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Abstract

The evolution of multicellularity transformed the history of life on our planet. Multicel-

lularity involves the reorganization of previously autonomous cells into a more complex

organism, however the ecological and evolutionary consequences of this reorganization

remain poorly understood. This work explores experimentally the implication of reor-

ganization for environmental change, as well as the costs and benefits of this transition

in novel environments (UV radiation, and spatial structure), using a simple experimen-

tal system that evolved in our laboratory as the result of selection for larger size. Ten

replicate populations of the unicellular strain Saccharomyces cerevisiae evolved under

selection for faster settling, and selection in all of these populations resulted in the

evolution of incipient multicellular phenotypes. Here, I evaluate how and under what

conditions does adaptation occurs at a multicellular vs. unicellular levels. I expected

that multicellularity would facilitate adaptation to UV radiation because multiple cells

provide layers of protection for the internal cells. However, I found that the costs of a

larger size are pervasive and adaptation at a multicellular level requires strong selective

pressures. This work highlights the importance of space and the organization of cells

as a consequence of the evolution of multicellularity: I show here how this organization

has the potential to create novel ecological opportunities, new challenges for adaptation

(like strong local competition) and different cellular micro-environments providing the

potential for cellular differentiation.

v



Contents

Acknowledgements i

Dedication iv

Abstract v

List of Tables ix

List of Figures x

1 Introduction: Idiosyncratic Individuality 1

1.1 Evolutionary transitions in individuality: cooperation, cheating, and her-

itability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Idiosyncratic consequences of multicellularity . . . . . . . . . . . . . . . 3

1.3 Model of study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4 Dissertation outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Adaptation and divergence during experimental evolution of multicel-

lular Sacharomyces cerevisiae 8

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.1 Strains and media . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.2 Cluster size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.3 Growth rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.4 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

vi



2.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3 Evolution of simple multicellularity increases environmental complex-

ity 21

3.1 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.1.1 Size measurement and biomass calculations . . . . . . . . . . . . 24

3.1.2 Competition assays . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.1.3 Determination of settling speed and growth assays . . . . . . . . 27

3.1.4 Competition simulations . . . . . . . . . . . . . . . . . . . . . . . 27

3.1.5 Drafting effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2.1 Phenotypic diversification . . . . . . . . . . . . . . . . . . . . . . 30

3.2.2 Coexistence is stable . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2.3 Trade-offs alone fail to explain coexistence . . . . . . . . . . . . . 34

3.2.4 Increased environmental complexity allows for coexistence . . . . 36

3.2.5 Other axes of diversity . . . . . . . . . . . . . . . . . . . . . . . . 39

3.3 Discussion and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4 Spatial constraints and the cost of being big 44

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.1.1 Groups, limiting resources, and the importance of dispersal . . . 46

4.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2.1 Strains and media . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2.2 Growth curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2.3 Simulation of growth on plates . . . . . . . . . . . . . . . . . . . 50

4.2.4 UV resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.2.5 Selection experiment . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.2.6 Population size over time . . . . . . . . . . . . . . . . . . . . . . 51

4.2.7 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.3.1 Competition for resources in the absence of spatial structure . . 52

vii



4.3.2 Increased cell–cell competition and the costs of being big in a

structured environment . . . . . . . . . . . . . . . . . . . . . . . 55

4.3.3 The cost of dispersal and evolutionary reversal to unicellularity . 57

4.3.4 Cost of dispersal outweighs some of the benefits of multicellularity 59

4.3.5 Directionality in evolution and the importance of chance and history 63

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5 Traversing conceptual skyways: Modularity in evolution and develop-

ment 66

5.1 A common notion of modularity: autonomy and integration. . . . . . . . 68

5.2 Multiple characterizations of modularity . . . . . . . . . . . . . . . . . . 71

5.3 Modularity in evolution and development: A pluralist stance . . . . . . 74

5.4 Conceptual skyways . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6 A relational view of life: moving past biological individuality 85

6.1 A relational view of individuality . . . . . . . . . . . . . . . . . . . . . . 86

6.2 Individuating nature and pluralist individuality . . . . . . . . . . . . . . 89

6.3 Evolutionary individuals . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6.3.1 Vertical transmission . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.3.2 Partner choice . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.3.3 Environmental transmission . . . . . . . . . . . . . . . . . . . . . 96

6.3.4 Limited dispersal . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

7 Conclusion: The construction of space 99

Bibliography 104

Appendix A. Supplementary figures and tables 121

A.1 Evolution of simple multicellularity increases environmental complexity 121

A.2 Spatial constraints on multicellularity and the cost of being big . . . . . 125

viii



List of Tables

2.1 ANOVA table for isolate differences on growth rates . . . . . . . . . . . 19

3.1 ANOVA table track speeds in different strain backgrounds . . . . . . . . 39

4.1 ANOVA table for roles of selection, history and chance in reversals to

unicellularity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

A.1 Piecewise regression of growth rate (input for simulations) . . . . . . . . 121

A.2 ANOVA table of full model for conversion of OD600 data into total protein

content . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

A.3 ANOVA table of full model for conversion of integrated pixel density data

into total protein content . . . . . . . . . . . . . . . . . . . . . . . . . . 125

ix



List of Figures

2.1 Pictures of multicellular individuals from big and small populations. . . 13

2.2 Bar-plot of mean population size of ten replicate populations. . . . . . 14

2.3 Sources of variation in size . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.4 Size of all 100 isolates from the 10 replicate populations. . . . . . . . . 16

2.5 Trade-off between size and growth. . . . . . . . . . . . . . . . . . . . . 17

2.6 Trade-off between size and growth. . . . . . . . . . . . . . . . . . . . . 18

3.1 Sizes of C1 isolates in volume weighted by total biomass at weeks 1,4 and

8. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2 Distribution of sample isolates from population C1 at 4 and 8 weeks. . 32

3.3 Competition assays and frequency dependent fitness. . . . . . . . . . . . 33

3.4 Simulations of competition between big and small strains. . . . . . . . . 35

3.5 Increased environmental complexity and settling interactions result in

frequency dependent dynamics. . . . . . . . . . . . . . . . . . . . . . . . 37

3.6 Circularity of “Big” and “Small” clusters . . . . . . . . . . . . . . . . . 38

3.7 Trade-off between growth and settling allows coexistence of different

strategies in simulations. . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.1 Scanned plate to measure pixel intensity . . . . . . . . . . . . . . . . . 49

4.2 Fitness costs of multicellular isolates . . . . . . . . . . . . . . . . . . . . 55

4.3 Resource dependent growth of multicellular and unicellular isolates. . . 56

4.4 Simulations of competition in a spatially structured environment. . . . 58

4.5 Dynamics of reversal to unicellularity . . . . . . . . . . . . . . . . . . . 60

4.6 Survival curves in response to different exposure times to UV radiation. 61

4.7 Contributions of history, chance and selection of reversibility to unicelu-

larity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

x



5.1 Picture of a skyway in downtown Minneapolis. . . . . . . . . . . . . . . 78

A.1 Growth and settling dynamics of “Big” and “Small” isolates . . . . . . . 122

A.2 Average settling speed of clusters over recorded time ( 2min). . . . . . . 123

A.3 Change in median size after centrifugation . . . . . . . . . . . . . . . . . 124

A.4 Q-Q and residuals vs. fit plots of drafting effects . . . . . . . . . . . . . 124

xi



Chapter 1

Introduction: Idiosyncratic

Individuality

Biological individuals are a result of ecological interactions and evolutionary history.

Multicellular organisms, for example, evolved through cooperation and integration of

previously autonomous cells. During this transition, unicellular individuals— previously

capable of growth and reproduction of their own—loose part of their autonomy and

become parts of a larger, more complex whole (Maynard Smith and Szathmáry, 1995;

Michod, 2007). This dissertation explores the ecological and evolutionary consequences

of this reorganization. What does multicellularity make possible that was not previously

available to single cells? What are the benefits of this transition? Which ecological

conditions might not favor the evolution of multicellular entities? What are the costs

of the transition to multicellularity? How does the modular structure of multicellular

individuals affect their evolutionary potential?

Research on major transitions has by and large focused on the problems of coopera-

tion and coordination of individual units in the formation of a larger whole (e.g. West,

Fisher, et al., 2015) as well as the molecular/genetic components that made the evolu-

tion of new (multicellular) individuals possible (e.g. Rokas, 2008). Much less research

has been done on the ecological conditions (and even less on the consequences) of this

integration. In this dissertation, I explore different ecological aspects of the integration

of single cells into multicellular organisms. This change of focus (and a feminist reading

1
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of biology) have made me question the sometimes essentialist notions of individual in

biology (Chapter 6) and consider the importance of relative or relational views of space

(i.e. dependent on the organism and its ecology; conclusion). Overall, this dissertation

highlights the potential of organisms to modify themselves and their environment by

showing how spatial dynamics might have played an important role on the evolution of

multicellularity (Chapter 4) and how, in turn, the evolution of multicellularity has the

potential to transform spatial dynamics allowing for increase ecological complexity and

diversity (Chapters 2,3).

1.1 Evolutionary transitions in individuality: cooperation,

cheating, and heritability

The history of life is a history of revolutions; it is a history of evolutionary innovations

that lead to new ecological opportunities and increased adaptive diversification. A

group of key innovations, the so-called major evolutionary transitions, changed both the

structure of life and evolutionary dynamics themselves (Maynard Smith and Szathmáry,

1995; Calcott and Sterelny, 2011). For example, the evolution of the first chromosomes

stabilized combinations of genes, and the evolution of the eukaryotic cell allowed for

compartmentalization of metabolic processes. These evolutionary transitions are often

described in terms of cooperation and conflict, and how previously autonomous units

trade-off their own fitness for the fitness of the group as a whole (West, Fisher, et al.,

2015).

The main question in these transitions is to understand how groups or collectives

become the sort of unit that can evolve and adapt through natural selection (Buss,

1987; Okasha, 2005). The starting point for these discussions is Lewontin’s necessary

and sufficient criteria for a population to evolve through natural selection: variation

between individuals, differences in fitness and heritability of these differences (Lewontin,

1978; Godfrey-Smith, 2013). Individuals in this sense are: units that have differences

from each other that lead to differential survival and reproduction, and can be passed

on to the offspring. Evolution of collective individuality (like multicellularity), thus

involves the evolution of reproduction and heritability at the level of the collective.

Groups of previously autonomous units have to evolve the capacity to reproduce and
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inherit fitness differences and even then, selection on the component entities tends to

be more efficient because of larger population sizes and faster generation times. As

a result, to avoid disintegration through conflict between component entities and the

collective, collective individuals have to evolve not only evolvability of their own but

limits to the evolvability of the component entities. Evolution of many multicellular

traits like single cell (or very small) bottlenecks between generations, germ-soma division

of labor and early sequestration of the germ-line effectively increase heritability at the

multicellular level relative to the component cells. An understanding of multicellularity

in terms of individuality, has thus provided many insights into this transition and the

importance of different steps. However, focusing on the question of individuality only,

leaves unexplained the diversity of multicellular forms and their consequences.

1.2 Idiosyncratic consequences of multicellularity

Multicellularity has evolved independently more than 20 times, however, the effects of

multicellularity have not been identical across taxonomic groups. Some multicellular

taxa, such as plants or animals, have evolved complex adaptations that allow them

to exploit new ecological opportunities and rapidly diversify. Other groups, like the

volvocine algae have only evolved a simple morphology and are far less diverse. The

evolution of multicellularity is one of the most important innovations in the history

of life; the diversity and complexity of life forms we see today would not be possible

without it (Buss, 1987; Maynard Smith and Szathmáry, 1995; Calcott and Sterelny,

2011). However, most of the consequences of this transition are still not understood.

We still do not understand the time lag between the evolution of the first metazoans

and the Cambrian explosion (Marshall, 2006) or why most origins of multicellularity

led to relatively simple organisms and only six independent origins have given rise to

complex multicellularity, characterized by multiple cell types and communication and

transport between cells (Knoll, 2011). It is hard to comprehend why some organisms

only evolved multicellularity 200 million years ago in a planet already covered with

complex and diverse multicellular forms (Herron et al., 2009). These patterns suggest

that adaptation, chance, history and ecological conditions have all played important

roles in the evolution of multicellular groups.
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Studying the relative contributions of these processes as well as the direct conse-

quences of multicellularity has been difficult. Extant cases of multicellularity are highly

derived; little is known about the direct implications of the evolution of multicellu-

larity for ecology and adaptation, and we lack experimental evidence to discriminate

between different hypotheses. Even with these limitations recent paleontological and

comparative studies have shed light on the origins of multicellularity: Analyses of the

fossil record have provided evidence for new ecological interactions and trophic levels

arising with the evolution of the first animals (Butterfield, 2003; Erwin and Tweedt,

2012). Comparative studies of the volvocine algae have elucidated a series of steps

leading to multicellular evolution (Kirk, 2005) and, more generally, comparative studies

have elucidated some of the molecular “toolkits” co-opted for the evolution of complex

multicellularity (Rokas, 2008; Tweedt and Erwin, 2015). Despite these advances, our

understanding of multicellularity and its evolutionary consequences is still very limited.

Experimental evolution facilitates evaluating—in a direct manner—the historical and

adaptive benefits and costs associated with the origins of multicellularity.

1.3 Model of study

In the last two decades, a variety of experimental models have been developed to study

the first steps in the evolution of multicellularity. Boraas et al. (1998) observed that

predation by a flagellate selected for the stable formation of colonies in the unicellular

algae Chlorella vulgaris. More recently, different experiments have used brewers yeast

(Saccharomyces cerevisiae) to explore the origins and advantages of multicellular de-

velopment. These experiments have shown that biofilm-like aggregations (i.e. flocs)

confer protection for cells against environmental stresses (Smukalla et al., 2008) and

that multicellularity by incomplete cell division can readily evolve if there is a selec-

tive advantage for being a larger size (Koschwanez, Foster, and Murray, 2011; Ratcliff,

Denison, et al., 2012).

In our laboratory, we have shown that yeast can evolve multicellularity by incomplete

separation of mother and daughter cells in response to selection for fast settling in liquid

media. The life cycle of these multicellular individuals is relatively simple: as cells

divide within a cluster, the multicellular individual grows; once these clusters reach a
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critical size, they break into smaller propagules, each giving rise to a new multicellular

individual. As a result of this derived reproductive capability, multicellular yeast become

evolutionary units in their own right, capable of responding to selection for changes in

the multicellular phenotype (e.g. size, delayed propagule formation, propagule size)

(Ratcliff, Denison, et al., 2012; Ratcliff, Herron, et al., 2013).

The fitness of these multicellular individuals depends on their growth rate when first

placed into fresh media as well as their rate of settling after a day of growth. Under

these conditions, multicellular yeasts encounter a trade-off: bigger clusters settle faster

than smaller ones, but they also grow more slowly (probably due to limitations on

nutrient diffusion) (Ratcliff, Denison, et al., 2012; Rebolleda-Gomez, Ratcliff, and Trav-

isano, 2012; Lavrentovich, Koschwanez, and Nelson, 2013; Libby and Ratcliff, 2014).

