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SUMMARY

In this thesis, we focus on the organization of nascent multicellular organisms. In chap-

ter 2, we introduce the main features of nascent multicellularity and we discuss the reasons

and consequences of the modes of multicellular development. In chapter 3, we develop a

compositional theory of life cycles, applied to different organisms, including simple and

complex multicellular organisms. We �nd that a focus on life cycles can give a compli-

mentary perspective to the Major Evolutionary Transitions framework, and we discuss the

potential for this algebra to �ll some of the missing gaps in the current theories of biolog-

ical organization. In chapter 4, we come back to multicellularity, and formulate a simple

geometric model of growth that can reproduce typical morphologies of nascent multicel-

lular organisms. We also explore how this happen in a simple experimental system. In

chapter 5, we discuss how cell differentiation has evolved in different lineages, how can we

understand the concept of cell types, and then suggest ways to model cell differentiation

with simple discrete dynamical systems. Finally, in chapter 6 we take a look at the spatial

organization of microbes in bio�lms, and provide a novel method that allows us to detect

spatial associations at unprecedented detail.
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CHAPTER 2

WHY HAVE AGGREGATIVE MULTICELLULAR ORGANISMS STAYED

SIMPLE?

Abstract

Multicellularity has evolved numerous times across the tree of life. One of the most funda-

mental distinctions among multicellular organisms is their developmental mode: whether

they stay together during growth and develop clonally, or form a group through the aggre-

gation of free-living cells. The �ve eukaryotic lineages to independently evolve complex

multicellularity (animals, plants, red algae, brown algae, and fungi) all develop clonally.

This fact has largely been explained through social evolutionary theory's lens of coopera-

tion and con�ict, where cheating within non-clonal groups has the potential to undermine

multicellular adaptation. Multicellular organisms that form groups via aggregation could

mitigate the costs of cheating by evolving kin recognition systems that prevent the forma-

tion of chimeric groups. However, recent work suggests that selection for the ability to

aggregate quickly may constrain the evolution of highly speci�c kin recognition, sowing

the seeds for persistent evolutionary con�ict. Importantly, other features of aggregative

multicellular life cycles may independently act to constrain the evolution of complex mul-

ticellularity. All known aggregative multicellular organisms are facultatively multicellular

(as opposed to obligately multicellular), allowing unicellular-level adaptation to environ-

mental selection. Because they primarily exist in a unicellular state, it may be dif�cult for

aggregative multicellular organisms to evolve multicellular traits that carry pleiotropic cell-

level �tness costs. Thus, even in the absence of social con�ict, aggregative multicellular

organisms may have limited potential for the evolution of complex multicellularity.
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2.1 Introduction

Multicellular organisms vary tremendously in their level of complexity, ranging from small,

undifferentiated clusters to organisms with trillions of cells and hundreds of dedicated cell

types [1, 2, 3]. Complex multicellularity has evolved in �ve distinct eukaryotic lineages:

animals, plants, red algae, brown algae, and fungi [4]. While the de�nition of what counts

as complex will always be somewhat arbitrary, some features are commonly associated

with multicellular complexity: cell-cell communication, a genetically-encoded develop-

mental program, and the organization of cells in tissues that are not in direct contact with

the environment [4]. All �ve of these lineages develop clonally, with cells staying together

after division. While there are many organisms that form multicellular groups through ag-

gregation [5, 6, 7], none have evolved a comparable level of complexity. It is important

to note, however, that not all clonally-developing organisms have evolved to be complex–

indeed, many have remained relatively simple despite multicellularity having evolved hun-

dreds of millions of years ago (e.g., the Volvocine green algae [8]).

2.2 Social evolution and multicellular development

Social evolutionary theory identi�es a number of advantages to clonal multicellular devel-

opment [9, 10], potentially explaining these macroevolutionary patterns. In clonal groups

of cells, there is little potential for among-cell con�ict driven by sel�sh `cheats' [10, 11],

which Westet al. [12] de�ne as “individuals who do not cooperate (or cooperate less

than their fair share), but are potentially able to gain the bene�t of others cooperating.”

In chimeric groups, however, cheats can have higher �tness than cooperators, which, if

unchecked, can lead to the loss of cooperators from the population [13]. For example, �eld-

collectedDictyostelium discoideumisolates readily form chimeric multicellular groups in

the lab [14]. In more than half of these strain pairs, one strain cheats by preferentially

forming viable spores in the developing stalked sporangium, and contributing less to the
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construction of the stalk which holds the spores above the soil surface. Clonality is thus a

general mechanism for mitigating the potential for cheating, at least until mutational pro-

cesses generate suf�cient within-organism variation to cause cancer [15]. In clonal groups,

the �tness of cells in the group are aligned with one another, and with the �tness of the

group as a whole [16]. Finally, cells interacting with clonemates over many generations,

rather than varying members of the population, may facilitate the evolution of cellular dif-

ferentiation [17].

Figure 2.1:Key differences between clonal and aggregative multicellularity.A) Mul-
ticellular organisms with a single cell bottleneck during development grow clonally. B) In
contrast, aggregative multicellularity involves the association of potentially diverse geno-
types into a single group. C) While aggregation provides an ecological advantage of rapid
group formation or dissociation, it may be dif�cult to avoid genetic con�ict (particularly
in large groups) over evolutionary timescales. Selection for rapid group formation may
undermine selection for stringent kin discrimination.

2.3 Limitations to highly effective assortment

Aggregative multicellular organisms could, in principle, avoid the potential pitfalls of within-

group genetic diversity by evolving effective partner choice mechanisms [18, 19]. Indeed,
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aggregative multicellular organisms have evolved various forms of kin recognition systems,

often using `receptor-like' pairs of proteins. For example, the slime moldDictylostelium

uses TgrB1/C1 [20] andMyxococcusbacteria use TraA/B [21]. Yet these kin recogni-

tion systems are not particularly effective at kin discrimination [22]- bothDictylostelium

discoideumandMyxococcus xanthusreadily form chimeric groups under laboratory con-

ditions, and fruiting bodies found in nature can be chimeric [23, 24, 25]. While relatively

little work has examined group assembly in the wild, within-group relatedness inD. dis-

coideumappears to be relatively high [18], while chimerism seems to be quite common in

the closely related multicellular speciesD. giganteumandD. purpureum[26], as well as

the multicellular bacteriumM. xanthus[25, 27, 28].

In general, single locus kin recognition systems are a poor choice for ef�cient genome-

wide kin recognition, as they can be decoupled from the majority of the genome with just

a few generations of sexual recombination. In principle, there is no reason that aggregative

multicellular organisms would need to rely on a single-locus recognition system, as mul-

tilocus recognition systems are both taxonomically widespread and more effective at kin

recognition (e.g. [29, 30, 31, 32]). Given the clear costs of cheating [20] and hundreds

of millions of years of evolution [33, 34], why are many kin recognition systems still so

inef�cient?

In previously published work ([41]), we provide some insight into this conundrum:

weak kin recognition may be an adaptive feature of aggregative multicellular life histories,

not a bug that has yet to be improved. A central ecological advantage of an aggregative

multicellular strategy, relative to clonal development, is that it allows for rapid group for-

mation (see Fig. Figure 2.1 A and B). In contrast, a clonal multicellular organism that

forms by cells `staying together' takes many cellular generations to form (Fig. Figure 2.1

C). Hence, aggregative multicellular organisms tend to live in environments where selec-

tion favors a rapid change between unicellular and multicellular life history strategies, like

the formation of a multicellular fruiting body upon starvation [33].

