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The capacity to innovate is often considered a defining feature of human

societies, but it is not a capacity that is unique to human societies: innovation

occurs in cellular societies as well. Cellular societies such as multicellular

bodies and microbial communities, including the human microbiome, are

capable of innovation in response to novel opportunities and threats. Multi-

cellularity represents a suite of innovations for cellular cooperation, but

multicellularity also opened up novel opportunities for cells to cheat, exploit-

ing the infrastructure and resources of the body. Multicellular bodies evolve

less quickly than the cells within them, leaving them vulnerable to cellular

innovations that can lead to cancer and infections. In order to counter

these threats, multicellular bodies deploy additional innovations including

the adaptive immune system and the development of partnerships with

preferred microbial partners. What can we learn from examining these inno-

vations in cooperation and cheating in cellular societies? First, innovation in

social systems involves a constant tension between novel mechanisms that

enable greater size and complexity of cooperative entities and novel ways

of cheating. Second, cultivating cooperation with partners who can rapidly

and effectively innovate (such as microbes) is important for large entities

including multicellular bodies. And third, multicellularity enabled cells to

manage risk socially, allowing organisms to survive in challenging environ-

ments where life would otherwise be impossible. Throughout, we ask how

insights from cellular societies might be translated into new innovations

in human health and medicine, promoting and protecting the cellular

cooperation that makes us viable multicellular organisms.

This article is part of the themed issue ‘Process and pattern in inno-

vations from cells to societies’.
1. Introduction
For the first half of the history of life on Earth, all living creatures were individ-

ual cells. Then, approximately 2 billion years ago, evolution generated one of

the most spectacular innovations in the history of life, multicellularity [1,2].

Complex multicellularity, with tissue differentiation, inter-cellular communi-

cation and cells that are not in direct contact with the environment, evolved

only 1 billion years ago and has evolved independently since then at least

seven times [3]. The evolution of multicellularity required the constraint of evol-

ution and innovations at the cell level which, if left unchecked, can lead to

cancer and the death of the organism [2,4–6]. Multicellularity itself is an inno-

vation that spawned further innovations in the organization, specialization and

regulation of those cells. The result? ‘. . . endless forms most beautiful and most

wonderful have been, and are being, evolved’ [7, p. 490]. These endless forms

arose from the tension between cooperation and cheating in cellular societies.

Multicellular bodies require both cooperation and the management of cheating

and conflict through implicit rules that are coded into the genomes of each cell

[8–10]. These rules include both directions for how to cooperate and restrictions

on cellular behaviour that keep cells from cheating and exploiting the organism.

These multicellular societies have some parallels to human societies living
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together and interacting in a community: many multicellular

societies promote the common good, prevent exploitation and

help coordinate higher level functions like resource transport

and division of labour. Thus, every multicellular organism

can be considered a society of cells, regulated not by explicit

laws, but rather by rules encoded in the genomes.

Multicellularity is essentially a collection of innovations

for cooperation and the control of cellular cheating. The ten-

sion between cooperation (which benefits the organism/

group) and cheating (which benefits the individual) is cen-

tral to the evolution of multicellularity and the breakdown

of multicellularity during cancer [4]. Evolution can simul-

taneously operate both on cells within organisms and on

the organisms themselves. This tension is central to the evol-

ution of both cancer within the body and cancer suppression

mechanisms at the organism level [5]. This tension has also

driven innovation, both for multicellular societies to become

more cooperative and better at suppressing cheating, and

for cancer cells to cheat in novel ways that get around the

body’s defenses. In this paper, we discuss how multicellular

bodies and other cellular societies use cooperative inno-

vations and manage the novel forms of cheating that arise

as cellular societies become more complex and cooperative.

This includes the evolution of multicellularity itself, the con-

trol of cellular cheating in the form of cancer, the evolution of

the adaptive immune system to counter exploitation from

pathogens and also the evolution of cooperative partnerships

between multicellular bodies and the microbial species

that reside in and on them. Throughout, we ask how these

insights might be translated into new innovations in human

health and medicine, promoting and protecting the cellular

cooperation that makes us viable multicellular organisms.
2. What qualifies as an innovation?
It is difficult to discuss cooperation and cheating as inno-

vations without a definition of innovation. However, the

definition of innovation is controversial. In the introduction

of this issue, Hochberg et al. say:
In performance innovations, the novel phenotypic trait is associa-
ted with increases in performance, without fundamental changes
to the organism’s ecological niche . . . To become an innovation,
such a trait needs to confer a fitness advantage and spread through
the population . . . and in so doing impact the surrounding commu-
nity or ecosystem, and possibly create longer-term opportunities
for further adaptation and innovation. . . . In niche innovations,
the novel phenotypic trait is associated with the utilization of a
new ecological niche . . . Similar to performance innovations, this
type of novelty becomes an innovation if invasion fitness into the
new niche is positive and the emerging population impacts the
surrounding environment (i.e. the community and ecosystem).