Evolution of asymmetric division in these multicellular individuals mitigates the costs

associated with a larger size. Producing smaller propagules yields a twofold advantage:

first, it allows for production of more propagules (increasing fecundity) and second,

smaller propagules grow faster on fresh media. This asymmetric division results from

an increase in cell death rates in the larger clusters (from < 1% up to 1.5%). Within

the multicellular individual, dead cells act as fragile points where clusters can easily

break. This mode of reproduction involves a form of division of labor, where some cells

sacrifice their individual fitness, allowing for an increase in fitness at the multicellular

level (Ratcliff, Denison, et al., 2012).

This multicellular yeast is a good model for multiple reasons: it is easy to manipulate

its selective environment, is amenable to replicable experiments, it has short generation

times and it is possible to make direct comparisons with its unicellular ancestor and

other unicellular lineages. In this dissertation I used this system to explore some of the

benefits, costs, and ecological consequences of multicellularity.

1.4 Dissertation outline

This dissertation focuses on the spatial dimensions of multicellularity and the impor-

tance of the change of organization of different cells into a larger entity. The work of

this dissertation can be organized into five chapters:
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• The first two chapters highlight the potential of multicellular organization to in-

crease the space of phenotypic possibilities and create new environmental com-

plexity, allowing for diversification. Chapter 2 describes the rapid diversification

of multicellular isolates in our experiment and explores some of the implications

of this diversity for the role of history in ecology and evolution.

• In Chapter 3 I explore some of the ecological mechanisms maintaining diversity

in this system. The results presented in this chapter suggest that increases in size

and the heterogenous distribution of cells resulting from multicellular evolution

change the physical dynamics in the system, increasing environmental complexity

and allowing for the stable coexistence of multiple multicellular phenotypes.

• Chapter 4 points out the importance of genetic and environmental architecture in

the organization of single cells in groups. It focuses on spatial structure and the

importance of dispersal costs in the evolution of multicellularity and showcases

the importance of history affecting the tempo and mode of reversals between

multicellular and unicellular life-styles.

• Some of the evolutionary and developmental potential of multicellular organisms

is due to their modular organization (with cells integrated into the larger whole

but still retaining some physiological autonomy). Modularity, however, encom-

passes a series of concepts and it is often thought of in lower (e.g. genes and

proteins) or higher (e.g. communities and ecosystems) levels of organization. In

Chapter 5 I analyze the ways we (as scientists) use concepts of modularity and

how these concepts might work as a “conceptual skyway” that facilitates integra-

tion of evolutionary and developmental explanations. As such Modularity can be

a very useful concept for research in multicellularity.

• Finally, in Chapter 6 I explore our notions of individuality and question the

existence of clear individuals easily abstracted from their environment, while at

the same time recognizing the importance of individuating as a scientific practice.

From that standpoint, I try to move away from the question of what counts as an

evolutionary individual and instead interrogate some of the conditions affecting

the degree to which units composed of different genotypes can be thought of as
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evolutionary units.



Chapter 2

Adaptation and divergence

during experimental evolution of

multicellular Sacharomyces

cerevisiae

Abstract

The evolution of multicellularity was one of the key innovations in the history

of life on Earth. Virtually all morphological and ecological diversity in macro-

organisms builds upon the evolutionary potential associated with multicellular-

ity. We examined the potential for ecological diversity to rapidly arise following

transitions to multicellularity. Replicate microcosms containing the yeast Saccha-

romyces cerevisiae were maintained under serial transfer. Prior to transfer to fresh

media each day, S. cerevisiae underwent settling selection via mild centrifugation.

Those individuals reaching the bottom of the centrifuge tube were transferred to

fresh media. After sixty days, all microcosms contained multicellular individuals

that develop via mother–daughter adhesion. In nine of the ten microcosms, at

8
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least two distinctive morphological genotypes were evident at sixty days, and in

eight of them, the variants were multicellular. We observed substantial morpho-

logical variation across replicates, with relatively little parallelism in the size of

multicellular individuals or in the size variation within microcosms. These results

suggest surprising amounts of contingency in the evolution of ecological diversity,

and that “replaying lifes tape” would lead to divergent outcomes. 1

2.1 Introduction

The diversity of life is amazing, and its uneven distribution across taxa is a major

puzzle in evolution. Why do some groups rapidly diversify and give rise to many dif-

ferent evolutionary units, whereas others diversify only into a few lineages? It has been

proposed that the capacity of a lineage to diversify depends to a great extent on its

capacity to re-invent itself (Crepet and Niklas, 2009). It depends on the evolutionary

origin of innovations that increase the possible variation available for evolution (May-

nard Smith and Szathmáry, 1995; Sterelny, 2011. The origin of multicellularity—as an

evolutionary innovation—increased the evolutionary potential of plants and animals by

increasing the number of possible phenotypes and accessibility to further innovations

that require the organization of multiple cells, like the tetrapod limb in animals or the

flower in angiospems. Other multicellular groups, like the volvocine algae, have only a

few multicellular forms and remain far less diverse than plants, and their algal ancestors,

the charophytes (Nedelcu and Michod, 2004).

It has been argued that major evolutionary changes, involving the reorganization of

the organism as a whole, are largely contingent on their prior history. In this respect S.

J. Gould (1989) said that as a succession of improbable events, “re-playing lifes tape”

would lead to divergent outcomes. The role of historical contingency in evolutionary

1This chapter was presented at the Alife XIII conference and published in the peer-reviewed pro-
ceedings of the conference as: Rebolleda-Gomez, M., W. C. Ratcliff and M. Travisano. (2012). Adap-
tation and Divergence during Experimental Evolution of Multicellular Saccharomyces cerevisiae. In:
Adami, C., Bryson, D. M., Ofria, C. and Pennonck, R. T (eds.). Artificial Life XIII. Proceedings of the
Thirteenth International Conference on the Simulation and Synthesis of Living Systems. MIT press,
Cambridge, MA.

Michael Travisano, William C. Ratcliff and I designed the experiments. I performed all the experi-
ments. MT and I analyzed the data and I wrote the manuscript with substantial comments from MT
and WCR.
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pathways, however, is still contentious, even with respect to the evolutionary origin

of innovations (Travisano, Mongold, et al., 1995; Vermeij, 2006; Blount, Borland, and

Lenski, 2008).

Mechanisms promoting diversity act at different scales (Whittaker, 1960; Whittaker,

Willis, and Field, 2001). The prevalence of historical factors in shaping life’s diversity

might depend on the scale considered. Local diversity (α diversity), for example, has

been mainly attributed to ecological dynamics of interactions between and within lin-

eages; as well as the role of the environment over these interactions. Instead, turnover

on a regional scale (β diversity), has been explained by historical and large-scale envi-

ronmental changes like latitudinal temperature gradients (Whittaker, Willis, and Field,

2001). β diversity has been argued to be largely determined by the way in which eco-

logical interactions and environmental factors have affected the composition of each

community over time. In this sense, lineages turnover is very contingent on previous

conditions.

Little consideration has been given to the problem of scale in the context of evolution-

ary innovations and diversification. How do major phenotypic changes affect diversity

at a local scale? What is their impact on lineage turnover at a larger scale? How do

evolutionary innovations interplay with the causes of diversity at these two levels?

Answering these questions has been experimentally challenging. Innovations like

multicellularity evolved independently in separate lineages deep in the past (Bonner,

2000), and their implications for the subsequent evolution of diversity are difficult—to

say the least—to infer from the fossil record. The ecological factors promoting diversity

at the local scale are sometimes difficult to measure, and determining the proper scales

for measurement is problematic due to continuity among different communities (Graham

and Fine, 2008; Fraser et al., 2009).

Microbes provide a good model to investigate ecological and evolutionary questions.

These organisms have short generation times and are easily propagated in controlled

environments. All these properties allow for high replicability and thus, high compar-

ative power (Travisano, 2009). Recently, Ratcliff, et al., (2012) performed a selection

experiment to study the evolution of multicellularity. Ten replicate populations were

established by inoculation with a single strain of the yeast Saccharomyces cerevisiae.

Every 24 hours these populations underwent settling selection via mild centrifugation.
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Those individuals reaching the bottom of the centrifuge tube were transferred to fresh

media. After sixty days, all microcosms contained yeast multicellular individuals that

develop via mother-daughter adhesion. This experiment provides a good system to eval-

uate the effect of the evolution of multicellularity on phenotypic diversity at two levels:

within and across populations.

2.2 Materials and methods

2.2.1 Strains and media

The strains used for this research were ten single genotypes isolated (single colony

selection, repeated three times serially) from each of the 10 replicate populations of the

original experiment (Ratcliff, Denison, et al., 2012) after 60 transfers. All strains were

grown in liquid YPD (per liter: 10g yeast extract, 20g peptone, 20g dextrose). Colony

isolation was performed after growth in YPD agar plates (15% agar). Six isolates from

population one were used for the growth curves (big - 1, 2 and 5 and small - 3, 6 and

8).

2.2.2 Cluster size

Yeast was grown for 24 hrs at 30oC in 25 x 150 mm tubes with 10ml of fresh YPD media

shaken at 250 rpm. For conditioning, 100µl of the culture were transferred to 10ml of

fresh media. These cultures were grown for other 24 hrs under the same conditions.

After 24 hours of growth, 100µl were obtained from each culture and diluted 1:10 in

0.85% saline solution, from which 10µl were placed in a hemocytometer chamber. Ten

fields of view were photographed. Using the 4X objective and brightfield illumination,

pictures were captured on an Olympus IX-70 with a Scion CFW-1310C camera. The

acquisition properties were kept consistent throughout the experiment. Once captured,

we removed the background of all images using a constant threshold value. We then

measured the area of all clusters in each picture. All these image analyses were per-

formed using ImageJ (NIH). To measure within-populations variation in cluster sizes

we used captured images from two replicates for each isolate.



12

2.2.3 Growth rate

After 24 hrs of conditioning growth (at 30oC ) in 25 mm tubes with 10 ml of fresh

YPD media shaken at 250 rpm), we transfer yeast to fresh media and estimated growth

curves. 100µl of liquid culture was diluted 1:100 into 10 ml of fresh YPD. The number of

individuals was determined after zero, four and eight hours of growth by direct counting

over the 10 different fields of view. Samples were diluted in 0.85% saline solution at a

1:10 dilution before counting. Three replicate tubes were inoculated with each isolate,

and growth was measured for each replicate.

2.2.4 Data analysis

Individual Size- Due to the presence of both adult clusters and juvenile offspring,

the size distribution for each isolate was bimodal. In addition, some isolates had a

higher proportion of offspring than full-grown clusters. To avoid including juveniles in

assessing adult size, an arbitrary size threshold was established, and all the cluster areas

below that value were eliminated from the analysis. We defined this threshold in such

a way that almost all juvenile offspring were eliminated from the analysis, but none of

the full-grown clusters (not even the smallest ones). Because of their great divergence,

different threshold values were used for populations 9 and 10.

A nested REML ANOVA (isolate within replicate population, individual observa-

tions within isolate) was used to assess individual size and variation among and within

replicate populations. The area of individual clusters was square-root transformed to

normalize the data. Differences among isolates were then identified using a Tukey HSD

test. Comparisons between isolates were performed with JMP Pro 9.0.2 (SAS Institute

Inc., 2010). Estimates of α and β diversity were determined by calculating the square

root of the genetic variation for individual size within replicates (α diversity) and across

replicates (β diversity). Point estimates and 95% confidence intervals were determined

by REML calculations.

Growth rate- To calculate the late growth rate (i.e. from 4 to 8 hrs; m8-4) we

fixed the y-intercept to the initial cell density and we calculated the growth rate over the

entire eight hours and for the first four hours (Lenski, Rose, et al., 1991; Travisano and

Lenski, 1996). The growth rate over the later four hours was computed by subtracting
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the rate from the entire eight hours growth rate and dividing it by the four hours of

difference:

m8−4 =
m88 −m44

8 − 4
(2.1)

The difference between earlier and late growth rates for the different isolates was

evaluated with a two-way ANOVA.

2.3 Results and discussion

Figure 2.1: Divergence in individual size rapidly evolved during selection for settling.
Shown are large individuals from population 3 (A) and small individuals from population
9 (B).

Ten strains were isolated from each replicate population after 60 days of settling

selection under uniform conditions. Multicellularity evolved in all ten replicate popula-

tions over the course of selection. The size of multicellular individuals was determined

for each isolate and an unexpectedly high amount of diversity was found when comparing

both different populations and isolates within each population (Figs.2.1,2.2, 2.3). Out

of the ten replicate populations, six different size classes could be distinguished (Fig.2.2)

and there are clear size differences between cluster areas of small and big populations

(Fig.2.1).
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Figure 2.2: Replicate populations diverged in mean individual size during settling
selection, from small (replicate 10) to large (replicate 3). Values shown are replicate
means and jointly determined 95% CI. At least six different size classes could be statis-
tically distinguished across all ten replicates (A F), based on a Tukey HSD test with a
significance level of 0.05.

In prior microbial selection experiments, there is a considerable amount of conver-

gence in adaptive traits because the environment is kept constant across populations

(Lenski and Travisano, 1994). Complex innovations sometimes require multiple steps

and thus, are more likely to be historically contingent. There are, however, experimental

examples of convergence in complex novelties, despite contingency (Meyer et al., 2012).

Overall, microbial evolution experiments have shown that diversification depends largely

on ecological opportunities (Rainey and Travisano, 1998) and ecological interactions be-

tween different genotypes (Rainey and Travisano, 1998; Kerr et al., 2002; Friesen et al.,

2004). Coevolution and ecological dynamics might even determine the evolutionary

outcomes. In this sense, evolutionary change might be contingent not only on previous

changes but in the resulting ecological dynamics (Meyer et al., 2012). The evolution of

multicellularity probably modifies both the environmental and the adaptive landscapes,

potentially allowing for increased diversification (Ispolatov, Ackermann, and Doebeli,

2011).

Diversity was found at two levels: across all replicate populations and within each

population. Causes of diversity are probably different, depending upon the scale exam-

ined (i.e. across or within populations). Isolates within a population coexist and com-

pete for the same resources, whereas genotypes from different populations are isolated
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Figure 2.3: Sources of individual size diversity. Most diversity for individual size
arose across replicate populations (β), while within-replicate diversity (α) accounted
for less than a third of the explained size variation. Replicate populations differed
in the amount of α diversity, with one replicate having no discernable size variation
among its ten isolates. Shown are point estimates (square root of the respective genetic
variance= Sqrt(VG)) and 95% CI determined by REML ANOVA.

from each other and therefore do not compete, but instead, have independent evolu-

tionary histories. Thus, to further understand the relationship between the evolution of

multicellularity and increased diversification, we need to distinguish both components,

diversity within (α diversity) and between populations (β diversity).