5



Figure 2.2:Multicellular complexity has only evolved in clonally-developing lineages.
A) Clonal development can be facultative or obligate, but only the obligate forms have
evolved to be complex (each dot represents a lineage, color coded by the developmental
mode); these same lineages can be classi�ed into obligate/facultative and complex/simple
categories (data set and classi�cation from [10]). B) Aggregation is prevalent in various
unicellular lineages, usually in response to stress (see [35, 36, 37, 38, 39, 40]). C) In
all known aggregative multicellular organisms, the formation of a multicellular stage is
a facultative process. D) In contrast, complex multicellular organisms always develop a
multicellular stage during their life cycles.

Consider a free-living cell that is part of a genetically-diverse population. In response

to an environmental trigger (e.g., starvation), it attempts to join a multicellular group. If its

genotype is at all uncommon (and many genotypes will be if the population is even some-

what diverse), then strict kin recognition (restricting association to clonemates) may limit

its ability to �nd clonemates and form a group [41]. All else equal, strict kin recognition

can only delay the time of group formation, and/or decrease the size of the group that a fo-

cal cell �nds itself in, undermining the ecological advantages of this developmental mode.

Thus, the ecology of aggregative multicellularity may preclude the evolution of strict kin

recognition, sowing the seeds for persistent evolutionary con�ict and limiting the poten-

tial for aggregative multicellular organisms to evolve a high degree of complexity (Fig.
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Figure 2.1 C, see also [41]).

2.4 Facultative vs. obligate multicellularity

Yet we are still describing aggregative multicellular organisms as if the only salient dif-

ference between them and clonal multicellular organisms is their developmental mode,

which, in our view, misses a central point: all known aggregative multicellular organisms

form groups facultatively (Fig. Figure 2.2 A, [10]), spending most of their time (and per-

forming most of the cellular division) in a unicellular phase. In contrast, the majority of

clonal multicellular organisms form groups obligately, spending most of their time and do-

ing all of their cellular division in a multicellular state. This makes for qualitatively-distinct

evolutionary dynamics at the cell and group levels, when comparing typical clonal and ag-

gregative life cycles. And this distinction can have profound implications for the evolution

of multicellular complexity.

Within a multicellular group, mutations can be considered to have different effects at

the cell and group level – a mutation that encodes an altruistic trait may come at a cost to

the cells expressing that trait but provide a bene�t to their group [42]. The same is true

across phases of a multicellular life cycle – mutations can have differential �tness effects

during the free-living unicellular phase (cell-level) and multicellular group phase (group-

level) that affect their �xation probabilities. In aggregative multicellular organisms that

spend most of their life cycle in a unicellular phase, there is ample opportunity for selec-

tion to act on free-living unicellular life history traits (Fig. Figure 2.2 B and C). This may

make it dif�cult for selection to favor group-bene�cial traits that come with a cell-level

�tness cost [43]. These pleiotropic costs may be avoided, however, if the trait is devel-

opmentally regulated such that it is expressed only in the multicellular life history stage.

Indeed, this appears to be common within extant aggregative multicellular taxa. For ex-

ample, the behaviors underlying cellular differentiation and multicellular morphogenesis

only occur in a multicellular context within the social Dictyostelid amoebae [44, 45] and
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Myxococcusbacteria [46]. Further work will be required to determine the extent to which

the extended unicellular life history phase of aggregative multicellular taxa constrains mul-

ticellular adaptation.

Mutations that are bene�cial at the group level but deleterious at the cell level are sig-

ni�cant because they may act to promote the evolution of group cohesion and increase the

evolutionary stability of multicellularity through time by constraining reversion to unicel-

lularity [42, 47, 48]. Thus, the inability to �x such mutations could serve as a barrier to

evolving complex multicellularity for aggregative multicellular organisms. This is not an

obstacle for clonal multicellular organisms.

Within clonal groups there is limited scope for among-cell selection due to the limited

time spent as free-living single cells (Fig. Figure 2.2 D). In contrast, aggregative mul-

ticellular organisms are likely to experience signi�cant among-cell selection during the

unicellular phase of their life cycles, where unicellular populations are rarely, if ever clonal

[26, 28]. This is true even in the absence of social con�icts arising due to chimerism.

Facultative multicellular life cycles can thus constrain the evolution of multicellular

complexity, as most of their physiological functions and evolutionary time are spent as

unicellular individuals. This might explain why some aggregative multicellular organisms,

which form multicellular groups in response to an environmental trigger, are relatively

simple, having only a few cell types (see Fig. Figure 2.2A, based on [37, 38, 39, 40, 49]).

Facultative multicellular organisms have the ability to transition between single celled

and multicellular states (e.g. Fig. Figure 2.2 C). As a result, they have the ability to adapt

via either unicellular or multicellular strategies. This �exibility may be particularly use-

ful when partitioned between growth (unicellular stage) and survival (multicellular stage),

but it may also limit multicellular complexity. Obligate multicellular organisms, in con-

trast, have no choice but to �nd multicellular solutions to selective challenges. This may

drive evolutionary innovation: sustained multicellular adaptation requires the evolution of

genetically-encoded development, which typically requires (among other factors) the evo-
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lution of complex mechanisms of cellular signaling as a means of driving differentiation,

maintenance, and repair of the multicellular state [9, 50, 51]. Solving novel challenges

posed by obligate multicellular life (e.g., the evolution of a circulatory system to circum-

vent diffusion limitation for cells growing in a large multicellular group) is thought to be a

key driver of complex multicellularity [4].

Obligate aggregative multicellularity would alleviate some of the issues raised above,

yet no obligate aggregative multicellular organisms have been described (see Fig. Fig-

ure 2.2, based on data from [10]). Instead, all known aggregative multicellular organisms

have facultative multicellular life history stages, forming groups in response to environ-

mental cues (typically stress). In principle, obligate aggregative multicellularity should be

easy to evolve- all it requires is that the multicellular life history phase be constitutive, not

conditional on an environmental stimulus. Indeed, such a strategy can easily be generated

in the lab by constitutively expressing the adhesive glycoproteinFLO1 in yeast [41, 52]).

The fact that species with obligate aggregative life cycles have yet to be found in nature

suggests that this mode of development might be evolutionarily constrained.

2.5 Conclusions

Evolutionary theory has successfully explained how social con�ict plays an important role

in multicellular evolution and adaptation. But it is equally important to recognize factors

outside this traditional framework, such as the role of ecological and evolutionary con-

straints that result from having a particular developmental mode [41]. The paradigmatic

aggregative multicellular organisms (e.g.,DictylosteliumandMyxococcus) are qualitatively

different than paradigmatic clonal multicellular organisms (e.g., animals, plants, red algae,

brown algae, and fungi), spending the majority of their time in a unicellular state. As a

result, there is relatively little reason to expect that selection would dramatically increase

multicellular complexity. To attribute all of the variation that we see in nature to social

evolutionary causes alone places too much weight on this one important -but probably not
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dominant- factor.
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CHAPTER 3

A COMPOSITIONAL THEORY OF LIFE CYCLES

Abstract.