Hochberg et al. [11]
By this definition, all innovations are the results of adaptive

selection, but not all the results of adaptive selection are inno-

vations. To be an innovation, the adaptation must rise to the

level of a performance improvement or lead to a new func-

tion that establishes new ecological space. Parts of this

definition are subjective and clearly the degree of novelty

exists on a spectrum from minor to major changes. Let us

take the example of body size. From one perspective, a

change in body size is just a minor quantitative change, not

a qualitative innovation. But the evolution of a large body

size can dramatically change the ecology of an organism,
allowing it to escape predators, invade harsher climates and

also provide new ecological niches for parasites and patho-

gens, thereby establishing new ecological space (another

criterion from Hochberg et al. for an innovation [11]). Should

we regard larger body size as an innovation? Perhaps, if

this larger size enables a qualitative change in terms of how

an organism interacts with its environment. But perhaps

not if the change in size is merely incremental and does not

result in a qualitative change in the organism’s modus

operandi.

During the evolution of multicellularity, many new coop-

erative cellular traits arose and were favoured by natural

selection. Many of these new cooperative cellular traits qua-

lify as innovations according to Hochberg’s definition, but

others are perhaps not as clearly innovations, or are minor

innovations. For example, during the evolution of multicellu-

larity cells evolved seemingly minor innovations, such as the

inhibition of proliferation in response to environmental stres-

ses [12] and controlled cell death [13]. But these more minor

innovations set the stage for a much larger qualitative shift in

cellular sociality—allowing cells to form proper multicellular

bodies that regulate their growth and size rather than just

being a collection of cells.
3. Innovations occur in large and diverse
societies

Societies innovate [14,15]. New ideas and inventions arise

that are adopted and spread through the population, through

a process of memetic selection [16–18], sometimes to the

benefit of that society and other times to its detriment [15].

But it is not just human societies that innovate, societies of

cells—in our bodies and in our environment—innovate as

well. Cellular societies such as multicellular bodies and

microbial communities, including the human microbiome,

are diverse populations of individuals capable of innovation

in response to novel opportunities and threats. As with

human societies, some of the innovations in cellular societies

are innovations for cooperation; others are innovations that

allow some individuals to cheat, acquiring benefits at the

expense of the higher-level function of the cellular society.

Innovation can be beneficial for the society if it promotes

cooperation, but harmful if it opens up avenues for cheating.

In human societies, innovations in the form of new ideas and

technologies change how we work, how we socialize and

even how we reproduce. These innovations allow us to take

advantage of new opportunities, but they also can expose

us to new risks. For example, the innovation of market capit-

alism allowed human societies to take advantage of many

opportunities arising from cooperation through division of

labour, but this same innovation led to new risks and costs

such as environmental damage and the introduction of new

ways of cheating the systems, e.g. white-collar crime. Some

of these examples have direct analogues in cellular societies.

Cellular societies also encounter new opportunities as a

result of innovation. For example, multicellular bodies or

facultative multicellular communities can innovate through

division of labour. Cells in our bodies capitalize on this

opportunity through having different cell types doing differ-

ent jobs. Within our bodies, our liver cells specialize in

detoxification, our heart cells specialize in pumping blood

through our bodies and our immune cells specialize in
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protecting us from threats from the outside world. Division

of labour also occurs in microbial communities that are

composed of different species—even species from different

kingdoms. Take, for example, the multi-species (multi-

kingdom) biofilm formed during the process of fermenting

sweet tea into kombucha. In this system, eukaryotic yeast

(mainly Zygosaccharomyces) specialize in cleaving valuable

sugars so that they can be metabolized, and bacteria ( pre-

dominantly Gluconacetobacter and Lactobacillus) specialize

in producing a floating glycan layer that may protect the

multispecies system from invasion by other potentially

contaminating microbes [19]. By dividing labour, cellular

societies are able to not just become larger, but also

become more complex, deploying multiple innovations

simultaneously to reach higher levels of functionality.

Innovation occurs most readily when there is a popu-

lation of individuals who can produce and test novel

solutions to problems. This bears some similarities to the pro-

cess of evolution by natural selection itself. If a population is

diverse (i.e. has diverse solutions), those different solutions

have some effect on the individuals or society, and there is

some mechanism for those innovations to be passed along

to others with reasonable fidelity (e.g. genes or the written

word).

Diversity allows a society to explore more potential

solutions. In fact, a lack of genetic diversity can be a challenge

for organismal multicellularity. Most organismal multi-

cellularity is a result of development from a single-cell

bottleneck, where high relatedness enables a highly coopera-

tive organism to evolve. However, like a monoculture of

crops, this high relatedness can be a major vulnerability

when on organism encounters a threat from a diverse and

rapidly evolving population [20], whether it be a diverse

population of Staphylococcus in the environment or a highly

mutated population of cancer cells within the body.

