prevent rear-

rangements, allowing stresses to persist and grow until bonds fracture. To control bond

fracture, multicellular organisms must confront both external and internal kinds of physical

stresses.

There are four basic strategies that can control the frequency of fracture due to ei-

ther internally- or externally-generated forces. First, some organisms have evolved mech-

anisms which can correct and mend broken intercellular bonds, but the mended bonds are

not formed through incomplete cell division [142]. Furthermore, these new bonds may

be formed using different adhesion molecules than the initial bond. Since it presumably

takes time to evolve additional cellular adhesion mechanisms, it is possible that nascent

multicellular organisms formed via incomplete cell division may not possess corrective

mechanisms for intercellular bond fracture.

In a second strategy, organisms may change the toughness of their intercellular bonds.
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For instance, in woody plant tissue, intercellular bonds have evolved to become strong and

tough through ligni�cation processes that can weather large shear and compressive stresses

necessary for tall organisms, like trees, that experience gravity, wind load, and more [45].

The third method of mitigating bond fracture is by modifying the number of intercellu-

lar bonds. Partially, this ability is encoded in the different types of intercellular connection

topologies. For instance, linear �laments withN cells are formed withN � 1 intercellular

bonds. By contrast, a bond network arranged on a cubic lattice will have six connections

for each cell, therefore resulting in a higher bond to cell ratio. Organisms may also increase

the number density of their bonds by producing, for example, multiple cytoplasmic bridges

connecting cells rather than just one (as one example, up to 25 bridges connect neighboring

cells in volvocine algae [23, 114]).

Finally, multicellular lineages may modulate cell packing density. For instance, in lab-

oratory evolved strains of snow�ake yeast [33], continued selection for large size led to

morphological changes in cell shape [42]. Cellular elongation resulted in a reduction of the

packing fraction in these groups, and therefore reduced cell crowding and mitigated stress

accumulation. When daily selection for larger group size was extended to 600 days ( 3,000

generations), the cell shape mutations became a dominant feature of the organisms, lead-

ing to highly elongated cells [61, 94] that persisted even under diverse growth conditions.

Changing cell packing fraction can therefore be a highly effective strategy for controlling

bond fracture rate, in some cases outperforming the strategy of simply strengthening inter-

cellular bonds [143].

2.1.4 Fragmentationasmulticellularreproduction

Reproduction is a necessary component of Darwinian evolution; for multicellular groups

to become Darwinian individuals, they must be capable of creating offspring. While many

multicellular organisms reproduce via complex processes involving many levels of genetic,

biochemical, bioelectric, and mechanical signalling [52, 144–146], many others reproduce
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via fragmentation. Fragmentation into viable propagules, each with stable intercellular

bonds formed by incomplete cell division, is a common form of asexual multicellular re-

production in plants [140, 141] and bacteria [131, 139], and has been observed in the fungi

[33] and choano�agellates [51]. Given the mechanistic simplicity and phylogenetic dis-

persion of this strategy, it is possible that fragmentation is one of the earliest strategies of

asexual multicellular reproduction.

As noted above, fragmentation can be driven externally [141] or internally [42]. For

groups with permanent bonds, especially branched trees, fragmentation is a simple mecha-

nism of multicellular propagation that can arise as an emergent property of cellular growth

within the geometric constraints of a multicellular cluster. In linear �laments and branched

trees, fracturing a single bond leads to complete organism fragmentation into two separately

viable propagules, each of which encodes the genetic information of their unfragmented

parent. Therefore, in some cases the process of fragmentation is a simple, easily-evolved

mechanism underlying group reproduction and the origin of early multicellular life cycles

(see, for example Ratcliff et. al., 2012 [81]).

2.1.5 Intercellularchannels

One of the bene�ts of multicellularity is the ability for cells to communicate and divide

labor, exchanging nutrients, chemical signals, or even entire organelles from one cell to an-

other. While these interactions can be entirely external to the cells (for instance, they may

excrete a chemical signal to diffuse to all neighboring cells, a la quorum sensing), it can be

bene�cial to have a targeted interaction pathway that connects two or more cells, allowing

them to privately exchange goods. Doing so protects otherwise common goods, reducing

the potential for social con�ict. As we describe above, targeted intercellular channels such

as cytoplasmic bridges are a feature of many multicellular organisms that evolved to form

�xed cellular bonds, including many of the most diverse and complex multicellular lin-

eages [1, 111, 112, 119, 147–149]. Cells connected via bonds from incomplete cytokinesis
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already have a built-in pipeline for targeted cell-cell communication. The relative ease of

forming these communication channels may have been an important step in the evolution of

multicellularity. Recent studies have demonstrated that the types of intercellular communi-

cation networks formed by permanent bonds may be particularly advantageous for evolving

a reproductive division of labor [105]. Thus, not only are these communication channels

easy to form, but they facilitate differentiation in ways that fully-connected networks (like

those from public resource sharing) cannot.

2.2 Reformable bonds

Aggregational adhesion is the process of attaching initially separate cells together with re-

formable bonds. There are two broad classes of reformable bonds: cells may excrete an

extra-cellular matrix (ECM), which surrounds them and binds them together like a vis-

coelastic “glue;” or, cells may express sticky, velcro-like surface proteins that interact with

proteins or other molecules on the surfaces of other cells. Both mechanisms are extremely

common in nature. They are also often both present simulateously, or present along with

permanent bonds (e.g., rosette-forming choano�agellates [51]). As these bonds readily re-

form after breaking, cells can rearrange, actuating a dynamic multicellular structure with

rich physics and biology. In this section, we brie�y review ECM and sticky protein for-

mation mechanisms, and then discuss the emergent physical and biological properties that

arise from dynamic rearrangements. We also indicate the profound implications reformable

bonds have on the subsequent evolution of multicellular lineages.

2.2.1 Extra-CellularMatrix (ECM)

The extra-cellular matrix is a broad family of secreted proteins, polymers, and polysac-

charides, that act as a “mortar” that provides biophysical and biochemical scaffolding for

the cellular “bricks” embedded within it. It is prevalent in a broad range of multicellular

collectives, including bacteria, fungi, animals, algae, and plants. ECM thus refers to a wide
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Figure 2.4: There are two main types of reformable bonds. One type is a sticky extracel-
lular matrix that surrounds the cells. A second type is a surface-binding protein that can
interact with proteins on the surface of another cell. Upper two experimental images are
(i) an electron micrograph of a bio�m ofStaphylococcus aureusbacteria on a catheter; and
(ii) scanning electron micrograph of a multicellular colony ofChlamydomonas reinhardtii,
from Herron et. al., Scienti�c Reports, 9:2328 (2019), licensed under a Creative Commons
Attribution (CC BY 4.0) license. Bottom experimental image is an aggregate of �occulat-
ing yeast,S. cerevisiae.
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range of different materials, with highly varied composition. Individual organisms can

even express highly heterogeneous ECM, with composition that varies spatiotemporally as

it engages cells in continuous biochemical and biomechanical interactions.

Of the many different types of organisms that employ ECM to attach cells in a group,

we focus on two archetypal examples: bacterial bio�lms and animal tissues.

ECM composition

Extracellular matrix is comprised of multiple, diverse interacting biomolecules [150, 151],

including polysaccharides, proteins, dead cells, lipids, and extracellular DNA [152, 153].