This chapter is about life cycles, although its main result is an algebra. To do this, we

will informally distill intuitions about life cycles, while using category theory toformally

distill them. In writing this chapter we assume no knowledge of category theory, and we

will explain the relevant formalisms as intuitively as possible, always mapping back to

a biological interpretation. The reason for using category theory is entirely biological:

in order to study life cycles formally, we believe that what is required is a framework that

allows us to representtransformations; the essence of life cycles. And this is precisely what

category theory does for mathematicians. At the end of this chapter, we will interpret the

biological implications of our algebra in the context of the Major Evolutionary Transitions

and the Evolutionary Transitions in Individuality. This will lead us to propose the following

principles of biological organization:

1. Individuals enact life cycles, but a life cycle is not an individual, it is a process of

transformations. These transformations can occur in sequence or in parallel, and

involve individuals of any identity.

2. The Major Evolutionary Transitions and Evolutionary Transitions in Individuality

frameworks have been focused on individuals. We claim that this is an incomplete

approach, because an evolutionary transition re�ected on the ability to reproduce a

higher-level system is not a property re�ected in individuals, but in life cycles. E.g.,

a single worker bee can't reproduce a beehive.

3. Our interpretations of the algebra hint for the need to move beyond individual-based
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hierarchies, and towards life-cycle hierarchies. We discuss preliminary ideas to do

this, which we propose calling it the Hierarchical Transitions in Evolution.
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3.1 Biological preliminaries

The study of multicellularity implies a difference betweenunicellular andmulticellular

organisms. Similarly, the study of higher levels of biological organization implies the

existence of lower levels. Often, these levels are framed within the Major Evolutionary

Transitions (MET) framework [53, 54, 55], and with a strong focus on the properties of

individuals, such as in the Evolutionary Transitions in Individuality (ETI) framework [56].

However, there is something rather ambiguous in talking about levels of organization from

the standpoint of individuated entities, a problem which has been extensively analyzed by

William Wimsatt (e.g. in [57, 58]), who provided an artful depiction of this in Figure 3.1.

There, it is shown that the more complex a new level is, the less de�ned it can be for us as

observers, and the more complex the modes of analysis can become.

Figure 3.1:Levels of organization according to William Wimsatt. Wimsatt's depiction
of the levels of organization, including biological and technological organization, and how
an observer might describe these amidst all the complex interactions [57]. Reproduced
with Wimsatt's permission.
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The essence of the ambiguity is that there is no `natural' way to partition living entities

into one or another level. This is, of course, an ancient problem, perhaps �rst formulated by

Plato, when he said in hisPhaedrusdialogue that that the world seem to naturally come to

us pre-partitioned, `carved' at its joints (see [59]). The problem of partitioning reality might

be unsolvable. But we can make progress in the analysis of the MET/ETI frameworks and

an alternative focus on life cycles.

We want to note that this problem is not merely conceptual but also empirical, as we see

in our lab, for instance, when we want to compare clonal snow�ake yeast with �occulant

yeast (e.g. [41, 60]), which are multicellular organisms formed by fundamentally different

processes: the constituent cells either `stay' together, or they `come' together. When we

ask ourselves how can we compare these yeast forms with their unicellular ancestors, and

even to each other, the answers are not clear. These lineages, as simple as they are can ex-

hibit fundamental differences in their biophysical [61], ecological [41], and functional [51]

properties. If this happens with a simple systems, in a relatively well controlled environ-

ment, we can imagine doing the same for complex organisms can be even more dif�cult.

But we can still makesomeprogress. This chapter aims to tackle the problem of levels of

organization from a different perspective than MET/ETI, by answering a simple question:

how can weformally talk about life cycles? To do this, we �rst need to discuss some basic

notions of life cycles.

3.2 Life cycles as fundamental to biology and evolution.

In recent history, it was John Taylor Bonner who most clearly called to take life cycles as

fundamental1:

”Slowly something started to trickle into my mind: organisms are not just

adults—they are life cycles”—John T. Bonner. (pp. 15 in [62]).

1We became aware of Bonner's fascination with life cyclesafter we started working on life cycles our-
selves. Our original motivation comes from Robert Rosen, Francisco Varela, and Stuart Kauffman.
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As it turned out, this view did not echo through much of the practice of biology. As

biologists, we are still interested in individual organisms for the most part of what we do,

particularly so in evolution. Most of evolutionary concepts apply to populations ofindi-

viduals, bypassing life cycles (or assuming them). Here, we will take Bonner's sentiment

and make it formal. With an important note �rst. Of course, there is a long tradition of

modellinglife cycles (some relevant examples in [63, 64, 43, 65]). But that is not what we

are here after. We are interested in atheoryof life cycles. This theory should be able to

representany life cycle. Given that the task at hand is both a biological and formal prob-

lem, we will often switch back and forth from biology to mathematics and vice versa, just

to emphasise how these two relate. The ultimate aim is to provide a common language for

biologists and theorists alike to talk about life cycles.

3.2.1 Someapproachesto theorizinglife cycles.

Life cycles exist in basically every biology textbook, in general, they are studied from a nat-

ural history perspective, and often idiosyncratically represented, according to the purpose

of the researcher. However, because these diagrams are not formal objects, they cannot

really be compared. In other words, we don't even know what a `valid' life cycle represen-

tation consists of.

Here we will brie�y mention some attempts at life cycle theorizing that seem similar or

relevant to ours. First, and perhaps the most similar approach to ours, is the work of Peter

Godfrey-Smith (see [66, 67]) and his concept of recurrence and multiplication. Another

approach that discusses `motifs' within multicellular organisms life cycles comes from a

paper by Eric Libby and Paul Rainey (e.g. [68], but distinguish it from their other modeling

work). An additional approach to life organization via cycles, persistence, and dyachronic

identity is by philosopher James DiFrisco (e.g. [69, 70]).

A special note deserves a now-classic paper by Corina Tarnita and Jordi van Gestel [71],

where they talk about `biological construction' through different routes (coming together
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or staying together), taking a close inspection at common motifs found in life cycles. Their

approach (and DiFrisco's in [69]) could be called a `compositional' one. Similarly, Eric

Smith has recently proposed a `stoichiometric' approach to representing life cycles dynam-

ics, product of the composition/decomposition of independent traits [72]. Finally, we must

note that there is some work in category theory within biology, notably by Andreé Ehres-

mann (e.g. [73]) and Robert Rosen (e.g. [74]); although they did not consider explicitly life

cycles it is clear that cycles are central to their work. Similarly, Aloisius Louie has devel-

oped important intuitions from category theory like the `hierarchical cycles' concept [75].

At the end, after formulating our algebra, we will suggest a simple way to talk about levels

of organization. We will call this idea the Hierarchical Transitions in Evolution partially

inspired by Louie's distinction between hierarchical and sequential cycles.

3.3 Life cycles as patterns.

Take a look at the diagram below (Figure 3.2).

Figure 3.2:A typical life cycle diagram for a bacterial cell. Note the `cyclic' representa-
tion of this life cycle, going from the organism to itself.

It is the life cycle of a bacterial cell, as we typically represent life cycles (with a lit-

eral cycle). Formally speaking, we might be tempted to take such diagram and make it a

network as a way to formalize it. A directed graph where the nodes are the individuals,

and the edges indicate the types of transformations that such individuals undergo (a similar

approach to this was followed by Libby and Rainey [68], when considering multicellular

life cycle motifs). Let us do this with this simple life cycle.
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Figure 3.3:Life cycle of a bacterium and its network representation. Note the simple
network representation, mapping exactly to the diagram on the left.