The size of the population and the pace at which individ-

uals reproduce also influence how rapidly cellular societies

can innovate. Innovations are a subset of the changes that

are generated by evolution, so the determinants of the rate of

evolution are also the determinants of the rate of innovations

in biology. Large populations have a greater capacity for

innovation than small populations because there are more

individuals who can participate in the innovation process

[14]. The pace of reproduction is also important: faster repro-

duction means faster innovation. Evolution within cellular

societies can occur rapidly (with generation times as short

as 20 min in bacteria, and 24 h in cancer cells) in comparison

to evolution at the level of the multicellular organism. The

pace of innovation in cellular societies can be much faster

than innovations in societies of multicellular organisms

simply because the population size and rate of reproduction

are usually orders of magnitude greater within cellular

societies. Interestingly, some multicellular organisms discov-

ered a way to leverage diversity within themselves to handle

unexpected threats using cellular variation, by evolving an

adaptive immune system that actually generates diversity in

order to respond to novel threats, a topic we will come

back to later in this paper.

Sometimes innovations in cellular societies have positive

effects on the fitness of the multicellular organism. Other

times these innovations have negative effects on the fitness

of the multicellular organism. When these innovations have

positive effects on the fitness of the organism we refer to
them as cooperation innovations, and when they have a nega-

tive effect we refer to them as cheating innovations. For the

purposes of this paper, we adopt the convention that the

relevant point of view is the fitness of the multicellular

organism, i.e. innovations that enhance multicellular fit-

ness are referred to as cooperative, those that comprise

multicellular fitness are referred to as cheating.
4. Innovations in cellular cooperation spurred the
evolution of multicellularity

Natural selection is perhaps the most powerful force shaping

biological innovation. Mutation and natural selection have

generated a suite of innovations in cellular cooperation

including division of labour, resource allocation and inhi-

bition of cellular reproduction that made multicellular life

possible (as reviewed in [2]). These complex forms of cellular

cooperation gave rise to many opportunities for cellular

cheating, which cells then evolved to take advantage of

through new innovations for cheating. Both innovations in

cellular cooperation and innovations in cellular cheating

have shaped multicellularity in important ways, enabling

the evolution of large body size, long lifespan [4], the adaptive

immune system and even sexual ornamentation [21–24]. But

biological innovations have also introduced new challenges,

leaving multicellular bodies susceptible to cancer, infectious

disease and autoimmune disorders. This vulnerability is

inherent to our bodies because cells within us (including

both cancer cells and pathogens) can innovate as well, some-

times exploiting those very innovations that enabled us to

become multicellular.

Complex multicellularity evolved as a result of many

innovations for cellular cooperation being brought together

under one umbrella (internal pentagon in figure 1). These

include innovations for economic cooperation among cells:

division of cellular labour, resource sharing/transportation

systems and the creation/maintenance of the extracellular

environment. Innovations for demographic cooperation

were also critical: control of cellular reproduction and death

allowed for complex and well-regulated multicellularity.

Together these five innovations for cellular cooperation rep-

resent the foundations upon which multicellularity is built

[4]. Although there might be debate about the extent to

which each of these foundations of multicellular cooperation

qualify as a true innovation, it is clear that when these traits

are combined they generate a qualitative shift in how organ-

isms can operate. They allow for regulation (of proliferation,

cell death, metabolism and more) to happen at the aggregate

level, where these processes can be coordinated to create a

coherent life-history strategy for the multicellular entity.

The emergence of life cycles at this higher level of

organization are an important step in the transition from uni-

cellular to multicellular life, allowing selection to act on the

phenotype of the collective more strongly than it acts on

the individuals making up that collective. This can tip the

scales in favour of mechanisms that increase cellular

cooperation within the multicellular body and reduce conflict

among cells within the body [10]. These multicellular life

cycles also open up new ecological space, with cells creating

and maintaining an extracellular environment that is both

their ecological niche and the substrate through which they

express their life-history strategy. Thus, multicellular life
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Figure 1. The foundations of multicellular cooperation and cheating. The
evolution of multicellularity involved the bringing together of five foun-
dations for cellular cooperation (inside pentagon), in a way that led to a
major innovation in this history of life. These five foundations are resource
allocation (e.g. circulatory systems), division of labour (e.g. development of
specialized organs), the extracellular environment (e.g. skeletons), controlled
cell death (e.g. tissues structures such as digits, neural structures) and pro-
liferation inhibition (e.g. cell cycle control). Cheating in each of these
foundations (outside pentagon) can disrupt multicellular cooperation, requir-
ing the evolution of further controls in order to maintain effective
multicellular function. These forms of cheating can either result from the
loss of innovations that make multicellularity viable or from innovations
that disrupt and exploit multicellularity through novel functions. Adapted
from Aktipis et al. [4].
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cycles, realized through coordination of the foundations of

multicellular cooperation, appear to represent a key inno-

vation [11] in the evolution of life.