The majority of the overall diversity is explained by differences across populations

(high β diversity), whereas only a relative small percentage corresponds to α diversity

(Figure 3). Patterns of β diversity are often explained by (i) differences in environmen-

tal conditions like temperature or precipitation (Quian, 2009); (ii) historical factors,

like geographical isolation causing independent evolutionary histories (Quian, Ricklefs,

and White, 2005)), different patterns of migration (Quian, 2009)) and stochastic pro-

cesses involved in community assembly (Chase, 2010); (iii) or an interplay of ecological

and historical factors (Genner et al., 2004). These populations were all started with a

single unicellular genotype propagated under uniform conditions across all ten popula-

tions. It is very likely that the observed β diversity is associated with the evolution of

multicellularity and the evolutionary history of each population.

Organisms constantly interact and transform their environment. As organisms
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Figure 2.4: Size distribution of the 100 isolates, ten isolates from each of the ten
replicate populations. Isolates are color coded by the source replicate. β diversity (con-
tribution from different replicates) is highest at intermediate phenotypes and declines
at phenotypic extremes (p < 0.0001∗).

change trough time, the ways in which they interact and modify the environment also

change (Doebeli and Dieckmann, 2000). Some evolutionary innovations, like photo-

synthesis, radically transformed the world by increasing oxygen concentration in the

atmosphere.

Here we see that, even within the extremely controlled environment of culture tubes

in an incubator, major changes—like the evolution of multicellularity—probably affect

environmental conditions. Cluster formation generates spatial structure increasing lo-

calized interactions and potentially creates new environmental gradients (Smukalla et

al., 2008; Koschwanez, Foster, and Murray, 2011). These niche construction dynam-

ics, as everything else in evolution, are historical processes and the particular history

of each of these populations might be also important to account for all the diversity

among populations. There was clearly substantial variation in how long multicellularity

took to first evolve in the experiment, ranging from one to eight weeks. In addition,

other phenotypic changes, like increased cell size, were observed in some populations

previous to the appearance of the first multicelled clusters (Ratcliff, Denison, et al.,

2012). These observations suggest that chance and environmental changes are playing

an important role in this system and together, these factors might account for the high
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Figure 2.5: Figure 5. Divergence for individual size readily evolved within replicate
populations. Shown are mean sizes and 95% CI for ten genotypes isolated from replicate
population one. There are at least four size classes (a through d) based on a Tukey HSD
test with a significance level of 0.05

degree of differentiation among populations.

Diversity within each population (Fig.2.3) is a major contributor of total diversity,

albeit smaller than across populations. Phenotypic diversity at extreme sizes is largely

localized within a few populations (Fig.2.4). Moreover, with the exception of population

eight, there are at least two different sized genotypes in all populations. Nonetheless,

different populations have different degrees of α diversity. Populations one and three

have the highest levels of diversity, whereas population two has a low level of isolate

differentiation and population eight is monomorphic for cluster size (Fig.2.3). In this

case, in contrast with diversity between populations, different sized snowflake yeast

compete for the same resources, making polymorphisms less likely to be explained in

terms of pure chance. Furthermore, neutral processes would be unlikely to preserve

diversity in an adaptive trait like cluster size in almost all populations.

Thus, there likely are some ecological differences between different genotypes within

a population, allowing stable coexistence of these different types. To better understand

the causes of within population diversity, we looked closely at one of the populations
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Figure 2.6: Association of growth rates with individual size. Larger individuals suffer
a growth rate disadvantage over the later four hours of growth. There is a −0.85
correlation (p = 0.030), and a regression would account for 66% of the variation in
growth rate among isolates.

with higher levels of α diversity (i.e. population one). Within this population there are

four distinctive size classes with some overlap among them (Fig.2.5). Moreover, these

differences are heritable (size distribution was maintained after propagation in fresh

media each 24 hours for three days without gravitational selection).

We previously demonstrated (Ratcliff, Denison, et al., 2012) that there is a trade-off

between growth rate and settling and that isolates of different populations fall in differ-

ent points of that trade-off. Yeast clusters that are fast settlers tend to grow slowly, and

vice-versa. Thus, we hypothesized that diversity within populations could be explained

by a trade-off in cluster size and growth rate, that isolates of the same population would

show a negative relation between these two traits. To test this prediction we determined

cluster density at time zero, four and eight hours of growth for six isolates of population

one (three big and three small).

Our results show that, during the first four hours, all the isolates have roughly the

same growth rate. Then, after four hours, growth rate decreases in the three biggest iso-

lates. Results of an ANOVA support this conclusion; showing that differences between

early (0 to 4 hrs) and late (4 to 8 hrs) growth rates are statistically significant, and more

importantly, vary among isolates. Additionally, as it would be expected, differences be-

tween isolates are not significant because growth rate is initially very similar. However,
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later growth rate is different for different isolates and as a result the interaction of terms

is significant (2.1).

Finally, figure 2.6 shows that within population one there is a trade-off between

cluster area and late growth rate (from four to eight hours). Taken together all this

observations suggest that there may be within-population ecological differentiation as a

result of a trade-off between growth rate and individual size. Some clusters might take

advantage of having a faster growth rate whereas others have a bigger size, allowing for

a faster settling. This trade-off could, as a result, explain within population diversity,

however, more experiments are needed to determine if differentiation along this trade-off

allows coexistence.

Table 2.1: ANOVA of different effects on growth rate. Differences are significant between
early (first four hours) and late growth (four to eight hours of growth) as well as the
interaction of time and isolate. Differences between isolates are not significant (see
text).

Source DF Sum of Squares F ratio P-value

Early/Late 1 0.0688910 70.2104 <0.0001*
Isolates 5 0.0119729 2.4404 0.0635
Isolates*Early/Late 5 0.0225409 4.5945 0.0044*

2.4 Conclusion

These results demonstrate that dramatic divergence in individual cluster size readily

evolves during the transition to multicellularity. The majority of diversity arises among

populations (β), and replicates are readily distinguished by mean individual size. Given

the short time scale over which the evolution experiment was carried out (60 serial

transfers), it is unclear if the variation for individual size among replicates is likely to

persist. Transient diversity can arise via temporal dynamics in the appearance and fixa-

tion of different beneficial mutations, prior to convergence to a single adaptive solution.

However, multiple lines of evidence suggest that among population diversity is likely

to remain. We previously demonstrated a functional trade-off in settling and biomass

accumulation (Ratcliff, Denison, et al., 2012), that persisted over the course of the selec-

tion experiment. Here, we demonstrate a similar trade-off of individual size with growth
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rate, and have observed this variation within a single replicate population. While such

within population variation could potentially be the consequence of simultaneous selec-

tive sweeps (clonal interference), the number of genotypes with distinctive phenotypes

(four) suggests the evolution of an adaptive radiation (Rainey and Travisano, 1998). We

suggest that the transition to multicellularity readily promotes the evolution of novelty

associated with adaptive radiations.



Chapter 3

Evolution of simple

multicellularity increases

environmental complexity

Abstract

Multicellularity—the integration of previously autonomous cells into a new, more

complex organism—is one of the major transitions in evolution. Transitions to

multicellularity are associated with rapid diversification and increased ecological

opportunity but the mechanisms are not well understood. Moreover, transitions to

multicellularity involve considerable changes in size and morphological complex-

ity, and these changes would necessarily affect the immediate physical environment

experienced by these organisms. In this paper, we explore the interplay between

ecological and physical mechanisms involved in diversification of multicellular phe-

notypes during experimental evolution of the brewer’s yeast, Saccharomyces cere-

visiae. The evolution from single cells into multicellular clusters modifies the

structure of the environment, changing the fluid dynamics and creating novel eco-

logical opportunities. This study demonstrates that even in simple conditions,

incipient multicellularity readily changes the environment, facilitating the origin

21
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and maintenance of diversity. 1

Introduction

A world without multicellular life is a world without trees, coral reefs, nests and cities.

A unicellular world lacks most of the architectural complexity familiar to us. There is no

doubt that multicellular life has deeply transformed the world around us. The integra-

tion of previously autonomous cells into a multicellular organism involves major changes

of organization. This architectural complexity is often associated with the evolution of

novel ecological opportunities, but the ecological consequences of this spatial reorganiza-

tion have been largely overlooked. Even simple multicellularity involves changes in the

arrangement of cells, imposing new spatial structure. This spatial heterogenetity has

been deemed important for the evolution of cellular differentiation (Gavrilets, 2010) but

its consequences for the origins and maintenance of diversity remain largely unexplored.

It has been proposed that multicellularity has the potential to facilitate diversifi-

cation through ecosystem engineering and increased environmental complexity (Erwin,

2008; Erwin and Tweedt, 2012). The organization of cells into multicellular organ-

isms involves changes in spatial structure, micro-environments of cells and the size of

the organism as a whole. This increase in size and cellular integration has ecologi-

cal and functional consequences affecting nutrient uptake, growth and even allowing

for excitable physicochemical processes important in multicellular development (Solari,

Kessler, and Goldstein, 2013; Solari, Ganguly, et al., 2006; Beardall et al., 2009; New-

man and Bhat, 2009). The evolution of multicellularity corresponds to one of the largest

discontinuities in size throughout the history of life (Payne et al., 2009). This dramatic

change in size and morphology, necessarily affects the scale, importance and properties

of physical phenomena relevant for the organism (Fukuoka, Fukuda, and Uchida, 2014;

Rusconi and Stocker, 2015). These physical changes could affect the ecological oppor-

tunities available and allow for new ecological interactions to evolve. In this paper we

explore the potential for the re-organization of cells into a multicellular organism to

1This work was realized in collaboration with William C. Ratcliff, Michael Travisano and Johnathon
Fankhauser. WCR, MT provided help with some of the experimental design, I conducted all the
experiments except the transformations for competitions which were done by JF. I wrote the chapter
with substantial input from MT and WCR.
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modify their physical environment and thereby allow for diversification.

Multicellularity has evolved multiple times with varied consequences for subsequent

diversification and complexity (Grosberg and Strathmann, 2007; Queller and Strass-

mann, 2009). However, even relatively recent origins of multicellularity occurred more

than 200 MYA (Herron et al., 2009). Therefore, direct observations of its ecological

consequences are necessarily limited in natural populations. Saccharomyces cerevisiae

rapidly evolve multicellular phenotypes in the laboratory under selection favoring in-

creased size, providing an experimental model for direct investigation of the effects of

this reorganization for the origin and maintenance of diversity (Ratcliff, Denison, et

al., 2012; Rebolleda-Gomez, Ratcliff, and Travisano, 2012). Ten replicate populations

originated from a single diploid isogenic unicellular strain. Every day a subsample of

each culture was taken and centrifuged at very low speed, thereby increasing the rep-

resentation of large individuals at the bottom of the tube. Following centrifugation,

the bottom 100µl were transferred to fresh media and allowed to regrow over 24 hours.

After 60 days of this settling selection, all populations evolved multicellular phenotypes

(Ratcliff, Denison, et al., 2012). In this system (“snowflake yeast”), post-division adhe-

sion of mother and daughter cells limits the potential for among-cell conflict and confers

multicellular heritability, facilitating multicellular adaptation (Ratcliff, Denison, et al.,

2012; Ratcliff, Fankhauser, et al., 2015). The simplicity of this system allows us to

carefully parse the ecological consequences of multicellularity and their effects on the

observed diversity.

Simple evolutionary models, assuming a smooth and unchanging adaptive landscape

(Fisher, 1930), predict convergence with respect to size, because size is tightly correlated

with fitness during settling selection (Ratcliff, Denison, et al., 2012; Rebolleda-Gomez,

Ratcliff, and Travisano, 2012). In contrast, high levels of heritable phenotypic variation

for snowflake cluster size evolved both within and among replicate populations. Most of

the diversity was observed among replicate populations. Nevertheless, after 60 days of

selection, nine of the ten populations harbor two or more genotypes that differ in average

cluster size, suggesting that the evolution of multicellularity also facilitated morphologi-

cal diversification within populations (Rebolleda-Gomez, Ratcliff, and Travisano, 2012).

This paper investigates the ecological dynamics of incipient multicellularity in one of

these populations and its consequences for rapid diversification.
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3.1 Materials and methods

Unless specified otherwise, we grew all our strains in 10ml of Yeast Peptone Dextrose

medium (YPD per liter: 10g yeast extract, 20g peptone, 20g dextrose) at 30 ◦C and

constant shaking at 250 rpm. All the strains used in this experiment were isolated from

one of the ten replicate populations from (Ratcliff, Denison, et al., 2012). Detailed

isolation methods, strain descriptions, size and biomass calculations, and growth and

settling measurements are available as supplementary materials.Unless specified other-

wise, we grew all our strains in 10ml of Yeast Peptone Dextrose medium (YPD per

liter: 10g yeast extract, 20g peptone, 20g dextrose) at 30C and constant shaking at 250

rpm. All the strains used in this experiment were isolated from one of the ten replicate

populations from Ratcliff et al. (2012).

Isolates from week one and four were isolated at random from frozen samples of

one of the replicate populations (population C1) from weeks one, four and eight of the

original experiment. At each of these time-points, we streaked the frozen sample on

a YPD plate with 15% agar. We took a loop of culture and grew it for 24hrs. After

a full day of growth diluted the culture and plated-it to a total effective dilution of

1:100,000. After 48hrs of incubation on the plates, we selected at random 10 colonies

(using a grid and a sequence of ten random generated numbers) and streaked each of

them on a new plate. To obtain single genotype colonies, we plated each of these strains

in three consecutive plates, selecting a single colony and streaking it each time. Isolates

from week eight were isolated previously, using the same method (Rebolleda-Gomez,

Ratcliff, and Travisano, 2012). All isolates were then kept in 20% glycerol vials at

−80 ◦C. All strains were assigned a random number, the two strains chosen for the rest

of the experiments were selected by sampling a random number from the id numbers of

strains in each group (Big or Small).

3.1.1 Size measurement and biomass calculations

To have comparable measurements of all isolates, all the strains were grown at the same

time. After conditioning, strains were transferred again to 10ml of fresh YPD and grown

for other 24hrs under the same conditions. We then placed 10 µL of a 1:10 dilution in

a hemocytometer chamber. We photographed six fields of view using phase-contrast
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and the 40X objective on an Olympus IX-70 with a SPOT Flex 64 MP camera. The

acquisition properties were set to maximize contrast between the yeast cells and the

background and were kept constant throughout the experiment. Size of clusters was

then determined using ImageJ (Schneider, Rasband, and Eliceiri, 2012). We repeated

this procedure with three replicate cultures per strain. Measures of unicellular isolates

were not used in this study. In all of our microscopy work, to have a representative

sample, each slide was divided in a grid of six sections and images were taken in one of

each of these sections.