What can we say about this network? Well, it has 1 node, and one directed edge, from

and to the only node. Now, let us take a look at the slightly more complicated life cycle

below (Figure 3.4), along with its corresponding network representation:

Figure 3.4:Life cycle of a mouse. Note the participation of different individuals, and the
choice of arrows/nodes in the network.

What can we say about the network of this life cycle? Well, for one, it is a bit more

complicated. But perhaps the immediate observation is that it does not really cycle as

before, and yet it does represent the birth of a new individual (the new mouse). But this

was an arbitrary choice, as the nodes representing the adult mice were not brought back

to themselves, after producing the new mouse, which would have made a cycle. So, the

diagram is a bit confusing in this sense. Secondly, two edges `merge' at some point to point

at a single node (the baby mouse). What does this means, mathematically? Network theory

of course allows us to point an arbitrary number of edges from and to a node, but it does

not tell us that does this mean or when can we do this. We decide all of this as we wish.

There's no rule book.
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In essence, it seems that our choice of network representation was arbitrary, and the

reader could have made other choices, like representing the gametes, the zygote, and so

on with their own nodes, `branching out' of the adult mice, and so on. Moreover, in the

bacterium life cycle network, where there was a `true' cycle, where is the new individual

represented? This was another arbitrary choice, we decided that one node coming to it-

self implies `as many' reproductive cycles as we wanted, but no new individual is `seen'.

You can think of any other life cycle and its representation and you'll �nd the same type

of discretionary choices abounding. Reducing this arbitrariness is the motivation of this

chapter, and it is also the reason for using category theory (CT). CT is thelingua franca

for talking about transformations between objects (say, between organisms in a life cycle)

and for talking about `paths' and `sequences of steps', in a less arbitrary way than what we

just did. We said at the beginning that we will take life cycles to be patterns enacted by

individual organisms. Well, CT is also a language that naturally talks about patterns.

Because CT is not well known within biology or theoretical biology (ortheoretical any-

thing) we will provide all background knowledge needed to understand our �nal algebra.

We will try, as much as possible, to relate everything to their biological meaning.

3.4 A compositional view of life

In CT, we focus ontransformationsbetweenobjects. These transformations are called mor-

phisms or mappings, but we will prefer the term `transformation' in this chapter. Category

theory claims that the labels of a construction are not as relevant as towhat a construction

does. We will take this at heart when choosing our notation and naming conventions.

The objects in a category can be anything, they can even be categories themselves (as

they will be in our case). A transformation in our biological interpretation meanschange.

Change of physiological state, orany relevant changethat an organism undergoes to com-

plete a life cycle. Category theory gives us plenty of freedom about our essential choices

of objects and transformations, so long these are well de�ned. CT also allows us to incor-
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porate additional structure that we might require in order to do something of our interest.

That's how we will build our algebra: adding furniture to our base category. We preferred

the term `algebra' to denote our �nal category because we make heavy use of an algebraic

construction (a Frobenius algebra), but our �nal algebra isalsoa category.

3.5 
 -algebra: a category of organisms.

Life is a context-dependent process. And so every living organism isalive because of,

and for2, a given context. This is quite obvious to most biologists, but it sometimes is

just assumed. Quite commonly, not only is the context assumed, but completely abstracted

away. A common recent case is protein structure prediction (in which context did a protein

`fold'?). We make a note of this because, in our formalism, context de�nes what is possible

and what is not, and the context comes from biological knowledge. One of the reasons to

make this explicit is that often `too much context' is represented at once when drawing or

talking about life cycles (and some times, too little). And this makes diagrams degenerate

and ambiguous. Take a look at the life cycle shown in Figure 3.5.

Figure 3.5:Basic representation of the life cycle ofDictyostelium discoideum. Note that
the existing paths make a cycle. This is a `simpli�ed' version of what some authors show,
just to focus on the essential transformations.

It shows the possible transformations that the organisms3 of the Dictyostelium dis-
2For instance, mutualisms.
3For us organism� individual. Sometimes we will say `individual organism', to keep with the biological

custom, but we take both terms as equivalent.
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Figure 3.6:Less basic representation of the life cycle ofDictyostelium discoideum. Note
that we have made clearer the environmental context needed for each transformation to
occur, and we separate these context in different `boxes' (gray areas).

coideumspecies undergoes in the lab (and the same, essentially, in nature). A valid question

to ask would be: in whichspeci�c context do these transformations occur? Having to an-

swer this question will reveal that the life cycle depicted is hiding information about the

speci�c contexts at play. A clearer picture would be the in Figure 3.6.

In this picture, we observe that the transformations this organism undergoesdo not

happen in the same context. The single-celled amoeba exists primarily in a `nutrient-rich'

environment. The slug starts to form and matures in a `nutrient-poor' environment, form-

ing spores. And the spores only germinate in a nutrient-rich environment. So, not only

was the previous diagram hiding information; it was depicting an impossible context: the

superposition of nutrient-rich and nutrient-poor environments. Note also that inside the

nutrient-poor environmentthere is no cycle, only a `path' from the fruiting body to the

spore. The only cycle we can observe in this �gure is the one occurring in the nutrient-rich

environment: from a single-cell amoeba to itself. Now that we pointed out at some (there

are many, but context is essential to us) of the ambiguities in traditional life cycle diagrams,

let us build a new system.

Below is a mathematical function, or mapping, in its standard representation:

f : A ! B

20



The string diagram below isexactly equivalentto the previous form:

A f B

For us, the `strings' in a diagram like the one above will represent organisms (labelled

A andB in this example), and the `box' will represent our transformations (labelledf ).

In addition to whatever transformations between organisms we wish to represent, we need

to equip each organism in with an `identity' transformation, which leaves the organism

unchanged, a transformation labeled asid (`id' for `identity'). This is essential in cate-

gory theory, but also has a biological interpretation: this is what happens when we leave

an organism to itself: it remains itself (unless, of course, something happens to it later).

Mathematically, the identity morphism is important for many other reasons, not pertaining

to our present discussion. In what remains, the identities will be left implicit most of the

time.

An essential aspect of CT is that it allows us to compose transformations in a precise

way. Consider another organismC, coming from a transformationg takingB to C:

B g C

If we consider that this and the previous diagram (f : A ! B) belong to the same

context, then we note that it is possible to reachC from B via the transformationg, but we

can also reachC from A, by doingg after we dof . We represent this composition asg� f ,

which we read asg̀ afterf ', and we depict it asg� f : A ! C. The empty circle between

f andg denotessequential composition. Our diagram becomes:

A f g C
B

Sequential composition will be quite useful to us. Imagine that you want to represent

the changes undergone by an embryo up to a newborn. For an embryologist, there might be
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many different stages, because that's what they are interested in: the details of development.

But as an evolutionary biologist, you might not be that excited about detailing every cell

division pattern in the morula; you might only want to know that a `new baby' was born.

This is the power of sequential composition: you can assume you've composed all relevant

transformations into one. Both approaches are mathematically equivalent: having many

compositions one after another, or a single one representing the all sequential compositions

together. This is unless there is some `joining' or `branching' of strings, in which case you

might want to represent them, as we will do later.

This is all it takes to build a category. The minimal ingredients are: objects (organ-

isms in our case), morphisms (transformations in our case), and sequential compositions

between transformations, as well as identity transformations (which, as we said, we won't

represent unless necessary). We can think of a category like the rules of a language: it al-

lows us to form words by composing letters in some de�ned way; in turn these can be com-

posed to make sentences, and so on. However, as with any human language, the `meaning'

is not contained within the syntactic rules and symbols: it comes from theoutside world.