The five foundations of multicellular cooperation arose

every time organismal multicellularity evolved. They rep-

resented important innovations, allowing organisms to

solve adaptive problems, such as growing larger to avoid pre-

dators and managing the risks of environmental uncertainty

by storing resources in the body. Each of these forms of

cooperation is encoded in genetic networks inside each cell.

Also encoded into each cell are systems for detecting and

responding to cheating in these implicitly encoded ‘rules’

for cooperation.

The problem of controlling cheating has several solutions,

and the best solution depends on the type of cellular society.

There are two fundamentally different forms of multicellular-

ity: aggregates of genetically different cells that come together

to form a body, and clonal organisms that derive from a

single cell (e.g. a zygote). The difficulty of controlling cheat-

ing when genetically diverse cells come together to form an

organism probably explains why multicellular aggregates,

such as Dictyostelium, are generally smaller and less complex

than multicellular organisms that develop as a clone from a

unicellular bottleneck [22,25]. In fact, one viable strategy for

stabilizing cooperation in aggregative multicellularity is for

the cooperating cells to ‘walk away’ from aggregates where

the burden of cheaters is too high [26,27]. The ability to

walk away also applies to cheaters, which may spread from
one multicellular aggregate to another [22]. Clonal multicellu-

lar organisms avoid this problem by passing through a

unicellular life stage (e.g. a zygote). That unicellular bottle-

neck ensures all the cells in the body have the same genes

and follow the same rules of cooperation. Only somatic

mutations and pathogens can introduce cheaters into clonal

multicellular organisms. Below, unless otherwise specified,

when we refer to multicellularity, we mean clonal

multicellularity.
5. Cellular cheating can disrupt multicellular
innovations

We define cheating here as simply the breakdown of shared rules
(including genetically encoded phenotypes or behaviors) that
leads to a fitness advantage on the cellular level for the cheater.

Aktipis et al. [4, p. 2]
Innovations can open up new opportunities for cheating

through the loss of the innovation. When mutations occur

in the genetic networks that promote cellular cooperation

and suppress cellular cheating, this can cause disruptions to

the function of the cellular society. In multicellular bodies,

cheating on the foundations of multicellular cooperation

typically gives rise to cancer or cancer-like phenomena [4].

These forms of cheating often lead to radical performance

improvements for the cheating cells, and change their

microenvironment, which establishes new ecological space

for further cellular evolution [28]. Thus, cooperation and

cheating in multicellular life can be considered a sort of

arms race between cellular societies evolving to promote

cooperation and suppress cheating within, while the cells

within evolve to ‘break’ the rules of multicellularity in

order to maximize cell-level fitness.

The innovation of growth control in the evolution of mul-

ticellularity created the opportunity for cells to cheat by not

regulating their growth while their neighbours do. And

cells that produce their own growth signals cheat by using

novel functions. The innovation of using growth signals to

regulate the growth of multicellular organisms opened up

the possibility that these growth signals could be ‘hacked’

by cells within the body that produce their own growth sig-

nals, even when it is detrimental to the fitness of the

organism. This innovation can generate radical performance

improvements for the somatic cells that produce their own

growth signals [28].

This is exactly what happens in cancer: cancer cells

evolve novel genes that allow them to generate proliferative

signals for themselves [29]. And it does not end there. Cheat-

ing can provide the impetus for innovation, selecting for

more sophisticated methods of conflict management and

cooperation. This is what happened during the evolution of

growth regulation systems in multicellular life. Because a

growth regulation system based on proliferative signalling

can be easily hijacked, selection favoured a complex system

of checks and balances on growth that involves many hor-

mones and growth factors whose activity is monitored and

controlled by a complex genetic network [30,31].

Cheating can be horizontally transmitted among clonally

derived multicellular organisms via pathogens. For example,

when human papilloma virus (HPV) causes a chronic infec-

tion, it hijacks the host cells, interfering with the p53 and
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pRb tumour suppressor proteins, and causing their host

cells to become cheaters, which may eventually evolve

into cancers [32].

Cells in multicellular bodies do not always follow the

implicit, genetically encoded rules of multicellularity, some-

times innovating in ways that cheat on these rules. These

innovating cells can contribute to neoplasms which some-

times evolve into cancer [33]. Neoplasms have a variety of

cellular innovations [34]. We use the technical term neoplasm

here, rather than tumour or cancer, because tumours may

refer to masses of fibre that are not related to cancers, and

innovations occur in neoplasms while they are still benign,

not just in cancers. Neoplasms are diverse populations of bil-

lions to trillions of mutant cells that can evolve over periods

of decades, for tens of thousands of cell generations [34]. New

mutations arise and spread through the neoplastic cell popu-

lation. Some of the mutations that spread are gain-of-function

mutations that cause adaptations in the cells, for example,

evading the immune system, generating their own growth

signals and stimulating the growth of new blood vessels to

feed the neoplasm [28]. Other mutations are loss-of-function

mutations that destroy a previous innovation of multicellular

cooperation, such as loss of programmed cell death, and loss

of sensitivity to anti-growth signals [28]. These loss of func-

tion mutations, while beneficial to neoplastic cells, are

losses of innovations. In other words, some forms of cellu-

lar cheating (that can lead to cancer) do not qualify as

innovations according to Hochberg et al.’s definition.