In bacterial bio�lms, polysaccharides compose the majority of ECM mass [154]; these

polymeric chains form a network that binds cells to the surface and to each other [155].

In animals, proteoglycans and �brous proteins such as collagens, elastins and �bronectins

form the majority of the matrix [150, 156, 157]. Non-enzymatic proteins may allow cell

surfaces to bind to the polysaccharide network [158, 159], while their enzymatic counter-

parts may then degrade these biopolymers for consumption by the cells in the case of star-

vation [160]. In addition, the debris of dead cells may remain stuck within the extracellular

matrix long after cells die [161]. Extracellular DNA also forms an important component

of the ECM; it has been implicated in both structural and evolutionary processes involv-

ing bacterial bio�lms and their resistance to removal in infections [162–164]. While the

formation of an extracellular matrix has been observed in different species of bacteria and

even in polymicrobial communities, the composition and structure varies between single

and multi-species colonies[165].

No matter the exact composition of the ECM, it provides essential and rich physical and

mechanical properties to the group [166, 167], and provides protection to the individual

cells it encases. In the following sections, we will describe some different kinds of ECM-

attached multicellular groups and explore the different properties that the matrix provides

the system, as well as its evolutionary consequences.
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Bio�lms

Bio�lms are surface-attached communities of bacteria, fungi, and/or archaea [168] held to-

gether by an ECM [151]. Bio�lm formation starts when cells irreversibly attach to a surface

[169–171]. As the cells reproduce, they secrete polysaccharides and other biomolecules

that strengthen their attachment to both the surface and each other. This process forms

highly heterogeneous three-dimensional structures.

Bio�lms can confer distinct bene�ts and disadvantages to microbes living within them

compared to their planktonic counterparts. For instance, microbes living in a bio�lm have

a slower growth rate due to oxygen and nutrient limitations; however, individual cells in

bio�lms are also less susceptible to �uctuations in environmental conditions. The ECM

enclosing the bio�lm provides a protective micro-environment, shielding microbes from,

for example, phages and antibiotics [172, 173]. It also provides mechanical protection in

situations where the bio�lm is exposed to shear stresses or mechanical pressure [151, 174,

175].

Bio�lm formation also enables many complex behaviors that are analagous to mul-

ticellular processes. For instance, some bio�lm colonies spatiotemporally partition cell

behavior such as programmed cell death [14] (where some cells are cannibalized to enable

the remaining cells to access their nutrients), division of labor [96], and sporulation (where

cells that are part of distinct spatial structures are more likely to sporulate). In other cases,

bio�lms can construct well-de�ned channels that may facilitate the transport of liquid nu-

trients and waste over large distances [176, 177].

Animals

In addition to the diverse range of bio�lm communities that use extracellular matrix to hold

collectives of cells together, animals often employ ECM as an attachment substrate for their

epithelium. Generally, underneath the epithelial cells is a dense collagen-rich matrix called

the basal lamina. This layer employs a variety of proteins, such as integrins, �bronectins,
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and elastins, to link cells to the ECM and thus to the rest of the collective [150]. The genes

which encode for these proteins are found in all major animal phyla including sponges

[178–181], suggesting that the �rst multicellular animals may have been formed through

ECM adhesion [97]; at the least, the last common ancestor of extant animals likely had

the capability of reformable cell-cell adhesion through ECM. Consistent with this view,

some of the closest relatives to animals, the choano�agellates, not only employ permanent

intercellular bridges to adhere cells one to another, but also use a spherical core of ECM as

an important biophysical structure which cements a ”rosette” of cells together [51, 128].

Experimental evolution of multicellularity via ECM

One of the best studied clades of multicellular organisms are the volvocine green algae.

ECM production underlies the formation of speherical multicellular structures in the most

sophisticated volvocine green algae [182]. Unlike most clades of multicellular organisms,

the volvocine green algae contain species that exhibit the full range of multicellular com-

plexity, from the single-celledChlamydomonas reinhardtiiup to the macroscopicVolvox

carterii, which displays genetically-regulated germ-soma differentiation [23]. Experimen-

tal evolution ofC. reinhardii, either via co-culture with a gape-limited predator [38] or

selection for rapid sedimentation [34, 183], readily forms simple multicellular groups in

which cells are attached via a secreted ECM. In some lineages of these experiments, newly

multicellular groups formed an alternating unicellular/multicellular lifecyle, where single

cells detach from the group, disperse, and then grow new multicellular groups [34, 38].

In other lineages, multicellular clusters propagate by fragmenting into multiple multicel-

lular clusters [38]. The rapid evolution of these algal groups in the lab demonstrates that

reformable cellular bonds, such as those mediated by an ECM, can be a �rst step in the

transition to multicellularity.
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2.2.2 Stickysurfaceproteins

In many multicellular organisms, intercellular adhesion is mediated by a battery of sticky,

reformable proteins that attach one cell surface to another. This method of intercellular

adhesion is fundamentally different from secretion of an extracellular matrix. As these

proteins only exist on the cell surface, cells must be directly in contact for these proteins

to interact and bind them together. In some cases, this process spurs the two separate cell

surfaces to weld together in tight formation via an adherens or tight junction [184].

While incomplete cell division always results in groups with high relatedness, aggre-

gation via sticky proteins can result in genetically diverse groups [99]. In the absence of

either a highly structured local population [185] or a mechanism of kin recognition (see,

for instance, [186]), aggregative groups will often be composed of cells that are no more

related to each other than would be expected by chance, limiting the potential for selection

to act on group-level traits [187].

There are many types of sticky surface protein bonds that occur across the domains of

life. For example, sticky surface protein aggregation is observed in bacteria [188], fungi

[189], slime molds [190, 191], and animals [1]. Each of these cases differ in their com-

position, strength, and selectivity. Nonetheless, they share at least one common property:

sticky surface protein bonds can drive rapid group formation. Facultative multicellular life

cycles, in which group formation occurs in response to an environmental stimulus (e.g.,

starvation), thus often utilize rapid, reformable cell-cell bonds [21, 188, 191].

Examples of sticky surface protein aggregation

Yeast The aggregation of yeast cells, known as “�occulation,” has been well-studied in

Saccharomyces cerevisiaein part because �occulation enables yeast to be removed from

beer and wine after fermentation is done [192]. Flocculation in yeast is caused by several

structurally similar genes, includingFLO1, FLO5, FLO9, andFLO10, with FLO1 receiv-

ing the most attention [193]. Once activated by Ca2+ ions [194], these proteins form a
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reversible cell-cell bond by binding to the mannose sugars present on the surface of an-

other yeast cell, regardless of whether that cell is expressing �occulation proteins [195].

Flocculation is additionally sensitive to environmental conditions such as temperature, pH,

and nutrient availability [192]. The apparent redundancy of the FLO genes enables variable

control over the �occulation phenotype; each of the proteins has the ability to bind different

sugars [196].FLO proteins enableS. cerevisiaeto co-�occulate with non-Saccharomyces

species; expression of differentFLO proteins produces varying degrees of speci�city in

�occulation phenotype [197]. In contrast to the sugar-binding FLO genes, FLO11 proteins

bind each other, allowing for the potential to use this not just as a mechanism of cell-cell at-

tachment, but also kin recognition, as more FLO11 from more closely related yeast strains

have higher binding af�nity [198, 199].