Instead of using raw measures of cluster size, for these analyses we calculated a

weighted biomass measure. Distributions of cluster size can fail to predict the ecologi-

cal dynamics and changes during settling selection. This is due to the fact that, for a

given number of cells (or amount of biomass), the formation of larger clusters reduces

the number of clusters that are counted. This is particularly problematic for the iso-

lates with very large ’adult’ multicellular clusters and many small ’juveniles’: most of

the biomass may reside in a small number of adults, but the statistics of the distribu-

tion will be dominated by traits of juveniles. We solved this problem by calculating the

distribution of biomass within the population using a custom function in R (R Devel-

opment Core Team, 2014). To do this, we give each cluster a weight proportional to

its biomass, calculating the mean fraction of the population’s biomass that falls within

specific size range bins. This weighted measure of volume, was log transformed to re-

duce the asymmetry in the distribution. We performed a one-way ANOVA with these

log transformed values as the dependent value and strain as our factor. The ANOVA

results were significant and post-hoc Tukey HSD tests were used to assign strains to

distinct size classes.

Adult size comparisons were used to select representative strains for further analyses

as described in Rebolleda-Gomez et al., (2012). The strains used were: the first multi-

cellular strain identified in the experiment (C1W1.1), two strains from week four with

different sizes (C1W4.1 and C1W4.3) and four strains from week eight representing the

four size classes identified in Rebolleda-Gomez et al., (2012) (C1W8.1, C1W8.2 (Big),

C1W8.8, C1W8.9 (Small)).
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3.1.2 Competition assays

Big cells with inducible GFP fluorescence were generated by replacing URA3 with

yeGFP under the control of the ScMET25 promoter (Jaqaman et al., 2008) via the

LiAc/SS-DNA/PEG method of yeast transformation (Gietz et al., 1995). Transforma-

tions were plated on solid YPD (15% agar) with 100mg/L of the antibiotic clonNAT. For

each transformant, the insertion location of the transformation sequence was confirmed

by PCR. The fitness cost of the marker was evaluated through four days of competition

without selection. In each of the three replicates, 50 µL of this “Big”-met25 GFP were

inoculated with 50 µL of “Big” (no marker) in 10 mL of YPD and grow for 24hrs before

transferring 100 µL to fresh media. Frequencies were determined after 24hrs of growth

and after four days of daily transfers. Change in frequency between the initial and four

days was evaluated with a two-sided t-test.

The “Big” strain with the GFP marker was mixed in a 50:50 ratio with the “Small”.

These strains were inoculated as a 1:100 dilution in 10 mL of YPD. After 24hrs of

growth at 30C and 250rpm a sample was taken to determine the proportion of met25

GFP individuals before selection (T0). We took 1ml of the culture, washed the media

out and re-suspended the culture in 1ml of YNB without amino acids. Then, we diluted

the sample in 9ml of YNB with amino acids but without methionine for a 1:10 final

dilution. We inoculated the samples for 3hrs (enough time to get GFP expression but

not enough to see the fitness costs associated with this expression). We took pictures

of six randomly sampled fields of view under white and UV fluorescent light at 100X

magnification. Camera settings were adjusted to increase contrast between the clusters

and the background and were kept constant throughout the experiment.

The culture tubes were propagated under three selection regimes for five days before

the final sample was taken and then we repeated the same procedure to quantify the

number of met25 GFP individuals. Before every transfer we let the tubes settle in

the bench for 3 minutes (intense selection), 7 minutes (intermediate selection) and 25

minutes (relaxed selection). Then we transferred the bottom 100 µL into 10 mL of fresh

YPD and let the cultures grow for 24hrs at 30 ◦C and 250rpm before the next transfer.

We used a similar procedure to evaluate frequency-dependent fitness but this time we

started with a 10:90 mix (in volume) with either a majority of “Big” with the GFP

marker or “Small” and performed competition. Each competition assay was performed
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in four independent replicates and at least 58 individuals counted for each replicate. We

had conducted similar competition assays between these two strains (data not shown)

looking at changes in size distributions as proxy of frequencies. These previous trial

experiments demonstrated strong patterns (consistent with the data presented here)

that could be identified with small number of replicates (n < 5).

3.1.3 Determination of settling speed and growth assays

To compare the settling speeds of each isolate, we placed 1ml of a 24hr culture of

each strain in a plastic cuvette and homogenized the culture before placing it in a

spectrophotometer recording the absorbance at 600nm approximately every 15 seconds

for 7 minutes. Each of the six replicates was independent (different yeast cultures were

used for each replicate). Data was fitted to a sigmoidal curve with self-starting values

using R (R Development Core Team, 2014; Pinheiro and Bates, 2000). Given that each

replicate had different starting densities, we fitted each replicate independently and then

calculated the mean and standard deviation for the two main parameters of interest:

the settling rate (S) and the inflection point (KOD).

We used a Tecan Infinite 200Pro plate reader with a 96 well BD Falcon flat trans-

parent bottom plate to measure the optical density of our cultures at 600nm every 10

minutes over the course of 24 hours. Between measurements, the plate was shaken for

seven minutes using the orbital mode with amplitude of 1mm; we used linear shaking

for the remaining three minutes. This combination allowed us to keep all clusters in

suspension throughout the experiment. Temperature was kept constant at 29.9 ◦C.

3.1.4 Competition simulations

To simulate competition among the four isolates of interest, we first estimated their

growth rates at each concentration (optical density at 600nm). Using a piecewise re-

gression with the segmented package in R (R Development Core Team, 2014; Muggeo,

2008) we estimated the breakpoints where changes of slope are significantly different

from zero. We then estimated the slopes of the different fitted segments. These slopes

where used as growth rates in our simulations. Growth rates of each strain depend on

the overall culture density. Once the sum of all optical densities reaches each minimal



28

breakpoint, all strains switch to the next growth rate (Fig.??B; Fig.A.1B). In the ab-

sence of selection, growth proceeds in this way for 24hrs and, after a day of growth,

the density of all isolates is divided ten fold (simulating the dilution process between

transfers with a fraction that allows for full recovery of density before the next trans-

fer). Selection is incorporated after the 24hrs of growth and right before the dilution

step. The fraction that settles to the bottom is calculated by incorporating the culture

density after the desired settling time in the logistic equation fitted to the settling data.

Settling at the bottom of the tube gives an increase in density over time at the same

rate that density is reduced in the upper fraction of the tube. Given that our data on

settling was obtained by measuring reduction in optical density in the upper fraction

of the tube over time, to calculate the increase in density at the bottom of the tube we

changed the sign of the slope (Fig.3.4D; Fig.A.1C).

3.1.5 Drafting effects

To evaluate the effect of drafting on settling at high density we started cultures mixing

0, 10, 25, 50, 75, 90 or 100µL of Big and the volume necessary of Small to complete

100 µL and inoculate each mix in YPD. After 24hrs we mixed well each culture and

took 10 µL into 990 µL of water to take pictures in the microscope. Pictures were taken

and analyzed as described for size measurements, except only three fields of view were

captured. We then took 1.5 mL of culture, let it settle on the bench for 7 minutes and

discarded the upper fraction leaving only 100 µL. We then re-suspended the remaining

fraction into 990 µL of water, and after homogenizing we took 10 µL for dilution and

microscopy. We measured the size of at least 40 individuals of each mixture before

and after settling. Lastly, we calculated the median size of each mixture as well as the

difference between the median size before and after settling.

In addition, we measured the settling speeds of individual clusters in the presence of a

high density of clusters of the same strain (“Big” or “Small”) or the other strain (“Small”

or “Big”). We grew each strain in six different tubes for 24hrs. After growth, we stained

2 mL of each tube dark red with safranin: we took a sample of 1 mL of each tube, pelleted

the sample and discarded the supernatant, then we re-suspended the sample in water

and stained with 100 µL of a stock solution of safranin for 10 minutes and then washed

two times. For each unstained tube we took two 90 µL samples (background strain) and
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mixed one with 10 µL of stained “Big” and one with 100 µL of stained “Small” (focal

strains), therefore using a block design for the different cultures. We then introduced the

1 mL mixture into a borosilicate chamber of 1mm depth and 1cm width with and let it

settle for 1 minute to reduce effects related to the introduction of the liquid (Fig.3.5C).

After that we took approximately 2 minutes of video at 10 frames per second with a small

digital microscope. The number of replicates and minutes of movie were determined

in trial experiments while calibrating the device (data not shown). The first minute

shows mainly effects of liquid introduction and after two minutes most of the cluster

density has settled bellow the camera. Using FIJI (Schindelin, Rueden, et al., 2015) with

ImageJ2 (Schindelin, Arganda-Carreras, et al., 2012), we split the channels of the video

and kept green channel for analysis, we then subtracted the background by calculating

the maximum intensity z-projection and then the difference of the projection and each

frame of the video. We tracked each cluster as it settle and measured the speed of the

track using TrackMate (Schindelin, Rueden, et al., 2015; Jaqaman et al., 2008) with

plain Laplacian of Gaussian segmentation (LoG) and a linear motion tracker with a

maximum gap of 5 frames to allow for clusters that get shadowed by the background

strain and then appear again a few frames later. We used the same filter on spot quality

for all videos minimizing the detection of other particles and image noise and maximizing

the detection of clusters of the focal strain (including small ones) but adjusted the track

length to get tracks of most of the clusters detected but remove false positives. Lastly

we manually checked for real tracks and removed false positives as well as particles

moving against flow because of hydrodynamic disturbances (we were only interested in

settling speeds).

To analyze the track speed data we first log transformed the track speed average to

meet model assumptions (Fig.A.4). We performed a mixed-effects model with the log

transformed average track speed as the response variable, focal strain and background

as the fixed model effects and replicate as a random effect. Then we performed a set of

planned contrasts to compare the difference between the settling speeds of each strain

in the different backgrounds to test for the importance of drafting (Pinheiro and Bates,

2000; Quinn and Keough, 2002). In addition, to test for the benefit of Big-late in a

majority Small background we also contrasted the speeds of both strains in a Small

background. For these tests we used the nlme (Pinheiro, Bates, et al., 2015), lme4
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(Bates et al., 2015) and multcomp(Hothorn, Bretz, and Westfall, 2008) packages in R

(R Development Core Team, 2014).

3.2 Results

3.2.1 Phenotypic diversification

Figure 3.1: Diversity of size distributions of isolates from one of the replicate pop-
ulations. (A) Volume (weighted by total biomass) of different multicellular isolates
throughout the duration of the selection experiment. Each value is the average of three
replicates, each composed of six different fields of view and at least 70 individuals. Big
and Small groups can be recognized statistically based on a Tukey HSD test with sig-
nificance level of 0.01. Error bars are 95% confidence intervals. (B, C) Photos showing
typical adult and propagule size of the two main strategies described:Big (red) and small
(blue).

Focusing on the above mentioned replicate population (C1) after one, four and eight

weeks of settling selection, we determined the size distributions of ten randomly chosen

single colony isolates at each time point. Diversity in cluster size could in principle

arise from one or more evolutionary processes: neutral divergence, selective sweeps, and
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adaptive diversification. These processes differ in the tempo of evolution, and can be

partially distinguished by determining the rate of morphological diversification (Lenski

and Travisano, 1994; Kassen, 2014). In this population, multicellularity evolved within

one week of selection, but the clusters were relatively small, initially rare (1 in 10 iso-

lates; Fig.3.1A), and had a relatively minor increase in settling rate (Ratcliff, Denison,

et al., 2012). After four weeks of selection, seven of ten isolates were multicellular and at

least two different size classes had evolved (Fig.3.1A). Three of the multicellular isolates

had decreased size, but the other four were four-fold larger in size (Fig.3.1A, Fig.3.2A).

Following 60 days of selection in total, two clearly distinct life-histories had evolved with

evidence of incipient diversification within each life-history (Fig.3.1,Fig.3.2B)(ANOVA,

effect of strain F (9, 20) = 103.26, p − value < 10−14). This pattern of rapid diversifi-

cation and persistent diversity in fitness-related traits is most consistent with increased

ecological opportunity leading to adaptive diversity than with neutral divergence or

selective sweeps.

To confirm adaptive divergence as the underlying process, we investigated the eco-

logical basis for maintaining phenotypic size variation within populations. The two

primary determinants of competitive fitness during the experimental evolution were

growth and settling rates. We measured both of these components on two representa-

tive isolates from population C1 after 8 weeks of selection. Differences in settling rates

were observed among the two isolates (Fig.3.4A).

We determined settling rates that incorporated maximal and minimal cluster sizes

of an isolate, reflecting cluster size immediately prior to reproduction and the minimal

size of the resulting offspring, respectively. Settling rate differences were measured by

changes in optical density during settling after 24hrs of growth (Fig.3.4D). Reduction

in absorbance follows a sigmoidal curve that can be approximated by a logistic equation

with KOD as the inflection point (the time at which there is a half reduction in optical

density) and S as the settling rate or steepness of the curve (Fig.A.1C). Multicellular

isolates diversified into at least two life-histories: one encompassing clusters with a

large adult size and fast settling rates (larger S value) that reproduce into many small

propagules (Fig.3.1, Fig.3.4A). These isolates have a long juvenile phase and pay a cost

in terms of their overall growth (Fig S2B). The second life-history includes isolates with

smaller adult sizes and a reduction of the juvenile phase with larger propagules (Fig.3.1,
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Figure 3.2: Biomass distribution of representative isolates after four (A) and eight
weeks of settling selection (B). We identified size divergence in multicellular isolates,
in one of the replicate populations (C1), after four and eight weeks of evolution under
settling selection. At week 4, small isolates have a fairly symmetric distribution of
sizes (C1W4.1), where mid-size clusters comprise most of the total biomass. Bigger
isolates, instead, evolved a few larger adults taking up a large proportion of all the
biomass and many very small propagules with a minimal contribution to the overall
biomass (C1W4.2). Similarly large adults with small propagules are present still after
8 weeks (Small, C1W8.8), but at this time new isolates with increasingly asymmetrical
distributions had evolved (Big, C1W8.1).

Fig. 3.2, Fig.A.1A).

3.2.2 Coexistence is stable

Coexistence between these two life-histories could be transient representing an incom-

plete selective sweep. To evaluate the stability of this relation we performed a se-

ries of competition experiments with one of the small and rapid growing genotypes

(“Small”) against a “Big” genotype incorporating an inducible, effectively neutral GFP

marker. The marker has no detectable fitness effects in this environment (two sided

t-test, t(31.09) = 1.5292, p − value = 0.1363, mean diff= 0.678, 95% CI [-0.02029751,
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0.14200565]). We performed these competitions under different intensities of settling

selection by varying the time of settling on the bench without agitation. As expected,

under very intense selection (3 min of settling), the big and quickly settling strain rapidly

increases in frequency, almost displacing the smaller strain after only three transfers.

In contrast, relaxed selection (25min of settling) favors the small but rapidly growing

strain. Coexistence, nevertheless is possible at intermediate selection (7 minutes of

settling) and the frequencies remain stable over the course of this assay (Fig.3.3A). Sta-

bility of frequencies at intermediate selection and ecological differences between these

strains are inconsistent with the hypothesis of an incomplete selective sweep.

Figure 3.3: Competition assays. Both plots display the frequency of the “Big” genotype
with a GFP marker before and after 5 days of settling selection. (A) Intense selection
(3 min of settling) favors the fastest settling strain (“Big”), relaxed selection (25 min of
settling) favors the fastest grower (“Small”) and coexistence is maintained at interme-
diate selection (7 min of settling).(B) At intermediate selection both genotypes exhibit
negative frequency-dependent fitness and therefore can invade from rare. Small points
show the data of each of the four replicate competitions in each treatment and the large
point and lines represent mean values.