But many of the forms of cheating that occur in neo-

plasms clearly fit this definition of innovation, as they

involve the introduction of novel functions and radically

improve the performance of the neoplastic cells. Gain-of-

function mutations often dramatically increase proliferation

rates, and the innovation of using anaerobic metabolism,

even in the presence of oxygen, increases biosynthesis effi-

ciency, further increasing neoplastic cell proliferation rates

[28]. In fact, some of the innovations in neoplasms actually

spur on additional innovations, further disrupting the multi-

cellular body’s proper functioning. For example, the genomes

of neoplastic cells are often doubled during carcinogenesis,

such that the cells have four instead of two copies of all

their genes [35]. This then loosens the constraints on further

innovations in the copy numbers of individual genes or chro-

mosomal segments. With more copies of each gene, there are

also more opportunities for cellular innovations: adding or

subtracting copies of these genes, and modifying some

copies while keeping at least one pristine copy of genes

necessary for cell survival. Some genes become isolated on

pieces of DNA that are not connected to any chromosome,

which can facilitate further innovations, including massive

amplification, with as many as 30 copies in some cells [36].

Innovations in cancer go beyond simply adding genes,

or even modifying existing genes by mutating base pairs

in their coding regions or regulatory regions. Structural

rearrangements, like translocations and inversions, can

fuse exons from separate genes so as to form entirely

novel genes. These fusion genes are often important drivers

of carcinogenesis [37].

Just as multicellularity involves the combining of novel

cooperative cell level traits into a new phenotype that rep-

resents a true innovation, cancer appears to also involve the

combining of several forms of cheating into a new phenotype

that represents a true cheating innovation. For example,
cheating in both demographic cooperation and economic

cooperation may both be required for cancer across species

[4]. This same review suggested that cancer-like phenomena

such as overproliferation or dedifferentiation can occur with-

out both types of cheating, but that cancer (i.e. invasive or

metastatic growth) may require a combination of both.

In other words, the cellular ‘innovation’ of cancer may

require multi-faceted cheating, just as the innovation of multi-

cellularity may require the coordination of several types of

cooperation. Future work should help to clarify whether

this pattern applies across all forms of multicellularity and

cancer or whether it is limited to the species and types of

cancer examined in Aktipis et al. [4]

There is also evidence for innovations in the social behav-

iour of neoplastic cells. In some cases, neoplastic cells may

re-evolve the foundations of multicellular cooperation but

within the neoplasm. For example, there is evidence for

division of labour in neoplasms. A minority of cells some-

times will produce a public good, like an angiogenic factor

that stimulates the growth of new blood vessels [38] or an

invasion factor like a protease that allows other non-invasive

cells to invade neighbouring tissues [39]. The existence of

division of labour in neoplasms helps to resolve the paradox

of why many cancers retain cells that terminally differentiate

(non-stem cells). Such evolutionary dead-end cells can

persist, via kin selection, if they provide a fitness advantage

to their closely related stem cells, which they can potentially

do through division of labour [40].

Resource allocation systems open up the possibility for

cheaters to monopolize resources. The complexity of the insu-

lin system [41] may be due to the need to regulate resource

allocation and prevent cells from cheating. Dysregulation

of the insulin system, in the form of diabetes, leads to an

increased risk of cancer, thought to be due to a loss of growth

control [41]. There is evidence that metformin, a diabetes

drug, prevents cancer [42]. Similarly, Crespi & Semeniuk

have argued that the complexity in the reproductive system

is due to the difficulty of managing cooperation and cheating

in parent–offspring conflict [43].

Looking at multicellularity, we see that innovations in

cooperation led to more opportunities for cheating, and

cheating spurs the need for more complex and well-coordi-

nated forms of cooperation and conflict management [9].

Cell cycle controls help regulate multicellular phenotypes

but can be disrupted by cells that proliferate too quickly

and exploit the body. These cheating opportunities then

further spur the evolution of new innovations for

cooperation and conflict control among cells [4,9]. Conflict

management and policing of cheaters is done in part by

tumour suppressor genes [4]. While there was a significant

burst of new tumour suppressor genes that evolved at the

dawn of multicellularity [44], new tumour suppressor genes

continued to evolve afterwards [44]. For example, as elephan-

tids evolved larger bodies, and thus more opportunities for

cellular cheaters, they also evolved extra, modified copies of

the TP53 tumour suppressor gene [45,46]. TP53 is a cheater

detection and elimination gene that responds to DNA

damage, viral and other stresses by either halting the cell

cycle for DNA repair or eliminating the cell through apopto-

sis [47]. Researchers are now working on translating those

elephant forms of TP53 into human cancer prevention and

treatment. In general, we may pursue innovations in

cancer prevention through reinforcing cellular cooperation
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or enhancing multicellular mechanisms of cheater detection

and control.