Animals One of the characteristic features of animals is the epithelial tissue that sur-

rounds their multicellular bodies. The cells comprising this tissue generally adhere to one

another through sticky surface proteins. The archetypal example of sticky surface proteins

in animals are cadherins, which generally bind neighboring epithelial cells one to another;

integrins then bind the entire epithelial layer to the basal lamina that resides beneath the sur-

face [46, 97, 200]. Cadherins of one cell can interact with cadherins on neighboring cells to

form an adherens junction [201]. Alternatively, they may bind directly and indirectly with

catenins, cytoplasmic proteins that stick out from the cell surface [202]. These bonds form

rapidly and strengthen quickly: cells adhere within seconds of �rst contact and the force

required to separate the cells increases �ve-fold within ten minutes [203]. In some cases,

the adherens junction leads to the formation of a stronger bond, called the tight junction,

that uses an entirely different set of cell surface proteins such as occludins, claudins, and

ZO proteins [202]. Other surface interactions that animals utilize to adhere cells include

desmosomes, which connect cytoskeletal �laments that extrude from the surface of two

cells [184].
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Figure 2.5: Reformable bonds lead to a rich diversity of cellular arrangements, even within
one organism. Under small strain, bonds will not rearrange; under middling strain, bonds
may plastically rearrange, and if the strain is large enough it may cause many rearrange-
ments of the network topology.

2.2.3 Cellularattachmentgeometryandtopology

No matter the speci�c binding interactions, whether through ECM production or via sticky

proteins, bonds in aggregative groups are reformable, so cells can rearrange their posi-

tions. As a result, the nearest neighbors of a particular cell will be time-dependent. This

is a fundamentally different situation than multicellular groups assembled from incomplete

cell separation processes, since neighboring cells in those groups are “frozen” in place.

Rearrangements in cell position therefore lead to fundamentally different biophysical con-

straints.

In groups formed with, for example, sticky surface proteins that require cell-cell con-

tact, what sets the number of contacts per cell? Each cell has a minimum and maximum

number of contacting cells, set by cell packing constraints. To be part of a group, each

cell must be attached to a minimum of at least one other cell. The maximum number of

contacts is geometrically limited; for instance, in 3D space with monodisperse (i.e., same
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size) spheres, the maximum mean number of contacts is 12, corresponding to maximum

density lattice packing. Yet, multicellular assemblies are generally disordered, which dra-

matically lowers the mean coordination number [136, 137]. Conversely, cells are generally

neither incompressible, nor monodisperse, nor spherical; packing with softer, polydisperse,

or non-spherical cells can increase the number of contacts [63].

ECM is in general less restrictive than sticky surface proteins; while sticky proteins

require cell-cell contact, ECM acts as a glue between cells, meaning direct physical con-

tact is not strictly required. Nonetheless, the maximum coordination number is still sub-

ject to the same geometric cell packing constraints. In fact, cell density is experimentally

observed to steadily increase over the lifespan of a bio�lm, partially due to compression

stemming from surface-tension like forces [71, 204]. Cell packing thus becomes an im-

portant physical limit for aggregative groups, constraining their density and the number of

intercellular contacts. Such geometric constraints can then proceed to underlie complex

structural properties of bio�lms. For example, bacteria have many mechanisms with which

they kill each other, such as the harpoon-like Type VI secretion system [205]. Geometric

cell packing constrains the number of cells in direct contact, which, in turn, limits the ef-

�cacy of contact-killing mechanisms [206]. Further, the accumulation of dead cells and

dead cell debris further inhibits intercellular contact, preventing or dramatically slowing

the killing rate [161]. When stagnant bio�lms are mechanically mixed, killing resumes,

demonstrating that the contact network provides important ecological structure to aggrega-

tive communities of cells [161].

In addition to the physical constraints of cell packing outlined above, dense cell packs

can inhibit diffusion of nutrients and toxins [72] and mechanically impact the cell cycles

of cells embedded in the dense pack [41]. Further, as discussed in more detail below, the

mechanical properties of groups with reformable bonds are dynamic and diverse.
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Cellular spatial structure

In non-con�uent (i.e. cellular packing fraction,� < 1) ECM-mediated aggregates, such

as in bacterial bio�lms or �occulating cells, the packing fraction steadily increases as cells

reproduce [204, 207]. Non-con�uent, sticky-protein attached aggregates exhibit similar

behavior with one important caveat; since ECM doesn't require direct cell-cell contact for

adhesion, sticky-protein aggregation can only occur at a higher packing fraction than in

ECM groups. Nonetheless, both types of aggregates exhibit an increase in packing fraction

as cells reproduce. As cellular packing fraction increases, spatial structure is increasingly

dominated by contact biomechanics arising from cellular growth and reproduction. Even-

tually, aggregates can exhibit jammed packings, reminiscent of granular materials [41].

At high packing fractions, non-spherical cells (for instance, rod-like bacteria) tend to

align [207]. Nematic and smectic ordering, or the alignment of particles within a sus-

pension, have been observed in many physical systems [208, 209], including in non-

equilibrium, active matter [210, 211]. In equilibrium systems, these phases of particle

alignment are entropic in nature [209]; that is, of all possible con�gurations of rod-like par-

ticles (positions and orientations), most of the allowable con�gurations are aligned [212].

In living, active systems, it may not be fair to claim that these effects are entropic in nature,

since the activity of cell division causes rearrangements and �uidization. Nonetheless, liv-

ing cellular aggregates that exist at relatively high packing fractions are prone to alignment,

even as cell growth and death push the system out of equilibrium. When con�ned to two

dimensions [207], these active nematic aggregates produce topological defects[59], an im-

portant hallmark of both passive and active liquid crystals [209, 210]. In three dimensions,

orientational ordering proceeds in a stereo-typed manner, with surface-level cells achieving

high nematic ordering parameters early in bio�lm development, and later causing cascades

of cell alignment [60, 71, 204, 213].

In addition to orientational ordering via depletion forces, maximum entropy consider-

ations can accurately and precisely predict the distribution of volume per cell, particularly
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as contact forces become more important than other interaction forces. The reason for

this is that at the jamming point (i.e. when hard, athermal grains become locked in place

via contacts with their neighbors), hard sphere con�gurations become equiprobable [214].

Subsequently, precise predictions can be derived for the amount of space associated with

each cell in the pack [215]. The predicted distribution has been experimentally validated

for hard grains, foams, and organisms formed with �xed intercellular bonds [40, 215, 216];

in simulations, Day et. al. [40] also con�rmed that cellular groups with sticky interactions

may pack cells according to the maximum entropy distribution, too. Experimental work

con�rming this packing distribution in bio�lms or sticky protein aggregates remains open

for exploration.

In a related vein, recent studies quanti�ed the spatial structure of aggregates by analyz-

ing nearest neighbor topology [217, 218]. These works use the “topological earth mover's

distance” to compare local graph neighborhoods of cell centers, �nding that, for example,

different bio�lms can be distinguished strictly based upon static topological information

[218]. They have also extended this capability to extract the steps in a dynamic develop-

mental process concerning aggregative epithelial tissue [217]. Future work may combine

these topological approaches with the geometry of the spatial structure to provide consid-

erable insight into the dynamics and formations of aggregative cell groups.