To completely rule out the possibility of a transient elective sweep, we performed

a second competition experiment under settling selection of intermediate strength (7

min). In this case, we started with each of the strains at a low frequency and asked

if they could invade. Both strains increased in frequency when rare, reaching a stable

6:4 ratio after five days of competition (Fig.3.3B). Together, these results suggest that
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coexistence between these two strains is due to negative frequency dependent dynamics

resulting from a trade-off between growth and settling, with intense selection favoring

the larger strain and relaxed settling selection favoring the faster growing but smaller

strain. We used computer simulations to investigate the potential for this trade-off to

explain the patterns observed.

3.2.3 Trade-offs alone fail to explain coexistence

In this environment, larger clusters have an advantage because they settle faster. How-

ever, there is a trade-off and larger genotypes pay a cost in terms of growth rate (Rat-

cliff, Denison, et al., 2012; Rebolleda-Gomez, Ratcliff, and Travisano, 2012; Fig.3.4A,

Fig.A.1). Using settling and growth data we simulated competition between strains.

In YPD medium S.cerevisiae displays diauxic growth, changing from exponential to

nearly linear growth (Fig.3.4A). Using piece-wise regression models we estimated the

slopes and breakpoints for each strain (table A.1). Competition was included in our

simulations by defining the points of growth-rate change for each strain in terms of

the overall culture density (Fig.3.4B). In the absence of settling selection, growth rate

differences alone allow the fast growing strains to outcompete the large, rapidly settling

isolates (Fig.3.4C). Incorporating settling selection (by adding the proportion of individ-

uals that would settle in a given time)(Fig.3.4B,D) in the model increases the frequency

of the big strain initially, but it is not sufficient to promote coexistence (Fig.3.4C).

These simulations show that even very small costs in terms of growth rate are able

to lead to competitive displacement over the long term (Fig.3.4). Given the small

differences we were unable to find statistical differences in growth rates calculated from

OD at 600nm data. In previous studies, however, larger differences in growth have

been observed by measuring changes in total biomass (Rebolleda-Gomez, Ratcliff, and

Travisano, 2012). Our simulations were built with these conservative estimates of growth

differences,and nevertheless, the “Big” strain is not able to recover even in the presence

of settling selection.

Our in vivo competition assays suggest that the above simulations do not include all

the ecological complexity involved in the interactions between different members in this

environment. These assays provide evidence for the importance of frequency-dependent

mechanisms in the coexistence of these two strains. The role of multicellularity in
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Figure 3.4: Simulations of competition between big and small strains.(A) There is a
trade-off between growth and settling. During growth, the small strain has a slower
transition from exponential to linear growth, giving it a small advantage that is amplified
in competition (each point is mean of 6 replicates; settling data is the mean of six
assays and error bars represent one standard deviation). (B) Algorithm for simulations.
Changes in growth rates (GRI, GRII and GRIII) were estimated through segmented
regression. Settling is added as after 24hrs of growth using a logistic equation (D;
see methods). (C) A representative round of simulations of competition over 100 days
without settling (upper panel) and with 7 min (intermediate selection) of settling (lower
panel). Our simulations fail to recover coexistence between these two strains despite
large differences in settling rates (A-small panel).
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promoting diversification in this system cannot be understood in terms of a trade-off

between growth and settling; this novel organization alters the ecological dynamics in a

non-additive manner. What are the mechanisms underlying this frequency-dependent

interaction?

3.2.4 Increased environmental complexity allows for coexistence

Fluid dynamics are a major component of microbial environments and shape much of

the ecology of small organisms in liquid (Rusconi and Stocker, 2015). As expected from

physical theory, an increase in particles of large size should affect the movement and

interactions of these clusters in liquid (Richardson and Zaki, 1954; Fukuoka, Fukuda,

and Uchida, 2014). We hypothesize that at first, when big individuals are rare, they

settle faster than smaller clusters. However, once there is a high frequency of clusters

in the media, the effective viscosity of the medium also increases; sinking of an individ-

ual depends on its displacing not only the liquid but also other suspended individuals

slowing down their descent. This phenomenon of hindered settling is well known for

dense sediments and its effects are more intense towards the bottom,where particles

concentrate (Richardson and Zaki, 1954). In these same conditions of high density,

smaller individuals are more likely to percolate (especially if they are more dense and

spherical)(Fukuoka, Fukuda, and Uchida, 2014), increasing the chances of these smaller

clusters being transferred to the next tube.

To test these hypotheses about the effects of each strain’s frequency on the settling

dynamics, we mixed the fast growing (“Small”) and fast settling (“Big”) strains in

different proportions. We then measured the median cluster size of the culture before

selection as well as the median cluster size of the bottom fraction after seven minutes of

settling. When the mixture is initially composed of mainly small clusters (small median

size) only the biggest clusters reach the bottom in the time provided. As a result,

there is an overall increase in size after settling. By contrast, when the culture has

a larger proportion of bigger clusters, a disproportionate number of small individuals

survive settling selection, resulting in a net decrease in size (Fig.3.5A, the same pattern

is observed when using centrifugation instead of settling on the bench (Fig.A.3)).

To directly measure the effects of high density (i.e. increased effective viscosity,

and drafting or reduced drag for smaller particles) on settling speed, we recorded the
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Figure 3.5: Increased environmental complexity and settling interactions result in fre-
quency dependent dynamics. (A) Change in median size after settling for a range mixes
with different proportions of Big and Small. Each point calculated from individual on
six fields of view (n ≥ 58 for T0 and n ≥ 127 after settling). (B) Difference in log trans-
formed average settling speeds between the Small and Big strains in both backgrounds
(Big-Small). Differences are significant and in opposing directions: clusters of Small
strain settle faster in the Big background and Big clusters in the Small background.
Error bars represent 95% confidence intervals. We performed 6 replicate settling assays
with different cultures of the same strains, we tracked at least 82 clusters per replicate,
per treatment. (C) Experimental setup. A focal strain stained in red with safranin
was mixed in a 1:10 ratio (in volume) with a dense overnight culture of either the same
strain or the other one. Images were recorded every 0.1s as the culture settle within a
thin glass chamber.
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speed of clusters of each strain (“Small” or “Big”) as they settled with a majority of

clusters of the same or the other strain (i.e. background; Fig.3.5B, C). To control for

the effects of density, we performed our experiments with dense cultures after 24hrs of

growth (the same density that we used for settling selection before each transfer). In

these conditions of high cluster density (“Big” and “Small”) settling is hindered slowing

down each cluster with respect to the control (i.e. settling in the YPD media, in low

density; data not shown). We found an effect of background and background focal-

strain interaction (Table S2). Consistent with drafting, both strains settle faster when

they are in a big strain background (planned contrast “Big” as focal-strain, z = 4.195,

p − value < 10−4 ; “Small” as focal strain, z = 19.595; p − value < 10−4;Fig.3.4B).

However, there is more variation in the big strain background as would be expected from

increased effective viscosity and a wider distribution of particle sizes (Fig.3.2; Fig.A.2).

Figure 3.6: Clusters of the same size tend to be more circular and solid in the Small
genotype. (A) Relation between size and circularity for each strain. (B) Outlines of
propagules of similar sizes. Small clusters of the small strain tend to be better packed
and more circular.
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Due to hindered settling, in the big background we would expect that the largest

clusters will still tend to settle faster, but small and dense clusters percolate through

spaces between big clusters slowed down by the increase in effective viscosity. This

effect tends to favor the small strain: given the same cluster size, individuals of the

smaller strain tend to be more dense (more cells per volume) and spherical (Fig.3.6B).

Consistent with these hypotheses and our previous observations, the “Big” genotype

settles slower (relative to the smaller strain) in its own background (planned contrast

“Big” background, z = −5.282, p − value < 10−4). Instead, in the small background,

larger clusters displace their smaller competitor (planned contrast “Small” background,

z = 7.843, p− value < 10−4; Fig.3.5B), explaining their advantage when rare.

Table 3.1: ANOVA table for mixed model effects with log transformed track settling
speed as the response variable, focal strain and background (see figure 4C) as fixed
effects and replicate as a random effect.

DF Sum of Sq Mean Sq F-score p-value

Focal Strain 1 0.1 0.06 0.264 0.614
Background 1 75.4 75.38 315.627 <0.0001**
Focal Strain: Background 1 20.6 20.56 85.900 <0.0001**
Residuals 4873 1166.6 0.24

3.2.5 Other axes of diversity

Changes in scale and, therefore relevant physical phenomena, are likely to have affected

earlier multicellular forms. Nevertheless, different mechanisms of diversification are

likely to have been important for different origins. Multicellularity has evolved multiple

times with different consequences in terms of complexity and diversity (Grosberg and

Strathmann, 2007). Even in our simple system, different processes are likely to be

involved in the origin and maintenance of such diversity (Rebolleda-Gomez, Ratcliff,

and Travisano, 2012).

In this population (C1), at week eight, we could only identify two groups (Big

and Small, Fig.3.1A) when comparing the overall distributions of size. However, in

previous work we had identified at least four size classes when comparing only adult
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sizes (excluding the small propagules) (Rebolleda-Gomez, Ratcliff, and Travisano, 2012).

In addition, each of these strains displays a slightly different settling profile (Fig.3.7).

Using growth and settling rates from a strain of each of these four size groups (including

our Big and Small strains) in our computer simulations, we observed that trade-offs and

fitness differences between strains might also be playing a role in maintaining diversity

in this system. Small fitness differences between the two small strains result in very

slow displacement (more so in the absence of settling selection) with coexistence for

more than the total duration of the experiment (Fig. 3.7). More surprisingly, adding

settling selection seems to be sufficient to allow for stable coexistence (at least in our

simulations) between one of the Big and one of the Small strains. Non-linearity in

growth and settling generates complex ecological dynamics and allows for long-term

coexistence. Without settling, fast growers have an advantage and rapidly outcompete

settlers. At the other extreme, intense settling selection (i.e. short settling times) favors

the fastest settlers. Coexistence of strains displaying different strategies is possible at

intermediate selection (Mean=7min, 95% CI [6.5 min, 7.5 min], Fig.3.7).
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Figure 3.7: Trade-off between growth and settling allows coexistence of different strate-
gies in simulations. (A) Settling parameters of different strains. The error bars show the
standard deviation across six replicates. (B) The results of a round of simulations over
100 days of competition with 7 minutes as the settling selection favoring coexistence.
Differences in breakpoint estimates resulted in differences on the selection strength (set-
tling time) necessary for coexistence between the fastest growing and fastest settling
strains, we repeated the simulations 100 times (re-calculating breakpoints in each case).
In each case we were able to found a point of coexistence (Mean=7min, 95% CI [6.5
min, 7.5 min]
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3.3 Discussion and conclusions

Evolutionary innovations expand the phenotypic space, allowing for the exploitation of

resources in ways that were previously not possible (Hunter, 1998; Galis, 2001; Losos,

2010). The evolution of multicellular yeast phenotypes increased the diversity of phe-

notypic possibilities of S. cerevisiae under the laboratory conditions. The multicellular

isolates show variation in traits involving multiple cells like cluster size, number of

propagules, adult sizes and the size of propagules. These qualitatively distinct traits—

changing the space of ecological and evolutionary possibilities—do not always lead to

diversification, and the role of innovations is highly contingent on ecological processes

like availability of ecological opportunity (Erwin, Laflamme, et al., 2011; Losos, 2010;

Schluter, 2000) and competitive dynamics (Kassen, 2014; Doebeli and Dieckmann, 2000;

Yoder et al., 2010). However, innovations can have a greater impact by changing their

own (and their competitors’) environment, transforming, in this way, selection pres-

sures and creating novel ecological opportunity. It has been proposed that innovations

involved in these processes of “ecosystem engineering” might have a greater impact on

the origins and maintenance of diversity (Erwin, Laflamme, et al., 2011; Kassen, 2014;

Erwin, 2008).

Coexistence of the two groups identified by size in this paper, arises largely due

to ecosystem engineering. Growth modifies the environmental conditions making them

more favorable for the least common type, enabling coexistence in a frequency-dependent

manner. Ecological theory has shown that coexistence in temporally varying environ-

ments with a single limiting resource is possible if species differ in their resource use

at different concentrations of the resources (Stewart and Levin, 1973; Chesson, 2000).

In this system, non-linear effects are due to the complex dynamics of growth and set-

tling. Our simulations show that these differences in growth were not sufficient to

promote stable coexistence between these two isolates, but further simulations suggest

that these effects can be important for coexistence of additional types varying in adult

size (Fig.3.7). These observations suggest that complex interactions between different

mechanisms of coexistence might be at play, allowing for increased variation in different

components of these multicellular life-histories, with environmental modification being

an important driver of this diversity. Different mechanisms might be involved in the
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diversification of multicellular forms. This work is a proof of concept, highlighting the

importance of sizable changes in volume and morphological complexity. These changes

readily alter the physical environment experienced by the organism, can have a great

impact on fluid dynamics shaping microbial interactions, and therefore, have great po-

tential to modify ecological and evolutionary processes.

Niche construction theories propose that by modifying their environment, organisms

change their own fitness values affecting subsequent evolution (Odling-Smee, Laland,

and Feldman, 1996). It is well known that microbes often modify their environment by

secreting by-products of their metabolism (Rosenzweig et al., 1994). Ecological special-

ists can then arise taken advantage of these by-products as main resources. Moreover,

the dramatic changes in size associated with the evolution of multicellularity (Payne et

al., 2009; Rebolleda-Gomez, Ratcliff, and Travisano, 2012) necessarily affect the phys-

ical interactions of organisms with their environment (Solari, Kessler, and Goldstein,

2013; Solari, Ganguly, et al., 2006; Beardall et al., 2009). In this system, evolutionary

integration of multiple cells in multicellular clusters modifies the spatial structure of

the environment, changing the settling dynamics and leading to increased environmen-

tal complexity. These new dynamics affect the fitness values of individual clusters in

a negative frequency dependent manner creating the opportunity for coexistence and

diversification. Existing theoretical frameworks of niche construction (Odling-Smee, La-

land, and Feldman, 1996) and extended phenotypes (Dawkins, 2004) most commonly

refer to cases in which modifications of the environment are correlated with an increase

in fitness for the organism. Evolution of environmental modification is favored because

extended phenotypes are subject to positive selection (Dawkins, 2004). In this case, en-

vironmental modifications are byproducts of size and population density (i.e. selection

is not acting directly on hindered settling), and their fitness effects depend negatively

on frequency. This system exemplifies the role of eco-evolutionary feedbacks promoting

processes of rapid diversification (Post and Palkovacs, 2009) and provides evidence for

the importance of “ecological byproducts on evolutionary change.