6. The unexpected societal benefits of cheating
Cheating often spurs on further innovation in human

societies and technological systems as well. Disruption to sys-

tems sometimes facilitates reorganization and restructuring

that improves the overall functioning of the system. For

example, in computer security, some strain on the system in

the form of small breaches can help test for, identify and

lead to fixes that ultimately reduce vulnerabilities. In fact,

the knowledge acquired from being hacked is so valuable

that it is actively promoted in some areas of computer secur-

ity research, where ‘honeypots’ are created to attract hackers

and discover vulnerabilities of the computer systems so that

they can be redesigned more effectively [48]. The same may

be the case for the evolution of cancer suppression mechan-

isms, where the vulnerability of organisms to cancer has

provided selective pressures for cheater suppression mechan-

isms. For example, exposure to solar radiation exposes

vulnerabilities of organisms to cancer and selects for cancer

suppression mechanisms such as the DNA damage response.

Without this selective pressure that came from solar radiation

during the evolution of life, organisms would probably be

much more susceptible to cancer because their defense

against cancer would not be as good. Thus, some testing

and disruption of system function can sometimes be a good

thing for systems that are actively growing and innovating

because they may be less likely to retain vulnerabilities in

their infrastructure as they get larger and more complex.

More generally, innovations for cheating are not always a

bad thing for the systems in which they happen. Sometimes

disruptive innovations can actually create novel and even

more effective or fit systems through enhancing viability, effi-

ciency or in the case of multicellular bodies, fertility and

attractiveness. Phenomena that look like cheating initially

can sometimes give rise to important new phenotypes.

Major phenotypic effects can result from small mutations in

genes that regulate cell division, resource allocation and

other genes involved in cellular cooperation [37]. Larger

body size and the evolution of ornaments are some of the

potential innovations that can happen when mutations occur

in these genes. Like large body size, discussed earlier, sexual

ornamentation is also arguably an innovation. The dramatic

colouration and appendages can radically improve mating

success, driven by a positive feedback mechanism of sexual

selection [49]. Depending on the environment in which organ-

isms find themselves, innovative traits like these may be a net

benefit (e.g. because of enhanced reproductive opportunities)

or a net cost (because of greater susceptibility to cancer or

other diseases) [24]. This means that some phenomena that

may initially look like cheating in the foundations of multicel-

lularity may actually represent important innovations that can

contribute to the reproductive success of the organism. This

may also be the case in human groups, when phenomena

that look like cheating within may end up being beneficial

for the society in which they occur. There may be some inter-

esting parallels between innovations in biology and some

innovations that occur in scientific and political revolutions

[50], when individuals challenge outdated or problematic

rule systems and succeed in replacing them with new rules

that better serve the society of which they are a part.
7. Pathogens evolve innovations that enhance
their resilience at our expense

Pathogens evolve innovations to evade host defenses and

therapeutic interventions. Influenza viruses regularly

evolve new envelop proteins that evade both our prior

immunity and vaccinations, opening up new ecological

space for themselves [51]. Pathogens often evolve and

release novel enzymes that digest our drugs before they

can act on the microbes [52,53]. These therapeutic resistance

innovations rapidly spread through microbial populations

to the point that entire classes of pharmaceuticals become

effectively useless [52].

Microbes cooperate to spread these resistance innovations

horizontally through microbial populations [54,55]. The mech-

anisms underlying the dissemination of these drug resistance

innovations are diverse, including horizontal gene transfer

through uptake of naked DNA (transformation), bacterio-

phage-mediated transfer (transduction), pili-mediated

plasmid transfer (conjugation) and transfer of phage-like par-

ticles known as gene transfer agents (as reviewed in [55,56]).

Microbes appear to have a wide range of mechanisms for shar-

ing innovations in drug resistance, including even the

production of nanotubes that enable sharing of molecules

that confer temporary resistance to drugs without requiring

integration and expression of new genes [57]. Many of these

mechanisms involve the costly production and transmission

of DNA and/or molecules, suggesting that these mechanisms

are not simply a result of cells extracting resources from one

another. Instead, these mechanisms may themselves be novel

innovations for sharing among microbes.
8. Multicellular bodies must innovate to
dynamically respond to pathogens

The rapid evolution and innovation of microbes poses a

challenge for the more slowly evolving multicellular hosts.

All else being equal, we are caught on the losing side of a lop-

sided evolutionary arms race. A key organismal innovation in

the history of that arms race with microbes was the evolution

of the adaptive immune system. The adaptive immune

system uses cell-level evolution, with recombination and

hypermutation, as a mechanism of innovation to generate

and refine detectors that can respond to pathogens that an

organism has never seen before in its lifetime (or even in its

evolutionary history). Furthermore, it does this on the same

time scale as the evolution of the pathogens. In this way, mul-

ticellular organisms harnessed the power of evolution to

innovate by keeping a population of cells (in the adaptive

immune systems) actively evolving within it.