In our case, as expected, the meaning of our diagrams will come from the biology.

Let us, for pedagogical reasons, callbase transformationsthese transformations that

are possible betweenall the organisms in our category
 . These will be represented by

lowercase letters, such asf andg and so on (or even whole words if needed, for biological

clarity). In general, the organisms in our diagrams will be labelled with uppercase letters,

or words with the �rst letter capitalized (say,A, or Bacterium, etc.). Base transformations

will represent any transformation that takesoneorganism and makes itinto another, dis-

tinct from the initial one. Mathematically, these one-to-one mappings between all pairs of

organisms in our category will form aHom set, represented asH (A; B ), where(A; B )

representanypair of organisms2 
 .

Our category
 will be equipped with additional transformations and structures, in

addition to what we already have (the organisms, theHom set, identity transformations,
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and sequential compositions). This additional structure will allow us to say more interest-

ing things about life cycles than what a basic category could. But at the end, this whole

structure is just an alphabet. It willallow us to represent all possible transformations in

organisms, but it does not force anything upon them. Biology does (or doesn't).

So, whenever we speak aboutparticular life cycles, we are simply takinga subsetof

all possible transformations and organisms in
 . These subsets are called subcategories in

CT, analogous to what a subset is in set theory. We will represent them with the symbol

� , and we will call them `contexts', because it is the biological context of an organism

which `picks' the transformations that are actually possible therein (as opposed to including

every transformation regardless of context, which is unrealistic as shown in Figure 3.5 vs

Figure 3.6). If we have many environments/contexts, as we will show in some cases, we

can simply call them� -1, � -2, and so on, which will mean that we are studying different

subcategories (even if they share some organisms/transformations, as we will see). Let us

�rst explore what base transformations inH (A; B ) do.

A base transformation, for instance, can be the case when a bacterial spore germinates,

because it is a one-to-one mapping. We can represent this transformation as: germination :

Dormant Spore! Reproductive Cell, or, as we are now used to:

Dormant Spore germination Reproductive Cell

For space constraints (especially in complex life cycles), we can represent base trans-

formations as black �lled squares. Devoid of labels, a base transformation looks like this:

As we said, in our base transformations the left hand and right hand side strings repre-

sent, each one, a different organism, even though the string looks the same at either side.

Later on we will place labels at the beginning of a string or on top/below the string when
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necessary, for clarity. We also note that because these are one-to-one mappings, we cannot

arbitrarily decide to `make a copy' of an organism, because that would be a one-to-many

mapping. We need something else to do this. Luckily, category theory has a structure to do

just this and other biologically useful transformations. It is called a Frobenius Symmetrical

Algebra (FSA). Let us �rst explain its `symmetrical' nature.

Remember that category theory allows us to compose transformations, one after an-

other, as long as the organisms involved coincide in the proper way. Well, we could

also allow transformations to occurin parallel. To do this means to `tensor' the organ-

isms/transformations involved. We represent this tensor operation with the symbol
 .

Biologically speaking, this symbol represents the coexistence of certain organisms and/or

transformations in a given context. Imagine two bacteria coexisting in the same Petri dish.

In our algebra, you can represent this situation as Bacterium
 Bacterium. The important

thing to remember is that we can tensor anything (organisms/transformations), even if these

are not `compatible' (as opposed to the sequential composition).

Parallel composition is easy to visualize. If we havef 
 g : A
 B ! B 
 C, this means

that thef andg transformations are happening in parallel, so their corresponding objects

also coexist in parallel:

A f B

B g C

Note the importance of placing each symbol to the correct `side' of the tensor when

representing transformations. For instancef 
 g : A
 B ! B 
 C makes sense, butg
 f :

A
 B ! B 
 C does not. But then,g
 f : B 
 A ! C
 B makes sense again. This `makes

sense again' is very important, as we will show now.

You might wonder whether the tensorA
 B is equivalent toB 
 A. If the answer is

`yes, these are the same thing', this means that the tensoring operation should besymmet-

rical. It is commutative, because when we `swap' the elements in the tensor what results is
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equivalent. You can think of arbitrarily complicated tensors. Let us show one slightly more

complicated than the one before:f 
 g
 h : A
 C
 E ! B 
 D
 F , which is equivalent to

f 
 (g
 h) : A
 (C
 E) ! B 
 (D
 F ), which is equivalent to (f 
 g)
 h : (A
 C)
 E !

(B 
 D)
 F , and so on, where the parentheses represent `internal tensoring', just as in any

regular algebraic operation parentheses group `internal' operations. This last property is

known as associativity. So, our algebra will be both commutative and associative when it

comes to
 , and when it comes toany of the operators. Although this is a mathematical

convenience, it will be shown that naturally allows representation of life cycles.

The commutative/associative properties are implied in the order of the tensorial prod-

ucts when we write them, and the parentheses involved, but this can also be represented

graphically. When we have the commutative property in our algebra, as we do, we say that

our string diagrams can be braided4 in any way we want, while retaining their functional

properties. And the grouping of the braids represents the associativity. This means that the

two diagrams below are equivalent:

A

B

B

A
=

B

A

A

B

Note that we didn't do anything to the strings, we just showed that their braiding leaves

their tensors equivalent, given commutativity. Note, however, that when writing in a text,

you need to keep track of what goes to each side of the tensors to keep consistency, as

we explained before, especially when applying complex operators. Braiding is useful in

string diagrams that are quite complicated, when the `cross over' of strings is useful to

reach some transformation, but in our examples we will try not to use it (we show it here

for completeness, if the reader wants to build arbitrarily complex life cycles).

As we mentioned before, our Frobenius Symmetric Algebra also inducesadditional

transformationsto each organism beyond their base and identity transformations. In fact,

4Braided, braids, and braidings are all common terms in category theory to denote this.
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FSA makes each organism its own category (a symmetric monoid), but as we said be-

fore, we will keep calling the objects of our category organisms through this chapter. FSA

equips each organism with a `monoidal unit', which we will callI and which plays an

important role both mathematically and biologically. We will callhomotypical transfor-

mations these transformations induced by FSA because they involve one single type of

organism (Homotypical= same type). These are a copy transformation� , a condensation

transformation� , a discard transformation� , and an initialization transformation� .

A copy transformation � takes any organismA 2 
 and makes a tensor product

A
 A. In our string diagrams, homotypic transformations will be represented by dark �lled

circles. Thus,� looks like this in a string diagram:

� : A ! A
 A

As its name suggests,� means that an organismA makes a copy of itself. And the

symmetry condition means that it does not matter how we represent these resulting copies

(in fact, there is not a way to distinguishA
 A fromA
 A, they areliterally the same thing).

The exact number of copies produced is not relevant, because if we wanted some number

of organisms we can just do this copy process some number of times. The important thing

is the fact that there are moreA than what we started with. And in the more complicated

examples later on we will keep the number of strings as reduced.