2.2.4 Frequencyof rearrangementsandadhesionstrength

In principle, reformable bonds can break, allowing cells to rearrange, and then reform,

connecting new pairs of cells. In practice, however, the frequency of cellular rearrange-

ments varies and is context-dependent. For example, animal tissues are known to alternate

between states of �uidity and rigidity during development [54, 58]; the onset of rigidity

is associated with loss of the ability to rearrange neighbors. Studies of epithelial tissues,

such as human bronchial cells and drosophila ventral cells, show that mature, uninjured,

and non-malignant epithelial layers generally approach a disordered and jammed solid state
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[58, 219, 220]. Nonetheless, cell rearrangements are commonly observed in many tissues

during development in animal embryos [54, 221], wound healing [44], injured or cancerous

growths [222], and even in mature tissue layers grown in vitro [223].

One reason why cellular rearrangements are common is that rigidity is readily destroyed

by cellular activity. For example, any amount of cell division or cell death �uidizes tissues

[224], from epithelial layers [50] to bacterial bio�lms [225]. Cellular motility can also

drive rearrangements [222, 223]. Unlike birth-death activity, a critical threshold of motility

must be reached for �uid-like rearrangements to be achieved [70, 226]. Fluidity driven by

self-propulsion in tissue layers with multiple cell types have also been observed to result

in slightly de-mixed con�gurations, where cells are more likely to be located near cells

of the same type [227]. The dynamics associated with rearranging tissue monolayers are

commonly studied through vertex models, where different classes of cell rearrangements

are labeled as, for example, T1 or T2 transitions [49, 50, 227], reviewed in [228].

Cellular rearrangements in these tissues can occur at high frequency as the adhesion

strength of reformable bonds in animal tissues is generally fairly low (though strength

varies depending on the organism, cell type, as well as environmental factors). However,

the literature is sparse on this topic; a small number of studies have been published on

the mechanical measurements of animal cell adhesion, with even fewer published on plant

cell adhesion. Nonetheless, it is worth comparing the order of magnitude estimates from

animal and plant studies of cell separation forces. A literature review of several separate

studies estimates that the force per unit area required to separate two adherent animal cells

is on the order of 10-1000 Pa [203, 229–233]. The wide range of values is likely due to the

fact that these measurements were made with cell types including kidney cells, human red

blood cells, human white blood cells, zebra�sh endoderm cells, and mouse sarcoma cells.

We can compare these measurements to measurements of the force per area required to

fracture onion tissue. Onion tissues are held together with non-reformable middle lamella.

The force per unit area required to fracture the onion tissue was found to be 335 MPa [234],
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about105 times greater than the strength of reformable animal bonds. In experiments of

grafted benth (Nicotinia benthamiana, a close relative of tobacco) cells (i.e. plant cells

held together with reformable bonds), researchers measured the separation stress to be

about 20 KPa, about104 times weaker than the non-reformable onion bonds [235]. In

addition, experiments with baker's yeast imply that yeast groups formed with chitinous,

non-reformable bonds are stronger than yeast groups formed with �occulation proteins that

adhere cell surfaces. For instance, vortex mixing of chitin-bonded clusters does not destroy

the cluster [33], while vortex mixing is known to destroy �occulated groups [39]. While not

conclusive, these observations support the idea that reformable bonds are generally weaker

than non-reformable bonds.

2.2.5 Mechanicalpropertiesof rearrangingcell networks

Cellular rearrangements have mechanical and material effects, which often hold biological

consequences. In conventional materials such as �uids or solids, the mechanical properties

of the material are heavily dependent on the type, number, and strength of interactions

between particles. The same is true for active cell networks, including bio�lms and sticky

aggregates [60]. Intercellular interactions facilitate continuum descriptions of multicellular

mechanical properties such as tissue �uidization [224], height �uctuations [225, 236], the

onset of rigidity [70], elasticity [66], and wrinkling [237].

Ultimately, the electrostatic interactions caused by either sticky surface proteins or

ECM lead to complex, viscoelastic behavior, i.e., they can respond viscously and elasti-

cally [221, 238]. Further, unlike non-living glasses, foams, or gels, these living aggregates

are active, as cells reproduce, die, and move. The active viscoelasticity of tissues and

aggregates has been the focus of a broad research thrust [166].

Elastic-like properties Even when assembled with reformable bonds, multicellular tis-

sues and aggregates are fundamentally elastic on some time and energy scales. For in-
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stance, when exposed to small external stresses, tissues elastically rebound [221]. Aggre-

gated colonies can exhibit hallmarks of elastic solids, such as wrinkling and buckling [237],

which can be driven by cell death and reproduction [239]. Wrinkling and buckling has been

implicated as an important step in many developmental processes, including furrowing and

folding in complex multicellular organs [69, 240]. Tissues are often modeled as elastic

solids on some timescales [66] due to these properties.

Viscous-like properties Unlike multicellular groups assembled with nonreformable bonds,

reformably-bonded groups can display viscous properties due to their ability to rearrange.

For example, externally applied forces can cause shear �ows, where neighboring cells slide

past one another and make new interactions with new cell neighbors [70, 221, 241]. Mul-

ticellular aggregates can also exhibit an effective surface tension [57]. Further, differential

adhesion between different cell types can cause cells to phase-separate like oil and water

droplets [57, 242–245]. Such �uid-like properties, when combined with the elastic prop-

erties that exist on shorter timescales or smaller energy scales, yield an active viscoelastic

solid.

Glass-like properties Last, growing cell layers, especially in con�nement, have been

shown to resemble glass-like dynamics in a number of different contexts. For example,

tissues can “freeze” and “melt” such that they are more rigid or more �uid-like in their

material properties, especially during development [70]. As these tissues are structurally

disordered, these �uid-to-solid transitions are immediately reminiscent of the glass transi-

tion. Further, reformably-bonded multicellular groups exhibit a variety of different signa-

tures of the glass or jamming transitions [246], such as: dynamic heterogeneities (when

cellular rearrangements occur in a correlated, collective manner), caging (when cells are

locked into their local neighborhood for long durations), heterogeneous intercellular force

networks, and peaks in the vibrational density of states [41, 48, 223]. However, unlike in

a colloidal glass, which freezes when the density of particles is too high to continue inde-
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pendent motion, internally-generated forces (from, e.g., cell division, death, and growth)

can cause tissue �uidization even at high cell densities [50, 224, 225, 236, 247]. Inter-

estingly, epithelial tissues can exhibit a unique density-independent form of the glass, as

both �uid and solid states are con�uent [70]; recent studies suggest they undergo a rigidity

percolation phase transition based on the number of nearest neighbor cell contacts [54].

2.2.6 Intercellularcommunication

Reformable bonds impact the types of intercellular channels that can be formed and used

to pass nutrients between cells. This is because, unlike in the case of permanent bonds,

cells generally do not connect their cytoplasms; as a result, they cannot form ultrastructural

bridges, for example, with an endoplasmic reticulum that spans both cells. Instead, the

types of junctions between cells are typically limited to ones that can be removed without

causing cellular damage.

One prominent form of intercellular connection between reformably-bonded cells are

gap junctions, or gap-junction-like connections [248]. These junctions are generally con-

structed as a pore in the cell membrane, where the rim of the pore is a complex protein

structure that may selectively choose which types of ions and small molecules can pass

between the two cells [248]. When a pore on one cell aligns with a pore on a neighboring

cell, they can dock together to straddle the gap between the two cells. These junctions tend

to be small in diameter, on the order of a few nanometers, and are therefore only permeable

for electrical currents and small molecules [117, 249]. Gap junctions are observed in all

animals, re�ecting their importance as a mechanism of intercellular communication.