The innovation of the adaptive immune system does

not come without costs, as anybody with an autoimmune con-

dition can testify. Autoimmune disease and organ

transplantation rejection occur when the immune system’s

innovative capacities accidentally get turned against the host.

This means that successful organ transplant requires the sup-

pression or deception of the innovations in the adaptive

immune system that have evolved to destroy foreign cells.

Autoimmune disease can be understood as false-positive

signal processing errors [58]. The adaptive immune system

is, in part, a signal processor, evolved to distinguish disease
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agents from benign cells. This is difficult, because pathogens

are constantly innovating ways to evade the immune system

and appear to be benign cells. An autoimmune reaction is

thus the false identification of normal tissue as disease

agents. It is the price we pay for a system that can handle

most of the diversity of pathogens in our environments.
 ypublishing.org
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9. Multicellular bodies use innovations from
microbial partners

Our immune systems are not just designed to prevent patho-

gen growth, but they also have an ancient and important role

in supporting microbes that provide host benefits [59]. From

the beginning, multicellular organisms have evolved, covered

inside and out, with microbes. Some of the interactions

between microbes and host cells involve cooperation, other

interactions involve competition, sometimes with the very

same microbes depending on their expression of virulence

factors [60]. These microbes are involved in diverse ecologi-

cal interactions with other microbes in and on us as well,

cooperating with some and killing others. Some microbes

benefit from their host’s health, being supplied with food

and shelter by their host. In this case, the microbes are

under selective pressure to benefit their hosts, which can

lead to the microbes providing nutritional benefits and

protection from pathogens [60].

Close interactions with microbes have allowed us to use

many of their innovations for our benefit. For example, many

microbes allow us to extract nutritional value out of foods

that we could not otherwise digest, expanding our ecological

range. For example, Firmicutes, primarily Lachnospiraceae
and Ruminococcaceae, partially digest complex carbohydrates

(fibre), making sugars available to us that we could not access

[61]. This fibre digestion capacity represents a microbial inno-

vation that our bodies use to our benefit [60]. Microbes

provide other nutritional benefits as well, including supplying

vitamins and other limiting nutrients to their hosts [62,63].

Not only do we get nutritional benefits through using

microbial innovations, we may get important immune

benefits as well. Our microbiomes can contribute important

pathogen defense functions, acting as a sort of auxiliary

immune system. Microbes can prevent the invasion of some

pathogens, either indirectly, by filling ecological niches, or

directly, by killing pathogens through the release of antimi-

crobial molecules or viruses [64,65]. Most of our antibiotics

have been derived from microbial products that evolved to

kill other microbes [66]. Microbes can take up ecological

niches in the mucins at the interface of our gut lining, pre-

venting pathogenic microbes from invading our bodies

[67,68]. Microbial occupation of ecological niches is an impor-

tant contributor to infant nutrition and health as well. Breast

milk contains oligosaccharides that cannot be digested by the

infant without microbial assistance. The microbes that can

process these oligosaccharides contribute to infant health by

helping to preventing invasion of the intestinal lining by

pathogenic microbes [69]. Most of our antibiotics have been

derived from microbial products that evolved to kill other

microbes [66]. Together, these facts suggest that multicellular

organisms may be using the innovations of benign microbes

to protect us from pathogenic microbes.

Future innovations in human medicine may be based on

harnessing microbial innovation. Stable microbial communities
have evolved mechanisms to exclude invaders [70]. We may be

able to cultivate more invasion-resistant microbiomes that have

the capacity to dynamically respond to new threats from

pathogens [71–73]. Such microbial ecosystems have the advan-

tage that they can continually evolve innovations for repelling

or destroying pathogens. This may explain why multispecies

ecological systems are an important part of many human

societies and cultures in the form of fermented foods and bev-

erages. As discussed earlier in this paper, the fermented tea

known as kombucha is a symbiotic community of yeast and

bacteria that engages in many cooperative interactions includ-

ing resource sharing and defense against invading microbes

[19,74]. Preliminary data collection in our laboratories suggests

that actively evolving multi-species ecosystems like kombucha

may have the capacity to combat human pathogens [75].
10. Socially managing risk opens new frontiers

In the North, a loner doesn’t survive.

Comment from a Koryak man [76].
Some environments are harsher than others. Risks such as an

uncertain resource supply, potentially hazardous weather

and predators are just some of the challenges that individuals

face when they venture into new environments. How has life

solved the problem of surviving and thriving in risky, diffi-

cult and uncertain environments? One way of dealing with

risks like these is by teaming up with others to more effec-

tively deal with the challenges and buffer individuals from

risk. Before multicellularity evolved, every cell was a loner.

One of the important innovations of multicellularity was

enabling cells to better manage risks in the environment.

Cells in multicellular bodies invest in an infrastructure that

buffers them from the variability of the external environment.