Again, the interpretation of the tensor product is simple. But, to build even more bio-

logical intuition, let us just say that it represents coexistence of organisms thatkeep their

individuality. This will be important when talking about evolutionary transitions. Take a

bacterial cellA which divides by �ssion. The result of this transformation� is two bacterial

cells, which coexist in their context but that are separate individuals. Let us visualize this

with a biological example:
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Bacterial cell
Bacterial cell

Bacterial cell

� : Bacterial cell! Bacterial cell
 Bacterial cell

FSA also induces a condensation transformation� , which is the dual of� :

� : A
 A ! A

As we might have guessed already,� is a transformation that takes two coexisting

copies of an organismA (i.e. A
 A) and `condensates' them into a single organism which

is alsoA. This is easily mapped to biology. Think about two bio�lms that coexist nearby,

but that are independent still. Over time, via cell growth, or some mechanical process, they

might `come together' and make a single bio�lm. Before this transformation, there were

two bio�lms, now there is a single one. But they are the same object in the category of

organisms
 , so each member of the tensor product is the same as the result of the conden-

sation of the tensor. Let us visualize this:

Bio�lm

Bio�lm
Bio�lm

� : Bio�lm 
 Bio�lm ! Bio�lm

Finally, our SFA has two extra transformations, which we will call discard and initial-

ize, and will be represented by� and� , respectively. These transformations are the ones

involving our unitI . As before, these transformations are dual to each other, and for brevity

we will depict them together (but not composed):
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� : A ! I � : I ! A

Let us clarify the role ofI . I is often called the monoidal unit, and allowing our-

selves some conceptual simpli�cation, we can think of it as the `unit' that accompanies any

symbol in an algebra (for instance, we know that1x is the same asx, because the `unit' co-

ef�cient does nothing tox yet it is present). The� and� transformations allow us to `bring

in' or `discard' an organism from any given context.The unit in itself has no structure, it

is not an organism of the category.

So, when a transformation� ends inI , it means that it ends becoming the unitI , which

has no structure and is not an organism. Conversely, when a transformation� starts withI ,

it means that it started with no structure but then it became an organism. Making an organ-

ism `appear' or `disappear' is not magic. These transformations are, in fact, easily mapped

to any biological context. If you have an empty context, say an empty Petri dish, the way

to `bring in' an organism into this context (say, a bacterium) is by usingI in this way:

� : I ! Bacterium, without caring about the previous context in which this bacterium ex-

isted (a frozen stock, or an environmental sample, etc.). Similarly, to `discard' an organism,

you do the dual operation,� : Bacterium! I . Again, you don't care about what happens

to a bacterium once it's removed from the Petri dish, what matters is that it is `gone'. If

you know for sure that the organism died, then you can interpret this transformation like

`death' if you wish, the mathematics are equivalent. Later on, we will visually distinguish

death from removal in a very simple way in our string diagrams.

At this point, however, we might have noticed that FSA still does not provide enough

structure to cover many cases relevant to biology. For instance, how could we model the

fertilization of an egg by a sperm? But if we followed the logic of FSA, we can imagine

doing something similar than what it does to one organism, but now allowingdifferent

organismsto be involved. And, it turns out, this is also a known structure in category
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theory called a strong monoidal functor5. A small distinction is that our new unit will be

called; , and will act onI as we will show. We will call our additional furnitureheterotypic

transformations as they involve distinct organisms (Heterotypic= distinct types). There

are four of them as before, two involving the (new) unit, as before.

A merging transformation ' A;B will take organismsA,B and will `merge' them to

make an organismA� B , in the following way:

' A;B : A
 B ! A� B

Biologically speaking, this can represent the merging of two organisms, say the merging

of a sperm with an egg to produce a zygote. Note that this whole process really involves

three organisms, even though we are using only two symbols here. This is because this

transformation involves organismsA andB, which coexist individually before the merging

via the tensor
 , plus the organismA� B , which implies that the organisms involved in

the merging have lost their individuality to make a new organism,A� B (this is what the�

means, and note how this is fundamentally different than a tensorA
 B). Let us visualize

this with the example we have already been discussing:

Sperm

Egg
Zygote

' Sperm;Egg : Sperm
 Egg! Sperm� Egg

Where Sperm� Egg� Zygote

Note the equivalence we declared in this diagram: Sperm� Egg� Zygote. This equiva-

lence makes intuitive sense for any biologist: when a sperm and an egg merge, they make

5Here `functor' is a mapping between different categories, because FSA made each organism a monoid.
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what we know as `zygote'. An ancestral biologist might have called this entity a `spermegg'

or even a `Sperm� Egg', or anything of her choice. This subtlety is quite profound. If we

were to draw the diagram above replacing the labels with any other symbols (respecting the

formal construction), say by translating the labels into Spanish or some other language, for

a category theorist the re-labelled diagram would be functionally equivalent. For biology

this means that if we compare any two organisms, we might as well `forget' about what

the individual organismsare, and instead focus on what theydo in a life cycle. This is the

essential point of our initial claim that the mistake in the ETI framework has been to focus

the properties ofindividual organisms, instead on focusing on what theydo (life cycles).

If we've taken in the gist of adding additional structure, we can guess that we also need

the dual operation of merging. We will call this new transformation `splitA; B ', or � A;B ,

and we can visualize its diagram as follows:

� A;B : A� B ! A
 B

This also has a natural interpretation. It represents the case when some organism pro-

duces two distinct organisms. For instance, when a cat is pregnant and it gives birth, what

happens is that the pregnant cat retains its individualityafter giving birth, as well as pro-

ducing another individual organism (let's call it `Kitten', but remember the exact number is

not that relevant; it could have been a litter). Before giving birth, the pregnant cat and the

kitten are not merely coexisting. They are one organism. So we represent it as Cat� Kitten.

Note that the� serves as the `modi�er' or `adjective' of Catand Kitten, so it is perfectly

possible to declare Cat� Kitten � Pregnant Cat. Let us visualize this example:
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Cat� Kitten
Cat

Kitten

� Cat;Kitten : Cat� Kitten ! Cat
 Kitten

Imagine that the Kitten undergoes some `maturation' through its life becoming a Cat

on its own right (via one or many of our one-to-one base transformations). Then the new

diagram would imply that one Cat produced another Cat, while each keeping their individ-

uality afterward. A complete picture of this might involve the other parent of the Kitten in

the �rst place, so let us note two aspects of our algebra exempli�ed by the Kitten example.

1) It allows us to show in a formal way therecurrence of organisms(e.g. a Cat can make

another Cat). 2) We can decide to start the string diagram for a life cycleanywherein the

cycle, as long as we respect the algebra of the given context (i.e. we started with a pregnant

Cat). We will discuss more about the implications of these two properties later on.

For now, let us recall that our monoidal category included a `unit' we calledI , required

by the formalism and useful to the biology. Well, the new unit, which we said is called; ,

is useful to the biology because it bringsI into or out a context. Like this:

 I : I ! ; � ; : ; ! I

Here, the; means an `empty' unit if you wish, or anything without internal structure,

just asI lacked structure. We won't dig deep into the mathematical reason, but it suf�ces

to say here that this is required becauseI acts on a single object (as induced by FSA), but

; is acting on a category (as we said, FSA makes a monoid from an object).

That's it. That's our whole algebra. It only took us some length to explain it because

we assumed zero knowledge about category theory, so we had to build from the basics of

the theory while developing the biological intuitions,all in parallel. Now we are ready to

apply our algebra to biology, but before that, let us stop in a small but important detail.
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The reader might wonder how come string diagrams can hold all the algebraic structure we

have described so far, `aren't thesejust pretty pictures?'. Well, it is possibly to show how

string diagrams areas formal objects as the algebra. And this makes them very useful to

show arbitrarily complex life cycles in a way that would be too cumbersome to represent

in the traditional functional form.