This paper is an empirical demonstration of a theoretical framework, showing that

multicellular organization readily impacts the environment and might (under the right

conditions) allow for the construction of new ecological opportunity. This framework

provides avenues for future research in the ecological and evolutionary consequences
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of multicellularity. The experiments in this study were performed in highly controlled

environments, and the multicellular phenotypes described here are much simpler than

most other multicellular forms. However, if in an environment as simple as this, with

organisms as simple as the ones presented here, we can observe the evolution of such

ecological complexity and diversification, one can well imagine the potential that the

first multicellular forms had in a world that is immensely more complex than a test

tube.



Chapter 4

Spatial constraints and the cost

of being big

Abstract

Multicellularity provides multiple benefits. Nonetheless, unicellular life forms are

ubiquitous and there have been multiple cases of evolutionary reversal to a unicel-

lular organization. In this paper, we explore some of the costs of multicellularity as

well as the possibility and dynamics of evolutionary reversals to unicellularity. We

hypothesized that recently evolved multicellular organisms would face a high cost

of increased local competition in spatially structured environments. Through com-

puter simulations, competition experiments and selection in a spatially structured

environment we demonstrated that cost, suggesting that dispersal might have been

one of the main constraints in the evolution of early multicellular forms. To eval-

uate the evolution of reversals to single-cell forms, we propagated recently evolved

multicellular isolates of Saccharomyces cerevisiae in a spatially structured envi-

ronment. In this environment all isolates evolved a predominantly unicellular life

cycle. However, and despite strong selection and high convergence across lines,

the tempo and mode of these reversals was highly contingent on history and chance

suggesting epistatic interactions and a rapid reduction of the strength of selection

44
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as the frequency of unicellular individuals increases.

4.1 Introduction

Multicellularity provides multiple benefits like reduced predation (Maynard Smith and

Szathmáry, 1995; Stanley, 1973), advantages of cooperation (Pfeiffer, Schuster, and

Bonhoeffer, 2001; Michod, 2007) and potential division of labor between cells (Pfeif-

fer, Schuster, and Bonhoeffer, 2001). Despite these benefits, unicellular life forms are

ubiquitous and—throughout the history of life—there have been multiple cases of evolu-

tionary reversal to a unicellular organization (Medina et al., 2003; Rossetti et al., 2010).

Evolutionary reversals to unicellularity offer insights on the potential limits to multi-

cellularity and the ecological conditions favoring these different life forms. Reversibility

to unicellularity could result from conflicts between levels of selection. The evolution

of multicellularity involves cooperation and integration of previously autonomous uni-

cellular individuals into a larger and more complex organism. Thus, one of the major

challenges for the evolution of multicellularity is the ability to mediate conflict between

different cells within the organism, as well as between individual and collective interests

(Buss, 1987; Sober and Wilson, 1998; Michod, 2007). This conflict between levels can

lead to disintegration. In multicellular animals, for example, an increase of cellular au-

tonomy and a disruption of collaborative interactions are two major hallmarks of cancer

(Aktipis et al., 2015).

The difficulties of cooperation, nevertheless, are not the only constraints faced by

multicellular individuals. An increase in size restricts dispersal and nutrient acquisition

(Solari, Ganguly, et al., 2006; Sommer et al., 2016) and thus, is particularly problematic

in structured environments, with localized resources. These dispersal constraints prob-

ably played an important role as barriers for multicellular life to colonize land. Animals

had to evolve complex mechanisms of motility before they could leave the aquatic en-

vironment; the early evolution of land plants involved key innovations for dispersal and

increased spore protection (Graham, 1993) and many—if not all—of the terrestrial ori-

gins of multicellularity serve as dispersal structures (e.g. fruiting bodies of dyctiostelids

and myxobacteria; Bonner, 2000).
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The ecological conditions promoting the evolution of either multicellular or unicel-

lular life styles are not well understood, and dispersal challenges for the evolution of

multicellularity have rarely been studied. We propose that these challenges might in-

crease conflict between the cellular and multicellular levels, leading to disintegration

and even reversal to a unicellular lifestyle. To evaluate these ideas, we first extended a

model of resource competition to a spatially structured environment. Consistent with

previous results in group formation and foraging theory, cells pay a large cost of nu-

trient acquisition and per capita growth rates in large multicellular groups relative to

free-living single cells. In addition, we propagated recently evolved multicellular isolates

of Saccharomyces cerevisiae in a structured environment. As expected, we observed a

high cost of multicellularity on this environment and after only a few generations we ob-

served an evolutionary reversal to unicellularity in all the replicate populations. Despite

strong selection for unicellular phenotypes, history and chance played an important role

determining the tempo and mode of these evolutionary reversals.

4.1.1 Groups, limiting resources, and the importance of dispersal

One of the major limitations for group formation is the cost associated with higher

competition, since group living often implies a higher density of organisms. Even when

living in a group confers benefits of protection and efficiency of resource use, higher

fitness of group members in the absence of dispersal will likely lead to an increase

in group density and thus, intensified intraspecific competition. Theoretical work has

shown that this cost of increased competition within a group can cancel-out the benefits

of cooperation (even among close relatives) in conditions of limited dispersal (Wilson,

Pollock, and Dugatkin, 1992; Taylor, 1992; Queller, 1994).

These models expand Hamilton’s rule to account for competition between relatives.

With this approach they show that, in viscous populations (i.e. a population with

minimal dispersal), even though cooperation is favored by the high relatedness between

individuals in a patch, these benefits are matched by the costs of competition between

kin. The increased benefits of cooperation will increase the costs for other related indi-

viduals in the form of intensified competition (Taylor, 1992; Queller, 1994; West, Pen,

and Griffin, 2002). These models highlight the importance of the ecological details for

evolutionary dynamics. The evolution of cooperation will depend on the demographic
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structure, the availability of resources and, importantly, the relative scales of coop-

erative and competitive interactions. If cooperation remains local (where cooperative

individuals disproportionately benefit each other) and competition occurs at a larger

scale (avoiding the relative increased cost for cooperative genotypes) then cooperative

traits should be favored (Platt and Bever, 2009). Dispersal plays a central role in shap-

ing these dynamics: if cooperation occurs previous to a dispersal stage but before there

is very high competition, then cooperation can occur at a more local scale than competi-

tion. Similarly, if kin groups disperse in propagules they minimize the intensity of local

competition while maintaining a high degree of relatedness (Kümmerli et al., 2009).

Dispersal minimizes local competition and the risk of local extinction; it plays an

important role shaping ecological dynamics at multiple scales (Levins, 1969; Brown and

Kodric-Brown, 1977; Kerr et al., 2002). Dispersal is ubiquitous in the natural world;

fungi and plants have evolved many different mechanisms of spore and seed dispersal and

animal groups often divide and disperse in conditions of high competition (i.e. low re-

source availability or high population density; VanderWaal, Mosser, and Packer, 2009).

Dispersal has been largely studied from the point of view of its ecological consequences

as well as in the formation and maintenance of social groups. However, little attention

has been given to the importance of dispersal in the evolution of multicellularity. Mul-

ticellularity requires the formation of groups of cells with a high degree of cooperation

and a very low degree of competition between them (Maynard Smith and Szathmáry,

1995; Michod and Roze, 2001). The first step, the formation of a cohesive group of

cells (via aggregation or post-division adhesion) poses a challenge: this increase in cell

density is accompanied by increased competition (except in cases where increased cell

density allows for the exploitation of previously unavailable resources; Pfeiffer, Schuster,

and Bonhoeffer, 2001; Platt and Bever, 2009; Koschwanez, Foster, and Murray, 2011).

Even recent origins of multicellularity, however, evolved more than 200mya and since

then, multicellular life has adapted to multiple environments and it has evolved a myriad

of dispersal mechanisms. In this paper we explore the consequences of limited disper-

sal in a system with incipient multicellularity. Multicellular Sacharomyces cerevisiae

phenotypes evolved in our laboratory as a result of selection for fast settling. These

incipient multicellular phenotypes (from now on “snowflake yeast”) develop through in-

complete separation of mother and daughter cells and divide through fission facilitated
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by the evolution of increased rates of apoptosis. Dead cells weaken linkages facilitating

asymmetrical division of small clonal propagules (Ratcliff, Denison, et al., 2012; Rat-

cliff, Fankhauser, et al., 2015). This is a tractable system with limited dispersal (yeast

cells have no motility) where we can evaluate the consequences of spatial structure for

multicellular evolution.

4.2 Materials and methods

4.2.1 Strains and media

Ratcliff et al., (2012) performed a selection experiment in which a single clone of

Sacharomyces cerevisiae Y55 was used to initiate 10 replicate populations. After 60

days of gravitational selection, all of the populations had evolved multicellularity. The

strains used as the ancestors in our selection experiment were ten multicellular isolates,

one from each of the replicate populations mentioned above (for isolation procedures

see Rebolleda-Gomez, Ratcliff, and Travisano, 2012). All strains were grown in YPD

(1% yeast extract; 2% peptone and 2% dextrose) or YPD plates (15.5% agar). We used

the ancestral unicellular strain Sacharomyces cerevisiae Y55 and a single multicellular

isolate (C1W8.2) for the growth assays and estimation of growth parameters.

4.2.2 Growth curves

We measured the growth of liquid samples as changes in optical density at 600nm

(OD600) over time in a Tecan infinite 200Pro. Cultures (5 µL) were placed at different

concetrations of YPD (100, 75, 50, 25, 20, 15, 10 and 1%) in separate wells of a 24-

well plate with a total volume of 500 µL per well. Optical density was measured every

fifteen minutes for 24hrs. The plate was kept at 29.9 ◦C and shaken to keep multicel-

lular clusters from settling (between measurements: 300s linear shaking with 3.5mm of

amplitude, 300s of orbital shaking with 3.5mm of amplitude and 300s of linear shaking

again with 3.5mm of aplitude). To standardize these data we also measured optical

density of multicellular and unicellular cultures in a serial dilution and then extracted

and quantified the total protein content of these cultures through mechanical cell lysis

and Bradford assay. For the Bradford assay results we used the ratio of absorbances at
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595 over 450nm to extend the linear range and minimize errors associated with satura-

tion (Zor and Selinger, 1996). We performed linear regression to evaluate the relation

between optical density and total protein content with phenotype (unicellular or multi-

cellular) as factor. We found no effect of phenotype on the relation between OD600 and

protein content (A.2), so we removed phenotype from our model and used the resulting

estimates of intercept and slope (TotProt = 1.9 + 1.8OD600, R
2 = 0.76, F1,26 = 86.71,

p− value < 1 ∗ 10−9) to convert our OD600 data to total protein biomass in µg/mL.

Figure 4.1: Maximum intensity projection of stack with scanned plates at different
time points. The gray ovals denote the area selected for measurement.

To measure growth on plates we plated 20 µL of a 1:4 dilution of an overnight

culture of our unicellular and multicellular strains on mini agar plates (15.5% agar) on

the wells of a 24-well plate. We placed these plates on the incubator facing down on a

scanner without a lid and scanned the plates every half hour for 60 hours. We converted

the images to 8-bit and removed the background by subtracting the initial scan from all

following and increasing the contrast. We then selected an area (same size and shape for

all wells) that contained most of the culture but avoided the light reflection of the walls of

each well (4.1) and calculated the average pixel density for each of the samples over time.

We performed all of the image analysis using ImageJ2 (Schindelin, Rueden, et al., 2015).

We used a similar procedure for standardization (i.e. with cell lysis and Bradford assay),

but in this case we plated cultures of different concentrations and measured their density

using the same methods. We then re-suspended these cultures and measured the total

protein content. Again, differences in phenotype were not significant (A.3) and we used

the simpler model (only effect of pixel density on protein concentration) to calculate
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the total protein content of our growth curve samples (TotProt = 4.1 + 0.44OD600,

R2 = 0.63, F1,6 = 13.01, p− value = 0.01).

4.2.3 Simulation of growth on plates

For the simulations of growth on plates, we started with a grid of n patches, each with

the same amount of resources. The total amount of resources and number of patches was

set up such that the total population after a cycle (equivalent to 24hrs of growth) was

kept between 1∗107 and 2∗107 and therefore not diluted out. Then, an initial population

of 50,000 single cells was distributed randomly across the grid. Because multicellular

organisms in one of the experimental populations have on average 115 cells, we divided

the seed number of cells (i.e. 50,000) by 115 and randomly spread these individuals

on the grid. Then, we multiplied the number of individuals on each patch by the size

of a multicellular individual, sampled from a normal distribution with mean 115 and

standard deviation of 10 (given the large spread of sizes for each multicellular isolate).

We tested the effect of the variance on the size distribution on fitness but it only affected

the variation in outcomes with the same overall mean fitness (data not shown).

Once spread on the grid, cells grow in each patch according to equations 4.1 and 4.2

using the grand mean (unicellular and multicellular isolates together) of µmax and ks(see

Results). The value of α was chosen such that populations could reach the measured

population sizes given a total concentration of resources of ≈ 50000µg/ml. This value

(α = 0.00035µ/g ∗ cell) is larger than the weight of a single yeast cell, consistent with

the use of resources for metabolism and cell construction (Bryan et al., 2010) (software

available at https://mrebolledagz.wordpress.com/software/).

4.2.4 UV resistance

Percent survival was determined for several yeast strains along a gradient of UV light

exposure. We measured the survival of five unicellular strains and ten multicellular

strains (the same used for the evolution experiment). We grew all the strains for 24hrs

in YPD plated each strain in 5 YPD-plates at a 1:100,000 total effective dilution. The

liquid culture was evenly distributed on the surface of each plate and then the plates were

exposed to different times of high intensity UV radiation (without lid and facing down
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on the surface of a UVP LM-20 transilluminator at high intensity (8 watt, 365nm)).

Each strain was exposed to 0, 7, 14, 18, 21 and 28 seconds of radiation. We let all

plates grow for 48hrs and then counted the number of colony forming units in each

plate. Survival was calculated as proportion of CFUs with respect to the control plate

(0 second of UV light exposure). This experiment was performed in three replicates for

each strain.

4.2.5 Selection experiment

For this experiment we propagated in batch culture each of ten multicellular isogenic

strains of S. cerevisiae in six replicate plates with YPD agar (for a total of 60 plates).

Every 24 hours, we re-suspended each culture in 1ml of saline solution (0.85% NaCl).

These cultures were then diluted 4-fold. We then plated 20 µL of these dilutions on a

new YPD plate (for a total effective dilution of 1:200). Half of the plates derived from

each ancestral population were placed without lid and facing down in a UVP LM-20

transilluminator for 16s at high intensity (8 watt, 365 nm). Samples from each replicate

were frozen at −80 ◦C in 20% glycerol every week.

4.2.6 Population size over time

To determine the number of unicellular individuals over time (as well as the size dis-

tributions of each culture), we re-grew half of our frozen samples (all the time points

of all the replicate populations of five out of the ten multicellular ancestors). We grew

the strains for 24hrs of conditioning in YPD. We transferred the strains to fresh media

in a 1:10 dilution and let them grow again for 24hrs. Then these cultures were diluted

10-fold in saline solution and 1 mL of each sample was run through a flow cam using a

10X objective and a C70 syringe. The areas of all the clusters measured where recorded

and circularity and size filters were used to eliminate measurements of air-bubbles or

other particles in the media.