This involves a variety of sub-strategies including becoming

larger than predators (risk reduction), stockpiling resources

in the extracellular environment (risk retention) and creating

resource delivery systems to send resources to cells that need

them (risk transfer). Multicellularity is just one example of

social risk management. Social insects also create structures

to store resources and bacteria can produce biofilms that

help protect them from toxins and invading species [77].

Like cellular societies, humans also must manage risks

and we engage in complex risk management behaviours,

many of which are highly social. For example, cooperative

building of shelters, collective efforts towards pest elimin-

ation and even arrangements for resource sharing in case

individuals encounter unexpected negative events occurs

across human societies [14,77,78]. Widespread sharing of

resources in particularly harsh environments is a pattern

seen across many small-scale societies [77], including the

Koryak who live in very cold conditions in far-east Russia

[76] (quoted at the beginning of this section).

These social risk management strategies are important

cooperative innovations, but as with other cooperative inno-

vations they can open up the potential for cheating. Indeed,

many societies have implicit and explicit rules that help pre-

vent cheating in these social risk management strategies

including reputational mechanisms and strong cultural

norms of behaviour that help enforce behaviours that provide

risk management benefits to the group [77,78].

There are some interesting parallels between the risk man-

agement strategies employed by human societies and those
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used in cellular societies. For example, human shelter building

is similar to multicellular bodies creating an external protective

cell layer or microbes producing biofilms. Resource storage

and group defense are other strategies used both by human

societies and cellular societies that help to buffer risk from

environmental volatility and invasion, respectively. In

human societies, engineered solutions to our problems pro-

duce a form of guided variation. That guided variation and

cultural transmission of innovations lead to similar dynamics

as natural selection in cellular societies, but with biased

exploration of possibilities and biased transmission [79–81].

Humans have novel innovations for transmitting

information that allow us to share many things, including

strategies for dealing with risky and uncertain environments

[82]. Generally speaking, mechanisms of inheritance allow

the transmission of new innovations from one individual to

another. In evolutionary theory, this includes mechanisms

of genetic inheritance in sexual and asexual reproduction as

well as mechanisms of horizontal gene transfer, common in

bacteria [55]. But in human groups, transmission mechanisms

for innovations include oral traditions, the written word/

printing press and modern information sharing technologies

including the Internet. The ability to share information and

technologies—our innovations for sharing innovations—

may have played an important role in our ability to colonize

environments around the globe, some of which would have

been otherwise uninhabitable [15,81].

This capacity to share information may make humans

uniquely well suited for responding flexibly to challenges.

We have the ability to learn from others who may have pre-

viously encountered similar risks, and even to anticipate

future risks and innovate new risk-management strategies

[82]. This capacity to dynamically manage risks and innovate

may have been an important contributor to humans colonizing

much of the Earth including many harsh and marginal environ-

ments [43,48] and might, therefore, also be important to our

capacity to manage future challenges through innovation.
11. Conclusion
Innovations in cooperation and cheating have shaped cellular

societies. The evolution of multicellularity is essentially the

coming together of five forms of cellular cooperation: inhi-

bition of proliferation, controlled cell death, division of

labour, resource allocation and creation/maintenance of the

extracellular environment. These forms of cooperation, when

brought together, enable major innovation in the forms that

life can take: allowing for the diversity of multicellular life

forms we see today. Multicellularity is threatened when

cells within the body cheat on these foundations of multicel-

lular cooperation, innovating through mutation and other
genetic changes that can lead to cancer. Multicellular bodies

are also threatened by pathogens that can exploit the coopera-

tive interactions occurring within multicellular bodies. In

order to counter this threat, many organisms (us included)

have evolved an adaptive immune system that can respond

rapidly to microbial innovation. We also leverage relation-

ships with rapidly evolving microbial ecosystems that can

provide benefits for us, for example, protecting us from

pathogens and helping us extract nutrients from the food

that we eat.

Examining how cellular societies such as multicellular

bodies and the microbiome have leveraged innovations

leads to several insights that may apply to human societies

as well. First, working from evolutionary theory, we can

see that innovation is more likely to arise and be dissemi-

nated in large and diverse communities where new variants

can arise and increase in frequency (as with the process of

natural selection itself ). Second, cultivating cooperation

with partners who can rapidly and effectively innovate is

important for large entities like multicellular bodies that

evolve more slowly than the entities that threaten them (e.g.

cancer cells and pathogens). And third, managing risk

socially (as multicellular bodies do) can facilitate survival in

challenging environments where individuals could not sur-

vive on their own, making exploration of frontiers more

viable than is possible when individuals strike out on their

own. These insights can inform new innovations in human

health and medicine, including the translation of cheater

detection and control mechanisms from other systems (e.g.

translating metformin from diabetes to cancer) or even from

other organisms (e.g. elephant TP53 for human cancer pre-

vention). By understanding innovations in cooperation and

cheating that occur in cellular societies, we can more effec-

tively promote and protect the cellular cooperation that

makes us viable multicellular organisms.
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