3.5.1 Equivalenceof functionalnotationandstringdiagrams.

Take the diagram below, according to our algebra, commutes (where� is the associator):

(A 
 B) 
 C A 
 (B 
 C)

(A � B) 
 C A 
 (B � C)

(A � B) � C A � (B � C)

�

' A;B 
 id id
 ' ( B 
 C )

' ( A � B ) ;C ' A; ( B � C )

� (� )

(3.1)

You might note an obvious difference with string diagrams: the spatial arrangement

now is relatively unimportant, because we don't read from left to right, but following the

arrows. This property, of reading the string diagrams from left to right makes them `pro-

gressive', implying that your compositionsmove onfrom left to right (see [76]). All of our

string diagrams will be of this type, so we will just say `string diagrams' to imply this.

Now, to verify that the diagram in fact commutes is easy. Start reading the diagram

at (A 
 B) 
 C, on the top left corner. Let us color the external tensor in red, which is

the one tensoring (A 
 B) with C. So, starting at(A 
 B)
 C, let us chase the diagram

following transformation' (A;B ) 
 id, where `id' is the identity transformation. This takes

us into(A � B)
 C, because' (A;B ) acted on(A 
 B) and the identity transformation on

C (leaving it unchanged as identity transformations do). Further, note that(A � B) is now
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a new organism, so there is just one tensor left after' (A;B ) 
 id acted. That's why the next

transformation is' (A � B );C , making(A � B)
 C into (A � B) � C. Then, it is easy to verify

that the other side of the diagram is equivalent. This means that the diagram commutes.

Now, compare the diagram above with the string diagram below. Take the strings to

the very left to represent the tensor(A 
 B) 
 C, and that the equal sign to represent the

associators:

=

Hopefully the reader can see how this makes the string diagramexactly equivalentto the

commutative diagram we just showed. This is neat. It means that, moving on, we can hold

all properties of our algebra within string diagrams, which happen to be `user friendly'. In

the two diagrams below we show another commutative diagram. There, the only difference

is that we show the operation of� and� , which simply remove the `left' or `right' units

(eitherI or ; ), respectively. We do this to cover these cases where the units themselves are

tensored or `merged' with another organism, which as we can imagine would really mean

that the organism is alone (asx i alone in1(x) and(x)1). So, this example looks like this:

I 
 A ; 
 A

A ; � A

 I 
 id

� ' ; ;A

� (� )

A 
 I A 
 ;

A A � ;

id
  I

� ' A; ;

� (� )

(3.2)

As before, it should be easy to show how these diagrams are exactly equivalent to the

string diagrams below, where the center string representsA:

= =

For a more comprehensive treatment of string diagrams and their formal equivalence to
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functional representations we refer the reader to [76]. Before moving on, let us recap the

graphical notation we have already used, and add some conventions to make our graphical

algebraeven easierto read:

a) Base transformations will be represented as

b) Homotypical transformations will be represented as, and colors described next.

c) Heterotypical transformations will be represented as, and colors described next.

We note that pairs of homotypical and heterotypical transformations share basic `shapes',

like a fork and a junction. We take this to our advantage, and further simplify our graphic

notation without losing generality:

a) Transformations forking a string into two will beblue. This are the� and� .

b) Transformations joining two strings will be ingreen. These are the� and' .

c) Transformations involvingI , ; , andid will be implicit.

Then, we can summarize our entire algebra as follows (next page):
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Figure 3.7:
 -algebra: A compositional theory for life cycles. We show everything that
is possible with our algebra, in any de�ned context, from `coming in' and `leaving', to
`nothing', to all other types of transformations. The examples of compositions use only
base transformations, for simplicity, but we have already explained that all transformations
compose. Note also that, as we explained in our text, the implicit transformations do not
have a symbol, and therefore we have `zoomed-in' to show what they do.

3.6 Compositionality of Life Cycles

Let us consider one of the simplest life cycles, which we have alluded to already. Imagine

a Petri dish� , with enough nutrients and conditions to sustain the growth a Bacterium (a

single-celled bacterial cell). Using our graphic algebra we represent the reproduction of

this Bacterium simply as shown in Figure 3.8.
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Figure 3.8:Reproduction of a Bacterium (single bacterial cell) in a Petri dish. This is,
perhaps, one of the simplest life cycles we can represent, just to illustrate how our graphical
algebra works. We have added a `pseudotime' arrow, just to reiterate that, locally, a string
diagram is read from left to right, up until we `leave' the diagram at the far right.

Let us try something more complicated. Ferns are notorious for having complicated life

cycles, as many land plants do. We show the traditional life cycle diagram along the string

diagram, and an algebraic representation in Figure 3.9.

Note that we've composed transformationsfor as long as we wanted. There was no real

reason to stop where we did, other than space constraints. This is because our category is

a free category: we are `free' to go on, composition after composition,ad in�nitum. This

is important for biology. It means that in some contexts if we keep composing with our

algebra, we might observerecurrenceof organisms which, in turn, might able to make

more organisms, which in turn, make more organisms, and so on...

This is, in a formal and real-life sense, an indication thatreproduction has occurred.

Let us de�neDarwinian Closure as the recurrence of an organism, happening whenever

the composition of transformations produces, at least, a new organism of the same type of

a starting organism. This closure can occur one, twice, thrice, and so on, as suggested. For

practical purposes, we might want to stop composing once we encounter the �rst recur-

rence, but that's entirely our choice.

In a formal and biological sense, a cycle has no natural beginning or natural end. We

study cycles in the sciences with some `canonical' order: say human development starting

at fecundation or the water cycle starting at evaporation, but nature did not tell us this: we

decided. So, the reader is free to draw a string diagram starting anywhere, as long as the

context and allowed transformations are clearly stated.

Now, let us take a slightly different perspective on the context of the fern cycle we just
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Figure 3.9:Life cycle of a fern from the standpoint of 
 -algebra. Note the algebraic
notation summarizing the entire string diagram.

depicted. Let us be more granular about contexts, by including another context. In many

scenarios, for instance, a spore might not remain in the same context where it can germi-

nate. By different physical and biological processes, it might end up somewhere unsuitable

for germination to occur. Let us call this unsuitable environment� -2, for simplicity. What

does it occur there to the spore? Nothing. And that's also a valid `transformation' (remem-

ber, the identity transformation is always acting, implicitly, so this is also acting there).

This is depicted in Figure 3.10, which in essence shows that we can include many

contexts in the same picture, but we need to remember to read each string diagram within
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Figure 3.10:Life cycle of a fern, showing a spore leaving a context into another context.
Note that a spore leaves the `original' life cycle, and enters a different context. There, it
cannot germinate in the local conditions, so there is no recurrence of forms, no matter how
long we wait in this context.

its local context. As we mentioned, formally speaking, a context is a subcategory in
 . Of

course, the new environment for the fern spore could have also been suitable, but is not in

this context. Something else this �gure suggests is that our algebra allows us to represent

`open' life cycles. As we know, living systems are open systems (both materially and

thermodynamically), and in a sense, the ability for an organism to enter or leave a context

means that each context is `open'.

We won't discuss much more about openness right now, but we want to point out to the

interested reader to the developments in open systems formalization within category theory,

particularly the work of Brendan Fong (e.g. [77, 78]). We intend, in the future, to continue

along similar lines of research which might allow us to cover some interesting cases in life

cycles, such as potential multi-species life cycles (e.g. [79]), symbiotic interactions (e.g.

[80]), and even ecosystem modelling (in spirit of [81]).