The second common type of intercellular communication can occur in systems with any

type of bond; cells may secrete small molecules and proteins into the surrounding environ-

ment. In this way, they may both read and write diffusible chemical gradients that may

be cooperative or antagonistic [205]. This indirect method of intercellular communication

may allow multicellular groups to achieve a quorum [191, 250], facilitate synchronized
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responses among many cells [251], and signal cellular differentiation [252].

These two methods of cell to cell communication have bene�ts and drawbacks. On

one hand, public goods are susceptible to cheating individuals, while privately transferred

goods are not. On the other hand, the number of cells an individual can interact with via

secreted goods is effectively unlimited, while for direct methods it is explicitly limited by

the number of cell contacts. The trade-offs of these two communication schemes, or their

combination, are navigated by all multicellular lineages assembled with reformable bonds.

2.3 Evolutionary consequences of intercellular bond type

The �rst step in the transition to multicellularity is the formation of a multicellular group.

Whether cell-cell bonds are permanent or reformable has a profound impact on the sub-

sequent evolution of multicellularity. Broadly speaking, there appears to be a correlation

between bond type and the evolution of “complex” multicellularity. Speci�cally, large or-

ganisms with many cell types (used as a proxy for organismal complexity) have mostly

evolved in multicellular organisms that made the transition to multicellularity with groups

forming permanent cell-cell bonds (land plants, fungi, red algae, and brown algae) [1]. An-

imals may be a notable exception: they currently form complex multicellular groups with

reformable bonds, but it is possible this is a derived trait, as little is known about the cellular

topology of the transitional metazoans.

This pattern may arise from a number of ultimate evolutionary drivers. First, perma-

nent cell-cell bonds result in largely clonal multicellular groups, which limits the potential

for within-group social con�ict [7, 9, 99] and may favor the evolution of complex cellular

interactions (i.e., those underlying multicellular development) resulting from exceptionally

high across-generation partner �delity. Second, recent work has shown how the network of

interactions created by permanent cell-cell bonds can favor the evolution of cellular differ-

entiation, by making it easier to direct resources to complementary specialists [105]. Third,

organisms that develop with permanent cell-cell bonds are more likely to be obligately mul-
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ticellular, as opposed to those which spend most of their life cycle in a unicellular stage and

aggregate in response to an environmental cue [253]. All of these topics are well-covered

elsewhere in the literature. Instead of re-reviewing this work, we will focus on a topic that

has received comparatively little attention: understanding how the type of cellular bond

affects the earliest steps in the transition to multicellularity. Speci�cally, we discuss the

role of different intercellular attachment mechanisms in the emergence of multicellular life

cycles and heritable multicellular traits.

2.3.1 Origin of group-levelreproduction

Life cycles provide a framework for understanding the origin of multicellularity [91, 254–

256]. Speci�cally, once groups of cells form, they must have a way of growing and repro-

ducing if they are going to participate in a process of Darwinian evolution. How groups

grow and reproduce can be formally described by a life cycle. There are a number of

ways that extant multicellular organisms reproduce, but they can broadly be grouped into

two classes: new groups either start with a single cell, or new groups start with multiple

cells. In either case, multicellular reproduction depends on breaking intercellular bonds,

enabling the two groups to separate. In the simplest cases, a multicellular group becomes

two or more (smaller) multicellular groups. This can proceed via multicellular �ssion, frag-

mentation, or membrane rupture [23, 33, 38, 51, 257–259]; in other cases, it can proceed

via abscission, or separation along a line between two previously de�ned groups of cells

[45]. It is important to note that some bond networks are more amenable to this kind of

reproductive event than others. For instance, linear �laments and branched trees with non-

reformable bonds achieve group-level reproduction whenever a single intercellular bond

fractures. Permanently-bonded neighbor networks cannot achieve reproduction so easily:

other than the trivial case where an edge cell separates, multiple bonds must be broken to

achieve group-level reproduction. However, groups with reformable bonds are even more

physically constrained. Broken bonds can reform, so if all of the necessary bonds do not
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break at the same time, two propagules can re-fuse together. Cell-cell strain arising from

cellular reproduction is suf�cient to drive multicellular reproduction in simple branched or-

ganisms with permanent bonds (e.g., snow�ake yeast, which have a branched morphology

[33]), allowing a life cycle to arise without any further evolutionary innovation or environ-

mental input. By contrast, groups with reformable bonds, where multicellular fracture is

more dif�cult, generally reproduce either from the action of external physical forces (e.g.,

sloughing due to shear forces), or changes in the environment that trigger cellular dispersal,

giving rise to wholesale alternation between colony formation and cellular reproduction [7,

34, 36, 188, 191].

2.3.2 Origin of multicellularheritability

In order for selection acting on multicellular groups to drive multicellular adaptation, group-

level traits must be at least somewhat heritable. While it has long been assumed that the

origin of multicellular heritability requires a change in how genetic information is used [5,

24], this outlook has recently been challenged [85, 93]. Instead, novel multicellular traits

may emerge from changes in the traits of cells, and these emergent traits may themselves

be remarkably heritable.

Clonal multicellular groups (which can arise with either permanent or reformable bonds,

but are more often found in permanently-bonded groups) help facilitate the origin of novel,

heritable multicellular traits. Mutations that change the attributes of individual cells (e.g.,

cell shape, metabolism, age or environment-dependent phenotypic responses) may have an

emergent multicelluar phenotype once these cells are growing in a group - one that may not

be at all functionally analogous to the cell-level trait itself [93]. For example, mutations

that increase the aspect ratio of snow�ake yeast reduce the density of cellular packing in the

cluster, which increases the size to which the group can grow before cell-cell fracture drives

group-level reproduction [42]. In clonal groups, these emergent multicellular traits covary

with the causative cell-level mutation, allowing these emergent multicellular traits to be
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exceptionally heritable [93]. To put it another way, when groups are clonal, emergent mul-

ticellular traits have a common genetic basis, which allows these traits to be recapitulated

across generations and underpins their heritability. In fact, emergent multicellular traits

may often be more heritable than their underlying cell-level analogues (despite the fact that

the multicellular traits are epiphenomena and the cell-level traits are genetically encoded),

due to the effects of averaging [68, 93]. That is, if the cell-level traits are somewhat noisy,

the emergent multicellular trait can average over this noise and more precisely re�ect the

underlying genetic variation. While this logic holds for aggregative groups with reformable

bonds as well, the heritability of emergent multicellular traits will doubtless be quite sen-

sitive to within-group genetic diversity (though, to our knowledge, no work has examined

this directly). Importantly, this emergent heritability can be maintained for long periods of

directional selection. In the longest running evolution experiment of nascent multicellu-

larity, Bozdag et al. (2021) [61] found that snow�ake yeast clusters subject to 600 rounds

of selection for larger size evolved to be� 20,000 times larger than their ancestor, with

gradual changes in cell-level traits (mainly cell length) underlying dramatically-increased

multicellular size and biophysical toughness.