4.2.7 Data analysis

Differences in size distributions between treatments, isolates and replicates were eval-

uated with an ANOVA with time, treatment (UV or non-UV), ancestral isolate and
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replicate nested within ancestral isolate as factors. We used time as a categorical vari-

able to minimize the impact of large changes in variance over time. Similarly, because

we captured images with a volume (not a number) limit, our sample size for popula-

tions with high frequency of single cells were orders of magnitude larger than our initial

samples. To minimize the effects of this unbalanced design and constrain the size of our

data frame (n = 20405616 observations) we re-sampled a number equal to the length of

our smaller sample (nmin = 735) for each of our samples to finish with nsmall = 29400

observations. With a simpler model (ancestral population and replicate nested within

population as random factors) for each of the time points and for the different treatments

(UV and no UV) we calculated the relative contributions of adaptation (UV and non-

UV), history (ancestral population) and chance (replicate populations) following the

method proposed in (Travisano, Mongold, et al., 1995). We calculated the confidence

intervals for these parameters through bootstrapping with 1000 samples per estimate.

The response to dispersal selection was calculated as the difference in grand means of

tn and tn−1 instead of always calculating against t0. The magnitude of the response to

UV selection was calculated as the difference between the grand means of “UV” and

“no UV” treatments at each time point.

4.3 Results

4.3.1 Competition for resources in the absence of spatial structure

Multicellular snowflake yeast evolved in a simple environment where resources diffuse

freely; in this case, all spatial structure is imposed by the multicellularity itself (Libby

and Ratcliff, 2014,3). In this environment (and assuming that all cells have the same

resource uptake capabilities), all free-living single cells have equal access to resources.

The evolution of multicellularity, however leads to a spatial reorganization of cells. In

these multicellular clusters there are some cells (at the center) that—as a result of

limited nutrient diffusion or lack of space—are not dividing (Ratcliff, Denison, et al.,

2012; Libby and Ratcliff, 2014). Multicellular isolates pay a cost in terms of growth

and, in the absence of settling selection, have lower fitness than their unicellular ancestor

(Fig.4.2A).

In this environment, the rate of growth depends on the concentration of available
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resources R. The change of yeast cell density N over time can then be described with

a simple system of two differential equations:

∂N

∂t
= Nµ(R) (4.1)

∂R

∂t
= −N 1

α
µ(R) (4.2)

Where α is the yield (how many microbial cells get produced per microgram of

resources) and µ(R) is the Monod (Monod, 1949) function describing nutrient uptake

efficiency depending on resource concentration:

µ(R) =
µmax
R+KR

(4.3)

µmax is the maximum potential of growth in the absence of nutrient limitation and

KR is the concentration of resources at which growth is half the maximum growth rate

(Monod, 1949; Stewart and Levin, 1973). Differences in growth between multicellular

and unicellular isolates can be reflected in either or both of these parameters, depending

on the mechanisms of limitation. The maximal growth rate (µmax) will be lowered if at

high resource concentration there are still cells growing (and consuming resources) but

at a slower rate (limited by space and diffussion of nutrients). Whereas the saturation

constant (KR) will be lower if—as expected for unicellular isolates—at a low concentra-

tion of resources there are more cells growing and actively converting resources into cell

material (Monod, 1949). Our results suggest that both of these processes limit growth

of derived multicellular lines relative to their ancestor (Fig.4.3), resulting in a net cost

in relative fitness when grown in competition (Fig.4.2A).

To illustrate these results, assume that these multicellular individuals are spheres.

We can assume that only an external layer of cells are growing. We can then calculate

this volume (Bg) for each cluster i as:

Big =


4π
3 (R3

i − (Ri − nri)
3) Ri ≥ nr

4π
3 (R3

i Ri < nr
(4.4)

Where Ri is the radius of the cluster i, r is the radius of a cell and n is the depth
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of the growing outer layer in number of cells. With small values of n, the proportion

of growing cells rapidly decreases. The internal volume of a cluster grows much more

rapidly than the external layer. Therefore, in populations of single cells and small

clusters were nr ≥ Ri all cells are growing, but as the size of clusters increases this

proportion drops.

Assuming a constant distribution of sizes for each isolate and spherical multicellular

clusters we calculated the proportion of biomass growing for five different populations

(n = 3cells, r = 2.5µm). Differences in sizes (and thus proportion of cells growing) are

consistent with differences in relative fitness of multicellular isolates against their uni-

cellular ancestor (Fig.4.2). This model is a simplification of growth to facilitate compar-

ison between this mass-action environment (with resources distributed homogeneously

in space) and a spatially structured one. Snowflake phenotypes are not perfect spheres.

However, this assumption of sphericity overestimates the costs of being multicellular in

liquid, providing an upper bound for the costs of these multicellular phenotypes in the

absence of settling selection (this overestimation of costs explains the large value of the

intercept: β0 = 0.79 in Fig.4.2B).

Our results here highlight the costs of being in a large group in an otherwise ho-

mogeneous environment. In this environment, competition for resources still occurs—

primarily—at a global scale. Resources are evenly distributed across the environment

with most cells having equal access, especially in smaller individuals where all cells have

the same potential for resource use and growth. Even in large clusters, a large amount

of biomass is actively growing. Additionally, multicellularity increases the probabil-

ity of interaction with a closely related cell (Ratcliff, Fankhauser, et al., 2015). In

these conditions cooperation is likely to be favored and competition within a group is

minimized. The advantages of group formation and cooperation do not need to be very

large to outweigh the costs. Multiple observations are consistent with these conclusions:

multicellularity readily evolves in this environment (Ratcliff, Denison, et al., 2012), co-

operative traits like secretion of a catalytic enzyme (invertase) can favor the evolution of

multicellular phenotypes (Koschwanez, Foster, and Murray, 2011) and snowflake yeast

phenotypes do not easily revert back to unicellularity even in the absence of settling

selection (data not shown).
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Figure 4.2: Costs of multicellularity in different environments. A. Fitness costs of
five multicellular isolates from different source populations (represented by different
symbols) in competition against their unicellular ancestor in liquid (gray) and on plates
(black). Data points are mean values (n=3) and error bars represent one standard
deviation. B. Relation between calculated proportion of cells growing (assuming perfect
spheres and that an external layer 3 cells thick is the only part actively growing; see
text for details) and relative fitness (against unicellular ancestor) in liquid.

4.3.2 Increased cell–cell competition and the costs of being big in a

structured environment

In a structured environment, like a solid agar plate with media, dynamics are very

different. In this environment resources are locally distributed and therefore the effects

of neighboring density and local competition are more important. To test this idea,

we used microbial growth in terms of biomass as described by equations 4.1 and 4.2.

However, in this case, resources are distributed across the plate and cells only have

access to local resources, thus, competition is more intense at a local scale.

In this environment differences in growth between unicellular and multicelluar iso-

lates are shaped by local competition and the initial distribution of cells (i.e. the initial

density of cells in each location). Given that single cells cannot disperse after cell-

division, dynamics of growth and resource uptake are expected to be similar to that of

cells in a multicellular cluster. To test this prediction, we plated the unicellular ancestor

or one of the derived multicellular phenotypes (the same strains we used to evaluate

differences on growth in liquid media) at high densities on wells of a 24-well plate, with
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Figure 4.3: Resource dependent growth of multicellular and unicellular isolates on
liquid media (A) and on agar plates (B). Points are the estimated growth rates from
the growth curve data (n=3 liquid and n=6 for plates) and the line is the fitted Monod
equation (see text). Small panels show estimates of µmax and Ks with their confidence
intervals.

a different concentration of nutrients (ranging from 0.1-100% YPD). These plates were

scanned in the incubator every half hour for 60hrs to calculate growth and growth rates–

data was converted to µg/ml of protein for meaningful comparisons between growth in

liquid and on plates (see methods). As expected, and in contrast to our results in liquid

media, when grown on plates both unicellular and multicellular isolates display the same

dynamics of resource-dependent growth (Fig. 4.3), with same values of KR and µmax.

To model the dynamics of growth on plates, we assumed a squared surface, where

resources are distributed evenly across different patches and cells only have access to the

resources in their patch. Once resources in a patch have been consumed, cells produced

at the last time point disperse into the adjacent patches. It is important to note that

the area of the patches in this model depends on the initial resources in the patch

(assuming a constant maximum density in cells per area, larger carrying capacities, i.e.

more resources in a patch, imply larger areas). Thus, we can think of these patches as

the area on the plate we are measuring at a given time. Although this model does not

explicitly include diffusion of nutrients, one can think that each patch is the area at
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which dispersal of resources has a significant effect on cell growth. Explicit descriptions

of resource diffusion have been shown to be important in describing interactions of

microbial cells on spatially structured environments (e.g. Harcombe et al., 2014; Mitri,

Xavier, and Foster, 2011). However, the effect of resource diffusion on growth rapidly

decreases with distance (Chacon, J. unpublished data) and all the experiments (and

simulations) done here were performed at high cell densities with microbes growing and

consuming resources at a faster rate than diffusion outside immediately adjacent areas.

Given that both single-cells and multicellular clusters have the same growth dy-

namics, differences in fitness depend their ability to disperse and secure local resources.

Large multicellular clusters can rapidly outcompete their unicellular counterparts within

a patch because they start with a larger population size, and rapidly secure resources.

At the plate scale, however, unicellular cells tend to be better distributed across the

plate (Fig.4.4), able to access more resources per cell, therefore increasing their popu-

lation size at a faster rate. After 24hrs of growth in these simulations, populations are

diluted and dispersed into a new plate. Each of these dispersal events allows single-cells

to expand their access to nutrients and thus increase their fitness advantage (Fig.4.4).

These simulations are based on our experimental system, and although periodic

serial transfer events are imposed by the researcher, temporally varying environments

and alternation between growth and dispersal events are common in nature. Thus, the

results of these simulations highlight one of the main costs of group living (viz. increased

intra-group competition), as well as the importance for dispersal of smaller propagules

(or fractions) in the evolution of large, cooperative groups.

4.3.3 The cost of dispersal and evolutionary reversal to unicellularity

To measure the evolutionary costs of multicellularity, we grew five of these multicellular

isolates—each in competition with its unicellular ancestor—in two different environ-

ments: liquid media with constant agitation (mass-action) and agar plates (spatially

structured). As predicted by our models, in the absence of selection, fitness of multi-

cellular isolates was lower than their unicellular ancestor, indicating that multicellular

individuals paid a cost in terms of growth (values different from 0, Fig.4.2). Further-

more, consistent with the idea that multicellularity pays a high cost due to limited

dispersal and increased local competition, the costs on fitness were consistently greater
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in the spatially structured environment (Fig. 4.2), even though, growth dynamics of

multicellular and unicellular isolates show no differences in this enviornment (Fig. 4.4).

Given that unicellularity confers an advantage in a structured environment, we then

asked about the ease with which unicellularity can re-evolve from recently evolved mul-

ticellularity. To this end, we initiated three replicate populations with each of the five

multicellular yeast isolates mentioned above. We propagated these isolates on rich me-

dia plates for 30 days. Every day, after 24hrs of growth, we re-suspended and mixed all

the cells in the media, diluted them 200-fold and re-dispersed them onto a new plate (in

a manner equivalent to the procedure in our simulations). In fewer than two weeks all of

the populations were dominated by single-celled individuals or very small multicellular

organisms (3-cells or less)(Fig. 4.5).

Our results here contrast with previous observations in this same system where

multicellular isolates have been transferred in liquid without settling selection for over

150 days without reverting to single-cells (data not shown). These results are consistent

with our theoretical expectations, where on liquid, in the absence of settling, there is

still selection for a reduction in size, but the strength of selection decreases exponentially

with smaller cluster volumes, until all cells in a cluster are growing at the same rate–at

which point growth is equivalent to single cells. Instead, on plates, fitness differences

are high for a larger range of volumes: fitness should only be equal to single cells at

very high initial cell densities, where the probability of high resource competition in

single-cells equals that of cells in a multicellular organism. In our selection experiment

this probability is extremely low given that each cell is approximately 5µm2 in area and

the cell density at the beginning of each transfer is one cell per 16490µm2. The results

of our selection experiment are consistent with this strong and sustained selection for a

reduction in size.

4.3.4 Cost of dispersal outweighs some of the benefits of multicellu-

larity

To evaluate the importance of selection for evolutionary reversals to unicellularity we

exposed different multicellular isolates to varying times of UV radiation. Stressful envi-

ronments provide a good context for studying adaptive processes. In these conditions,
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selection tends to be strong. Microbes often encounter environmental stresses like nu-

trient limitation, extreme temperatures, desiccation, toxins, sub-optimal pH or salinity

and UV light. Of all these sources of stress, we used UV light because it is easy to

manipulate, imposes strong selection, and our isolates vary in their response to this

environmental factor (Fig.4.6).

Figure 4.6: Survival curves in response to different exposure times to UV radiation.
In general multicellular clusters are more resistant to UV radiation (solid pink-purple
lines) than their unicellular counterparts (dashed black lines) with the exception of very
small multicellular individuals. Each line represents the dynamics of a different isolate
and was calculated as the mean value between three replicates.

We hypothesized that group formation would be beneficial and increase survival

against UV radiation because internal cells would be protected against UV exposure.

In this way, the dynamics of UV protection should be dependent on the relation be-

tween surface area and volume in these clusters. In agreement with our expectations,

multicellular isolates are more resistant to the effects of UV radiation than unicellular

ones, with the exception of very small multicellular isolates where we would expect all

cells to be exposed to the radiation (Fig.4.6). By 16s of exposure to radiation, almost no

single cell survives while big multicellular isolates still have a survival of ≈ 20%. Based

on these observations, we started another 3 replicate populations from each of the five
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ancestral isolates, and performed a similar selection regime. In this case, exposing the

plates to 16s of UV radiation after each transfer. In these treatments we still observed

rapid evolution of unicellular reversals, despite the strong benefits of multicellularity.

Overall, however, we still observed slower rates of substitution in the UV treatments

(Table 4.1, Fig.4.5, Fig.4.7).
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on size and small individuals are favored. Overtime, as individuals become smaller the
contribution of selection decreases and the effects of chance and history are more evi-
dent. As populations revert to a unicellular phenotype, differences are small and due
to stochastic variations in the frequency of larger individuals. The effects of UV are
largest at the beginning (delaying reductions of size) and again significant towards the
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bottom panel is the grand mean difference between the two treatments throughout the
experiment. Error bars are 95% confidence intervals obtained through bootstrap (1000
samples for each point).
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4.3.5 Directionality in evolution and the importance of chance and

history

Despite a high degree of convergence between populations, and a clear effect of costs

(structured environment) and benefits (UV protection), in this experiment we still ob-

served a high degree of variation in the tempo and mode of evolution. Different pop-

ulations displayed different patterns of reversal (i.e. going directly from multicellular

isolates to single cells vs. a more gradual reduction in size) and differences in the rate

of fixation of unicellular phenotypes and the prevalence of multicellular individuals over

time (Fig. 4.5).