Having de�ned our algebra and provided both basic and a complicated examples, let us

now turn into discussing evolutionary transitions in the light of our algebra, and in light of

life cycles, which was another motivation of this chapter.
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3.7 Generic life cycles from particulars.

As we've said before, in building our algebra we were not very interested in discussing the

organisms themselves, but as biologists we are. In order to approach the problem of the

levels of organization, let us show some illustrative examples of multi-level organization.

The protistEntamoeba invadensis an amoeba that parasites the intestinal tract of many

reptiles, although in some species, like in some turtles, it is mostly a commensal [82]. Let

us examine this commensal scenario. We will represent with� -1 the microenvironment

where the single cell form, the trophozoite, can divide (this happens in different tissues

of the host). Sometimes, these amoebozoid cells, called trophozoites, exit the intestinal

tract, and in doing so are exposed to a different microenvironment� -2, which makes them

aggregate into a multicellular form[83, 84]. Within this form, many trophozoites appear

to die [85, 86, 87], and some of them differentiate into cysts. When the cysts exit the host,

they are yet again in a different environment,� -3. There, nothing happens, as the cysts are

`waiting' to enter a new host. And when they do, returning again to the context� -1, the cyst

germinates and re-starts the commensal phase. As we can sense, this is a very complex life

cycle, even with some simpli�cations we've made (not essential to our discussion). Despite

this, we can represent it easily with our algebra, as we show in Figure 3.11.

From this life cycle, let us ask: in which contexts is Darwinian Closure observed? And

the answer is: only in� -1, because we see that trophozoites make more trophozoites at

a later point within the context. This means that, even though there was a multicellular

aggregation phase at some stage, there is no recurrence of that multicellular form, in any of

the relevant contexts. Of course, as there might have been other commensal trophozoites

somewhere else,thesemulticellular aggregates can be observed, but here we are tracking

speci�c strings, as we have been doing so far. You can check presence/absence of Dar-

winian Closure by starting the diagram with a different string, in any of the two contexts,

and you'll �nd that only trophozoites recur. When there is no Darwinian Closure the cy-
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Figure 3.11:Life cycle of Entamoeba invadens. In this life cycle, there are unicellular
organisms (the trophozoites), and multicellular organisms (aggregates of trophozoites), as
well as a resistant dormant cell called a cyst.

cle essentially reaches a `�xed' point which does not generate more of the organisms we

started with. Let us take a look at a different diagram, that ofDictyostelium discoideum,

which we introduced in a traditional diagram before. With our algebra, it looks like the

diagram in Figure 3.12.

Again, if we ask the relevant questions about this diagram, and redraw diagrams start-

ing anywhere we wish, we will �nd that the single-celled amoeba is the only recurrent

organism. In fact, its life cycle looks very similar to that ofEntamoeba, and moreover,

these share a lot of the same molecular mechanisms to sense their environment and start
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Figure 3.12:Life cycle of Dictyostelium discoideum. In this diagram,A is the free living
single-cell amoeba, andS is the spore. First context� -1 is the nutrient rich environment,
� -2 is a nutrient poor environment, and� -3 is an environment where the spore cannot
germinate. Compare this life cycle with that ofEntamoeba.

the encystment/sporulation process [88, 89].

Well, this is interesting on its own, but also to the general study of multicellular or-

ganisms. Most biologists considerEntamoebaa single-cell parasite. But they callDic-

tyosteliuma `multicellular' amoeba, or a `social' amoeba. In fact, a large portion of the

work on the evolutionary transition to multicellularity has been done usingDictyostelium

as a model of simple multicellularity. But our algebra, coupled to the biological obser-

vations, just revealed that there is no multicellular recurrence inDictyostelium; only the

single-cell form recurs, very similar to what happens inEntamoeba.

We propose that the organismal form that recurs in a life cycle represents the highest

level of biological organization for that species, given that other forms are either transient

or �xed points which do not recur. So, in our sense,Dictyosteliumwould be a single-

celled organism, with a multicellular bottleneck, not a multicellular organism capable of

reproduction. In chapter 2 ([90]) we make a similar argument but based purely on the

natural history of aggregative/clonal multicellular organisms. Now, to see this point from a

complementary perspective, let us show a `generic' life cycle that compares the life cycles

of both DictyosteliumandEntamoeba, showing how they coincide, in Figure 3.13. This

suggest to us that we might be able to build a framework of evolutionary transitions that

takes the life cycle as the unit of organization. We outline such theory next.
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Figure 3.13:Life cycles of Dictyosteliumand Entamoeba, along with a `generic' life
cycle. In this diagram, we show how similar the structure ofDictyosteliumandEntamoeba
life cycles are, so it is possible to compare them to a generic life cycle. Further, if you take
Y� Y to be a multicellular organism, it is clear that this organism does not recur in any of
the relevant contexts; it is a transient state.

3.8 Active Inclusion: Nested Darwinian Closure.

Let us dig deeper in theinternal structureof the organisms involved in a life cycle. We

said before that, in a category, the objects can be anything. So far, we just took `organisms'

to mean literally any organism we were interested on, regardless of it being multicellular,

single-celled, etc. But now we could start to take a closer look at the internal structure

of organisms. Take a simple case, the multicellular algaeAnabaenaspp. (as discussed
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in [91]). Let us represent its life cycle, and the four contexts relevant for it to occur in a

diagram as before, in Figure 3.14.

Figure 3.14:Life cycle of Anabaenaspp. We show howAnabaenadevelops through the
seasons, where it undergoes some transformations related to cellular differentiation. We
also note that, during Spring, before nitrogen and other nutrients start to become limiting,
is where Darwinian Closure is observed, at the multicellular level. We can imagine how
the akinete at the rightmost part of the diagram can enter the leftmost part and germinate
into a vegetative cell.

We observe recurrence of the multicellular phase C� C� C in context� -1. So, our cri-

terion of recurrence does in fact map with what people callAnabaena: a multicellular

organism. We also showed akinetes and other unicellular forms, which do not recur (these

are, functionally speaking, like the cysts inEntamoebaor the spores inDictyiostelium). So,

the `highest level' of this life cycle is the multicellular level.

Here is where we take a conceptual leap. Our algebra does not prevent us from `zoom-
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ing in' into a pre-de�ned diagram. Say, you want to observe what happens inside a string

in a string diagram. Let us do this for the multicellular form inAnabaena, and see what

can we �nd. If we do this, then the new context is already included: it is the multicellular

form itself. Then we can ask: what happens to the single cells inside? And we will �nd

thatthere is recurrence of this single-cell level, as we show in Figure 3.15.

Figure 3.15:Nested Darwinian Closure. If we zoom in to observe what is happening
to each cell inside the multicellular phase ofAnabaena, we will observe that there is also
recurrence at this single cell level.

Now, if we do the same same zoom in process for the multicellular stage ofDic-

tyiostelium, and ask whether there is recurrence of the individual cells within the fruiting

body, we will observe that there is not. This is a well known empirical fact: the single cells

that start aggregating in the slug stop their cell division process [92, 93]. Similarly, with

the multicellular aggregates ofEntamoeba invadens, once they start aggregating they will

either die or make a cyst, no multicellular recurrence within the same context [87, 85].

We propose that this is another strong signal for detecting new levels of biological

organization, in addition to Darwinian Closure, and we call this criterionActive Inclusion,

denoting the situation of having an `active' Darwinian Closure process occurring inside
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