2.3.3 Noise,Topology,andMulticellular Robustness

What is the role of cellular spatial structure (i.e. geometric arrangements and topologi-

cal intercellular connections) in ensuring that heritable multicellular traits are passed from

parent to offspring? We have already highlighted how certain connection topologies can

facilitate reproduction such that clonality is ensured. Yet, how do offspring generate func-

tional multicellular properties anew? For example, even if multicellular groups are clonal,

there are inherent �uctuations in cellular spatial structure due to the noisy process of mul-

ticellular growth. Do �uctuations in cell position, orientation, and/or connectivity destroy

multicellular heritability?

It may be that �uctuations during the growth or assembly of multicellular groups counter-
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intuitively ensure that some structural properties are shared between parent and offspring,

regardless of intercellular adhesion mechanism. In particular, recent work has explored the

role of random cellular assembly on the geometric arrangements of the cells [40]. In experi-

ments of permanently-bonded snow�ake yeast andVolvox carteri, as well as simulations of

sticky aggregates, the distribution of cell neighborhood sizes followed precise maximum

entropy predictions, so long as �uctuations were not too small. The cell packing distri-

bution is therefore a remarkably consistent multicellular property of multicellular groups,

which arises without need for developmental regulation and feedbacks. In principle, any

nascent multicellular organism without developmental patterning will pack its cells accord-

ing to this distribution. Further, the consistency in cellular packing arising from maximum

entropy considerations underlies the stability and predictability of emergent multicellular

traits that rely on cell packing (i.e., group size upon which strain arising from cellular divi-

sion results in fracture), providing a physical mechanism for their remarkable heritability

[93].

In a related vein, topological similarity can also propagate from parents to offspring

without developmental patterning. In particular, unlike groups with reformable bonds,

bond topology propagates automatically with permanent bonds. Upon bond fracture, the

remaining bond network of the propagule is unchanged for groups with permanent bonds.

Group topology is thus independent of the fragmentation process, and only depends on

the “rules” that govern the formation of non-reformable bonds. Conversely, the topol-

ogy of groups with reformable bonds can be fundamentally changed by a fragmentation

process, whereby many cellular rearrangements may occur. The topology of groups with

reformable bonds thus depends both on the fragmentation process as well as subsequent

rounds of reproduction. Each of these processes presents challenges and bene�ts. On one

hand, rearrangements can allow multicellular phenotypes to plastically adapt to their en-

vironment, while non-reformable bonds lock in an unchangeable topology. On the other

hand, a particularly successful spatial structure can propagate rapidly through the com-
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bination of permanent intercellular bonds and bond fracture, especially in comparison to

malleable reformable bonded structures.

2.4 Ambiguities in the reformable / non-reformable binary

One advantage of classifying bonds as either reformable or non-reformable is the clean

distinction between these two classes. After breaking, a bond either can or cannot reform.

Nonetheless, in this section we discuss some of the ambiguities that arise when sorting

adhesion mechanisms with this classi�cation scheme.

2.4.1 Organismsthathavebothreformableandnon-reformablebonds

While all bonds are either reformable or non-reformable, multicellular groups are not con-

strained to only have one class of adhesion mechanism. For example, animals often ini-

tially develop with non-reformable bonds before switching to utilize reformable bonds for

the vast majority of the developmental process. In some cases, animals maintain cytoplas-

mic bridges between somatic cells, a hallmark of permanent bonds [119]; at the same time,

these organisms have, for example, red blood cells that are not permanently bonded. In ad-

dition, while plant cells are generally permanently-bonded, there are important cases where

reformable bonds fuse two separate pieces together; examples include pollen attaching to

stigma, the fusion of �oral organs, and agricultural grafts [45]. These are two of just many

cases in which both reformable and permanent bonds exist. The distinction that we draw is

thus to sort bonds, not organisms, into the classes of reformable and permanent.

Moreover, the initial class of intercellular bond may be distinctly important. In any

given extant multicellular lineage, both reformable and permanent bonds may exist. How-

ever, it is unlikely that both types of bonds evolve simultaneously. Therefore, the initial evo-

lution of groups likely started with a single type of bond (either permanent or reformable),

in�uencing the subsequent evolution of multicellularity. There may be merit in classifying

multicellular lineages by the type of bond present at the transition to multicellularity, as
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opposed to only the types of bond displayed by extant representatives.

2.4.2 Timescales

In some cases, reformable bonds that rarely, if ever, break may behave similarly to non-

reformable bonds. This may be especially true on short time scales, during which few, or

no, bonds break. However, the important distinction is not if bonds break, but if bonds can

reform after breaking. For example, adherens and tight junctions, during which animal cell

membranes fuse together tightly, are common in epithelial tissues [260]. Cells connected

with these junctions may not separate easily, perhaps for their entire lives. Therefore, the

structural contribution of adherens junctions to an organism may seem to capture properties

that we would associate with permanent bonds more than reformable bonds. Nonetheless,

such junctions are reformable: should the two cells disconnect, and then re-encounter one

another, they can form a new junction. Alternatively, they could disconnect and form new

junctions with other cells in the body. By contrast, permanent bonds cannot form without

additional cell division or partitioning.

2.4.3 Reformablebondsthatconnectcytoplasms

In some cases, reformable bonds may be able to connect cell-to-cell cytoplasms, form-

ing cytoplasmic bridges and pore structures that are reminiscent of permanent bonds. For

example, some cells in mycelial networks can fuse together, connecting previously uncon-

nected hyphal branches with fully-functional septal channels, increasing the overall con-

nectivity of the network [142]. This style of bond formation is typical for wound-healing

processes in both fungi and plants [45]. Moreover, in plants new bonds may be formed this

way through intrusive growth, whereby one tissue layer grows into (and possibly through)

another; one common example is pollen tubes which grow into and fuse with stylar tis-

sue [261]. Because this class of bonds can reform, in the sense that they can continue to

fuse separate surfaces together, we classify these bonds into the reformable category. It
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is worth noting that reformable bonds that connect cytoplasms rely on cells locating one

another, communicating, and homing; in fact, in mycelia there are spatially distinct regions

of the network which employ this method, and other regions that actively avoid crossing

hyphae [142]. Such behavior is a far more involved process than the permanent bonds

which typically connect two cells in a �lament; it appears likely that the permanent bond

formation mechanism evolved �rst, and then the capability of “fusion” bonds evolved as a

later adaptation.

2.5 Perspective

It can be dif�cult to draw broad generalizations in biology. Even more so when we are

considering a major evolutionary transition that has taken many different paths, including

lineages as diverse as animals, algae, fungi and pack-hunting bacteria. Yet all multicellu-

lar organisms share several things in common: they are composed of multiple cells, those

cells are physically attached, and these groups of cells participate in a process of Darwinian

evolution, gaining adaptations. In this chapter, we have shown how these types of cellu-

lar bonds can generally be grouped by whether they are reformable, or non-reformable.

While this difference is relatively simple, it has profound implications for the origin and

evolution of multicellularity, constraining future evolutionary and biophysical dynamics.

Sorting intercellular bonds into these two classes provides a framework by which we can

begin to understand not just how multicellular organisms behave, but how the simple act of

forming cell-cell bonds affects their evolution. Speci�cally, the class of adhesion mecha-

nism impacts the earliest stages of nascent multicellularity, the emergence of the group as

a Darwinian individual, and the long-term evolution of complex multicellular traits, such

as cellular differentiation and communication.

Understanding how groups of cells become Darwinian entities is an active area of re-

search [7, 33, 38, 40, 61, 93]. In particular, little is known about how nascent multicellular

groups express heritable variation in multicellular traits in the absence of developmental
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genetics, which allow mutations to create novel and heritable multicellular traits. In this

chapter, we argue how permanent bonds provide one answer to this conundrum, confer-

ring high levels of consistency in cellular connection topology between parents and off-

spring. Therefore, groups with non-reformable bonds can possess emergent heritability

of structural multicellular properties without requiring that these traits be constructed by

a genetically-regulated developmental process. Conversely, while groups with reformable

bonds may not obtain these advantages, their topological malleability may provide advan-

tages in �uctuating environments [262, 263]. Whether organisms evolve highly specialized

multicellular structures, or remain diverse generalists, thus may be dependent on the mech-

anism of intercellular attachment.

Another multicellular trait that strongly depends on attachment mechanism is group

size. Fragmentation limits the size of groups; however, the number of bonds that must

fracture for a group to break into two separate pieces depends strongly on the adhesion

mechanism. For permanent bonds, group size is highly limited by fracture. In some cases,

a single weakest link can fragment the entire organism. Conversely, reformable bonds can

“heal”, limiting the impact of fragmentation on size. Instead, groups with reformable bonds

are more prone to cheating cells which may destroy the mechanical resilience of the group

before it becomes large [7, 36].

Along with these nascent multicellular traits, the evolution of complex traits depend

on the intercellular bond type; for example, to achieve sustainable large size, groups must

evolve a means of importing nutrients and exporting toxins [1]. The type of intercellu-

lar bond constrains the types of solution that may emerge in response to these challenges.

Groups with permanent bonds can readily form intercellular channels as connected cells

already possess adjacent membranes. Once these channels are formed, cell-cell exchange

of nutrients opens up the potential for specialization and division of labor, a class of behav-

iors that underlies many multicellular adaptations [14, 105, 264]. Conversely, cells with

reformable bonds generally form intercellular channels that are smaller and thus less ef-
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fective for transport, using imperfect protein-protein interactions to preferentially attach to

related cells. Groups with reformable bonds thus tend to trade less via robust intercellular

channels. Instead, a common strategy for these groups is to use excreted goods in order to

exchange nutrients. These goods are highly susceptible to cheaters which make use of, but

do not produce, common goods [36]. On the other hand, common goods can also be readily

exchanged with non-kin, forming complex metabolic networks [95]. Thus, the biophysical

constraints and opportunities presented by permanent and reformable bonds play impor-

tant roles in the evolution of morphological and metabolic complexity. For all the reasons

described above, it may be of little surprise that “complex” multicellular organisms (i.e.,

those with multiple cell types: plants, fungi, green algae, red algae, and brown algae) pre-

dominantly have permanent cell-cell bonds, while animals are the only lineage possessing

complex multicellularity with (mainly) reformable bonds.

Another important reason that intercellular bonds may play multiple roles in the forma-

tion and maintenance of multicellular groups lies within the topic of mechanotransduction.

In short, cells are known to sense the mechanics (like stiffness) of their surroundings and

change their behavior accordingly [62, 265]. These surroundings include other cells that are

within their vicinity. It seems likely that bond formation can both impact and be impacted

by these cellular neighborhoods, leading to a complex coupling between cell behavior and

multicellular assembly. The �eld of cellular mechanical sensing is therefore a growing

and exciting front through which further biophysical understanding of initial multicellular

evolution may be gained.

The evolution of multicellularity cannot be understood without considering its physics.

Cells live in groups that are mechanically, topologically, geometrically, and functionally

constrained by physical interactions, all of which is �ltered and ampli�ed by the lens of

Darwinian evolution. This is a particularly promising time to work this topic, as we have

a rich assortment of natural experiments in multicellularity (> 50 independently-evolved

lineages), as well as experimentally-evolved and synthetically generated model systems.
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CHAPTER 3

CELL PACKING AND ORGANIZATION IN SIMPLE MULTICELLULAR

ORGANISMS

This work was published in the journal eLife in February of 2022[40].

The success of multicellular organisms is due in part to their ability to assemble cells

into complex, functional arrangements. Self-assembly, however, is fundamentally subject

to random noise [64–66] that affects the �nal emergent structure and its function [67]. The

physiology of multicellular organisms can depend sensitively on the geometry of cellular

packing [42, 51, 70–72], and such noise may therefore have direct consequences on organ-

ismal �tness. Understanding the evolution of multicellularity, and the subsequent evolution

of multicellular complexity [20], requires understanding the impact of random noise on

multicellular self-assembly. How do organisms accurately assemble functional multicellu-

lar components in the presence of noise?

Recent work has shown that extant multicellular organisms can either suppress [68]

or leverage [69] variability in the process of reliably generating structures, and their tis-

sues can change function based on cellular packing geometry [58]. This occurs through

a coordinated developmental process involving genetic [52], chemical [144], mechanical

[146], and bioelectric [145] feedbacks between interacting cells. However, even with co-

ordinated developmental processes, noise during self-assembly results in deviations from

perfectly regular structures. Further, as these developmental processes have not yet evolved

in nascent multicellular organisms, it is unclear how unregulated assembly can reliably re-

sult in reproducible packing geometries and multicellular structures.

Multicellular organisms also exhibit diverse growth morphologies; for example, cells

can remain attached through incomplete cytokinesis [1, 13, 21], they can adhere through

aggregative bonds [14], and they can assemble multicellular groups through successive cell
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division within a con�ning membrane [38, 47]. These growth morphologies can have dis-

tinct intercellular connection topologies [105], changing how randomness is manifested.

For instance, groups that grow with persistent mother-daughter bonds maintain the same

intercellular connections, `freezing' in place any structural randomness that arises dur-

ing reproduction. In contrast, cells in aggregates can rearrange, so their �nal structure

emerges from a combination of reproduction and intercellular interactions and noise [41,

60]. Further, the dimensionality of multicellular groups can vary, from �laments [17] and

quasi-two-dimensional sheets [73] to groups that grow equally in three dimensions [33, 74].

While the impact of noise on systems in thermal equilibrium is well known to depend sen-

sitively on spatial dimensionality [75–77], no such information is yet at hand for biological

development, which is intrinsically out of equilibrium. The growth morphology, connec-

tion topology, and dimensionality therefore altogether determine a multicellular architec-

ture. Randomness resulting from many sources, such as stochastic cell division, variability

in cell growth, intercellular interactions, and more, subsequently occurs as perturbations to

this idealized form. It would appear that noise manifests in a unique, context-dependent

manner in each of these different multicellular systems.

Here, we provide experimental evidence that, rather than being context-dependent, �uc-

tuations in cell packing geometry instead follow a universal distribution for a wide regime

of developmental regulation strength. We quantify the distributions of cellular space in two

different types of organisms: experimentally-evolved multicellular yeast [33] and wild-

type multicellular green algae [266]. In both cases, maximum entropy considerations [215]

accurately predict the cell packing distribution. Building on these observations, we use

computational models of diverse prescribed growth rules, mimicking extant biological mor-

phologies, to show that cells are ubiquitously packed according to the maximum entropy

principle. Detailed analysis of the case of green algae shows that correlations,i.e., the lack

of structural randomness, produce deviations from maximum entropy predictions, but that

even a relatively small amount of randomness is suf�cient to generate cellular packings
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that largely follow maximum entropy predictions. Next, we explore the evolutionary con-

sequences of cell packing. We use the cell packing distribution to predict the distribution of

snow�ake yeast group sizes, an emergent multicellular trait that arises from cell crowding

[42]. Then, we use a theoretical analysis to show that the effects of �uctuations in intercel-

lular space on the motility of green algae are small. These �ndings together suggest that,

rather than impeding innovation, �uctuations in cell packing are highly repeatable, and may

play a fundamental role in the origin and subsequent evolution of multicellular organisms.

3.1 Maximum entropy cell organization predictions

Within statistical physics, the maximum entropy principle relates randomness in low-level

units (e.g., cells) to the properties of the assembly (e.g., a multicellular group). It works by

enumerating all low-level con�gurations that conform to a set of constraints. Any particular

group-level property can be generated by many different low-level con�gurations, but some

group-level properties may correspond to more low-level con�gurations than others. Those

that are generated by many con�gurations are more likely to be observed than those that

correspond to relatively few con�gurations; in this way, the maximum entropy principle

allows one to calculate the probability of observing different group properties, given a set

of constraints. Multicellular groups obey a simple but universal constraint: each group has

some total volume,V. This volume can be divided intoN pieces, whereN is the total

number of cells. Each piece is associated with a particular cell, and theN pieces must sum

to the total volume of the group,V =
P

i vi , for i = 1; 2; :::; N . Using this constraint, and

assuming no correlations, one can predict a most likely distribution of volumes for theN

pieces. This approach has been successfully used to predict the distribution of free volumes

within granular materials and foams [215, 216]. Here we use it to predict the distribution

of cellular free volumes in the absence of spatial correlations in cell positions.

Consider the ensemble of all possible cellular con�gurations in a simple group. As �rst

derived by [215] and [267] for granular materials, the maximum entropy probability distri-
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butionp(v) of cell neighborhood volumes withinV is the modi�ed gamma distribution

p(v) =
kk

�( k)
(v � vc)k� 1

(�v � vc)k
exp

�
� k

v � vc

�v � vc

�
(3.1)

where�v is the mean cell neighborhood volume,vc is the minimum cell neighborhood vol-

ume, �( k) is the gamma function, andk � (�v � vc)2=� 2
v is a shape parameter that is

de�ned by vc, �v, and the variance of the cell neighborhood volumes,� 2
v . This distribu-

tion is expected if cell neighborhood volumes are determined independently of each other

(while still conforming to the total volume constraint). In other words, volumes must be set

randomly; correlations between the size of separate volumes will lead to deviations from

maximum entropy predictions. If this condition holds, then maximum entropy volume dis-

tribution predictions should be valid, regardless of other geometric or structural details. For

example, maximum entropy statistics hold in granular materials, despite the fact that they

must obey strict force and torque balance conditions [58, 215, 268]. Further, the same ap-

proach applies to groups with a constraint on total area or length; this does not change the

result, andV can be replaced byA or L without other modi�cations. However, we would

not expect this prediction to necessarily hold for con�uent cell layers (i.e. packing fraction

� � 1), since in general cell size is a highly regulated process; when cells tile space, the cell

neighborhood volume distribution will strongly correlate with the the cell size distribution.

In practice, we divide the total group volume or area intoN pieces via a Voronoi tessel-

lation. The size of the space associated with celli includes the cell itself and the portion of

intercellular space closer to its center than to the center of any other cell. As cells must have

non-zero size, we therefore setvc, the minimum size allowable in the MaxEnt prediction,

to be the volume of a single cell without any intercellular space (orac, the area of a single

cell).

To test whether different kinds of multicellular groups pack their cells according to

the maximum entropy principle, we investigated cell packing in two different multicellular
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organisms. First, we used experimentally-evolved `snow�ake' yeast [33], a model system

of undifferentiated multicellularity. Second, we used the green microalgaVolvox carteri, a

member of the volvocine algae that �rst evolved multicellularity in the Triassic [27].

3.2 Experimental tests of multicellular maximum entropy predictions

3.2.1 Snow�akeyeast

Snow�ake yeast are a freshly multicellular yeast species evolved from common Baker's

yeast [33]. They grow via incomplete cytokinesis, generating branched structures in which

mother-daughter cells remain attached by permanently bonded cell walls (Figure 3.1). New

buds appear on ellipsoidal cells at a polar angleh� i = 42� � 23� and azimuthal angle� that

is randomly distributed [h� i = 180� � 104� , Figure 3.2]. Therefore, even though snow�ake

yeast structure is limited to con�gurations in which daughter cells remain attached at their

base to their mother, these new cells bud in random orientations. Each snow�ake yeast

cluster has a different speci�c con�guration of cells; the ensemble of snow�ake clusters

will include many different con�gurations. We expect that this structural randomness pro-

duces predictable distributions of cellular neighborhood volumes. Conversely, if there are

strong correlations in the locations of daughter cells, then we will observe deviations from

maximum entropy predictions regarding the cell neighborhood volumes.

To determine the distribution of cell neighborhood volumes, we �rst must measure the

position of every cell in a cluster. It is dif�cult to image individual cells within snow�ake

yeast clusters due to excessive light scattering. Instead, we used a serial block face scanning

electron microscope equipped with a microtome to scan and shave thin (50 nm) layers off

a resin block with embedded yeast clusters with stained cytoplasms. This process allowed

us to determine the 3D structure ofN = 20 snow�ake yeast clusters and locate cell centers

with nanometer precision.

We de�ne the group volume as the smallest convex hull that surrounds all cells in the

cluster and computed the 3D Voronoi tessellation of cell centers within. The distribution of
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Figure 3.1: Cell packing in two multicellular species.(A), Cross section of a multicellular
yeast organism, which grows with persistent intercellular bonds. Scalebar is5µm. The
inset shows a smaller section, with ellipsoidal �ts to individual cells along with their cor-
responding Voronoi polyhedra. Black overlays indicate the connection topology between
yeast cells; not all connections are labeled.(B), Dark�eld microscopy image ofVolvox car-
teri, scalebar is100µm. Inset: a small piece of the Voronoi-tessellated surface; black points
are somatic cell positions.(C), Distributions of Voronoi polyhedron volumes as a function
of cell size normalized by average sizevc for snow�ake yeast. In orange is the histogram
for all cells; the other three distributions correspond to different subsections of Voronoi vol-
umes. The cells were grouped into spherical shells with radiusR and width� R from the
cluster center of mass. Shown are shells with edges[0; 6:2), [6:2; 9:7), and[9:7; 20:4) µm.
Black lines are maximum entropy predictions.(D), Distributions of solid angles subtended
by Volvoxsomatic cells divided by a minimum solid angle
 c. Solid black lines are the
maximum entropy predictions. The top row shows the histogram for all cells in green and
a subsection of correlated areas in gray. Bottom row illustrates the subsectioning process:
blue polygon is the center of the subsectioned region. Only the Voronoi polygons,i.e. not
the somatic cells, are shown for clarity.(E,F), Empirical cumulative distribution function
vs entropic predictions for all distributions shown inc,d. The dashed black line represents
hypothetical perfect agreement between observation and prediction.
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