This variation is explained by history (ancestral source) as well as chance (variation

among replicates) (Table 4.1, Fig. 4.7). The contributions of history and chance vary

over time and between treatments. In the absence of UV there is a strong selection

for a reduction of size but this reduction varies substantially between replicates within

each population. After eleven days there is no significant overall change in size, but

the transition is slower in populations with a more continuous reduction in size (4 and

5; Fig. 4.5), with consistent larger sizes up to the twentieth transfer (Contribution of

history, Fig. 4.7). After twenty days all replicates and all populations have fuctionally

reverted to single cells and variation between replicates is due to stochastic variation in

the frequency and size of very small multicellular individuals (2-4 cells).

The role of history seems to be more important in those populations exposed to

UV, where the selective effects of the first changes (in terms of reduction of size) are

partially counteracted by UV selection (lower panel, Fig. 4.7). Such an effect is highly

dependent on genetic background, likely due to epistatic effects of the first mutations

and the phenotypic effects of these mutations (largely discrete or more continuous)

(Figs. 4.5, 4.7).

In both treatments these results highlight the importance of mode in evolutionary

tempo. Here we show an example of the dynamics of a rapid evolutionary transition,

with strong initial selection and, as size decreases and therefore the costs of local compe-

tition are reduced, the relative role of neutral processes increases. Finally these results

underline the importance of local competition, greatly undermining the effects of UV

selection.
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Table 4.1: ANOVA table for roles of selection, history and chance in reversals to unicel-
lularity. Log transformed area was the response variable and time, treatment (UV or No
UV), ancestral population (history) and replicate (nested within population: chance)
were the factors. Time was modeled as discrete variable to minimize problems of vari-
ance heterogeneity.

DF Sum of Sq Mean Sq F-score p-value

Treatment 1 97.556 97.556 91.272 <2.2e-16***
Time 8 20026.909 2503.264 2342.096 <2.2e-16***
Population 4 589.128 147.282 137.794 <2.2e-16***
Treatment:Time 8 68.984 8.623 8.068 <2.2e-16***
Treatment:Population 4 148.286 37.072 34.683 <2.2e-16***
Time:Population 31 680.081 21.983 20.525 <2.2e-16***
Treat:Time:Pop 31 229.405 7.400 6.923 <2.2e-16***
Treat:Time:Pop:Rep 147 1036.445 7.051 6.596 <2.2e-16***
Residuals 29164 31172.119 1.069

4.4 Conclusion

The history of life is marked by events of rapid evolution and increased complexity.

Many of these transitions involve the integration of units previously capable of growth

and reproduction of their own into a larger individual: independent replicators into

chromosomes, prokaryotic cells into the complex and compartmentalized eukaryotic cell,

single cells into multicellular organisms, and different organisms into complex societies

(Maynard Smith and Szathmáry, 1995; West, Fisher, et al., 2015). It has been proposed

that the first step in these evolutionary transitions is the evolution of cooperative groups

(West, Fisher, et al., 2015) and while cooperation and alignment of fitness is required

for multicellularity, this emphasis obscures the importance of other ecological drivers

and limits to multicellularity.

Taken together, our results suggest that the formation of large multicellular groups

increases local competition and limits access to nutrients in a spatially structured en-

vironment with a relatively homogeneous distribution of resources. Instead, in liquid,

clonal multicellularity increases spatial assortment of genotypes (favoring cooperation)

while maintaining competition at a more global scale (reducing the cost relative to the

structured environment)(Platt and Bever, 2009). It is possible that the first step for

these transitions of individuality is the evolution of more or less stable groups, and that
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cooperation and increased heritability might, initially, be the result of the life-cycles

and demographic dynamics of these groups. Incipient multicellular organisms can then

evolve other ways to reduce evolvability and conflict at the cellular level.

In this experiment the costs of multicellularity in spatially structured environments

were enough to rapidly select for reversals to unicellularity. However, as multicellular

organisms adapt, they accumulate mutations that might be neutral or slightly beneficial

for cells in a multicellular organism, but come with a cost for free living cells. Moreover,

integration of multicellular organisms is often associated with traits that might increase

fitness of the multicellular individual as a whole but are costly in terms of cell-level

fitness. The accumulation of these mutations can rapidly ratchet cells into a group life

cycle, constraining the potential of reversibility to unicellularity (Libby and Ratcliff,

2014). Consistent with these predictions, most expression changes in these populations

occur after the evolution of the first multicellular isolates (Fankhauser unpublished

data), and reversals to unicellularity in this experiment show signals of epistasis of

“unicellular mutations” in different multicellular backgrounds—with strong effects of

history affecting the mode (and therefore the tempo) of evolution, specially when faced

with trade-offs like the UV treatments.

Understanding ecological processes and the ways they change as organisms evolve

allows us to better understand different evolutionary trajectories. In similar experi-

ments (Rebolleda-Gomez, unpublished data), we have shown that in liquid, reversals

to unicellularity tend to be more of a gradual reduction in size, as expected by the

immediate reduction of costs with reduced sizes. Instead, on plates, the evolution of

unicellularity is a more discrete change (except in some replicates of populations 4 and

some of the UV-treated ones of population 5: fig.4.5), but, as expected from our model,

once multicellular organisms are present only in a small frequency and small sizes, se-

lection is weak and the role of chance becomes more prominent (4.7). Reversals to

unicellularity highlight the limits and constraints of multicellular organisms. This work

emphasizes some of the ecological limitations of multicellularity and the importance of

spatial structure in the evolutionary dynamics of transitions in individuality.



Chapter 5

Traversing conceptual skyways:

Modularity in evolution and

development

Abstract

Modularity has become one of the central concepts in evolutionary developmental

biology. As with many other concepts in biology, there is little agreement on a sin-

gle definition of modularity. Instead multiple definitions are constantly being used.

I argue in this paper that this plurality of definitions has facilitated the integration

of different disciplines as well as explanations corresponding to different levels of

organization. I propose here that common notions of modularity, abstracted from

particular contexts, serve as “conceptual skyways” (definitions abstracted from

context highlighting some of the important properties of a family of resemblance

for a set of problems or questions) to bridge between operational definitions tied

to particular questions and practices, thus facilitating interdisciplinary research.

1

1This chapter was writen as a result of my interdisciplinary fellowship at the Minnesota Center for
Philosophy of Science.
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If it is to give a satisfactory explanation of a wide range

of events in the world in a variety of circumstances, a

theory necessarily must contain some logically very

powerful element that is flexible enough to be applicable

in so many situations. Yet the very logical power of such

a system is also its greatest weakness, for a theory that

can explain everything explains nothing.

-Levins and Lewontin (1985)

Modularity is a concept that is used in multiple ways and in many biological dis-

ciplines. Concepts of modularity span from the very empirical to the very theoretical,

from more concrete to more abstract; they can be used in a more descriptive or more

explanatory manner. This multiplicity of notions is often acknowledged in the litera-

ture, but commonly described as a (maybe unavoidable) problem. Schlosser and Wagner

(2004,p.4), for example, write that: “At present, retaining a pragmatic pluralism of dif-

ferent modularity concepts is probably a fruitful strategy to broadening our perspective

and illuminating the importance of modularity at many different levels of organiza-

tion. Finally, however, we should venture to make the deep relationship between these

different concepts explicit in order to go beyond anecdotal storytelling and provide a

firmer theoretical basis for analyzing the roles of modules in the dynamics of complex

systems” 2. Despite the apparent problem of having a multiplicity of definitions, ideas

of modularity are often valued because of their generality and the possibility to apply

them across contexts.

Philosophers and scientists are often wary of concepts that might create misunder-

standings and unnecessary debates. But in practice we frequently work with concepts

that have a plurality of definitions (e.g. life, species, gene) and this ambiguity does

not seem to hinder research 3. Usually concepts are used within certain communities,

practices and values and the terminology is clear within each context 4. Scientific com-

munities, however, are not isolated and there is frequent communication between fields

2Another read of Schlosser and Wagner could be advocating for a view similar to what is presented
here: where a general definition is productive as a way to make connections between different notions
but cannot replace these more concrete descriptions.

3Grosholz 2007 argues that ambiguity is often a productive way of advancing science. Although her
argumentfocuses on forms of representation, especially in mathematics, I would argue that something
similar can be found the language used in biology.

4See for example Waters 1994 for an analysis of the gene concept.
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and with other communities within society. I am interested in how concepts are used

across disciplines and in interdisciplinary research. What allows a concept to be used

in so many contexts? What do we gain by this generality? What do we lose?

First, I will show how a common concept of modularity (one that is abstracted from

particular contexts) has worked well as a generic explanation that provides ground to

compare and translate between evolutionary and developmental biology. I will argue

that this success relies on there being—at the same time—a plurality of particular,

contextual descriptions of modularity. Then, to describe the relation between a common

notion and the multiplicity of operational descriptions of modularity I will introduce

the idea of conceptual skywaysa description from a “bird’s-eye view” that allows one to

move between descriptions grounded in particular practices and disciplines. Lastly, I will

conclude with some of the limitations of these skyways and the potential of modularity

as a conceptual skyway for future research in multicellularity and to stimulate future

discussions and analyses.

5.1 A common notion of modularity: autonomy and inte-

gration.

A module is, in general terms, a group of elements cohesively integrated by a high

number of interactions among those elements and a relatively low number of interactions

with other similar units (Bolker, 2000; Wagner and Mezey, 2004). This characterization

underscores two general properties of modules: first, the interactions within a module

confer integration to this unit, and second, the low number of interactions between

modules generates a high degree of autonomy (Wagner and Mezey, 2004).

This common description of modules outlines some of the general properties and

allows for a broad understanding of modularity that is valuable to relate problems from

different fields and translate between them. In his classic 1962 paper, Herbert A. Si-

mon travels along disciplines describing general properties of complex systems: from

organisms to social and symbolic systems. In this work, he develops a notion similar

to that of modularity: nearly-decomposable systems with subsystems interacting in a

weak but not negligible manner. He argues that most complex systems are hierarchical

and that a hierarchical assembly makes possible the evolution of very complex entities
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in a relatively short amount of time. This hierarchical construction process, he says, is

prevalent in engineering, the construction of social institutions, as well as the evolution

of organic beings. Simon, however, points out that what he is comparing is complexity

and organization within the systems more than the actual systems themselves: “The

developments I shall discuss arose in the context of specific phenomena, but the the-

oretical formulations themselves make little reference to details of structure. Instead

they refer primarily to the complexity of the systems under view without specifying the

exact content of that complexity” (p. 467). Furthermore, he recognizes the limits of

analogies and—in the text—he invites readers interacting with particular systems to

evaluate the usefulness and applicability of his model.

In a more recent example, Brett Calcott 2014 makes interesting analogies between

software design and evolutionary systems. He proposes that modularity is useful in

software design because it facilitates modification and the implementation of novel func-

tions. In a similar way, modularity is understood to facilitate the evolution of complex

biological systems and the evolutionary origin of novelties (pp. 306-307). Calcott’s

paper shows how analogies between fields can be highly productive, providing new

questions and frameworks for interpretation. Working through the analogy between

software engineering and evolvability highlights the importance of interfaces providing

the rules for integration and recombination of modules and allows Calcott to ask if there

is something like an interface in biology. Despite these similarities, however, this paper

also shows that an abstract definition has limitations: it provides common properties

to make productive analogies, but it fails to account for important differences between

systems. There are biological processes—like the cell’s self-organizing properties—that

do not have a clear analogy in software engineering but that might play an important

role in generating neutral variation and allowing for increased evolvability in organisms.

These two examples highlight the importance of an common notion of modularity

facilitating connections and insightful analogies between disciplines, while drawing at-

tention to the limitations of these analogies. The two main properties of this common

definition—integration and autonomy—have important consequences in evolutionary

and developmental processes. In terms of evolvability, as integrated units, modules can

act as building blocks for evolution to work upon. By way of analogy, the probability

that a monkey hitting keys (letters - one type of unit) at random on a typewriter will
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eventually re-create Shakespeares Hamlet is very small. However, if instead of letters,

the monkey types English words (a higher level unit), the probability dramatically in-

creases (Valentine, 2004, pp. 78-79). In a similar way, the evolution of modules at

one level (analogous to the letters-to-words transition) facilitates the origin of further

complexity (analogous to the words-to-sentences transition)5. In addition to acting as

building blocks for evolution, modules also have a higher chance of persisting in the

population as a result of their autonomy because a mutation affecting one module will

not necessarily affect the organism as a whole (Wagner and Altenberg, 1996; Bolker,

2000). As Lewontin 1978 argues, if different parts of an organism were not relatively

autonomous 6 with respect to the others, adaptation of complex systems would be im-

possible. The relative autonomy of modules facilitates (or even makes possible) the

evolution of complex traits by reducing the pleiotropic effects of mutations (Wagner

and Altenberg, 1996; Bolker, 2000).

In terms of development, modular autonomy provides some context insensitivity

during development, providing robustness and reliability throughout ontogeny. And

integration of these developmental modules provides general patterning functions (e.g.

establish symmetry axes) that are reused in the morphogenesis of multiple structures

(Raff, 1996). These general models allow us to identify commonalities between evolu-

tion and development and the ways in which relative autonomy of units is important in

allowing change while still maintaining some stability. This works because in this com-

mon definition, integration and autonomy are not specified (they are abstracted from

the details of particular contexts). In each context operational notions specify different

ideas of autonomy and integration.

5 This is the argument that Simon (1962) makes with respect to nearly-decomposable systems. “The
time required for the evolution of a complex form from simple elements depends critically on the numbers
and distribution of potential intermediate stable forms” (p. 471).

6Lewontin refers to this autonomy as quasi-independence and he describes it in terms of the fitness
consequences of mutations on other characters relative to the fitness consequences on the character
of interest. He writes “[T]here exists a large variety of paths by which a given character may change;
although some of these paths may give rise to countervailing changes in other organs and in other aspects
of the ecological relations of the organism, in a reasonable proportion of cases the countervailing effects
will not be of sufficient magnitude to overcome the increase in fitness from the adaptation. In genetic
terms, quasi-independence means that a variety of mutations may occur, all with the same effect on the
primary character but with different effects on other characters, and that some set of these changes will
not be at a net disadvantage.” (p. 80)
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5.2 Multiple characterizations of modularity

The living world that we try to grasp as biologists is highly complex and heterogeneous.

Organisms interact with each other and their environment at different scales in time

and space. Different parts of an organism might be relevant for certain processes but

no so much for others: for example, seeds are a major innovation largely responsible for

the evolutionary success of spermatophytes (i.e. plants with seeds) but these protected

embryos are not necessary for photosynthesis. Different modules and interactions be-

tween them will be relevant depending on the phenomena of interest, the temporal and

spatial scales of our work, the methods we are using, the boundaries of our system, the

practices in our field and our epistemic values.

As Kauffman argued in 1970 “Typical explanations in biology exhibit the manner

in which parts and processes articulate together to cause the system to do some partic-

ular thing”. He argues that, depending on our interests and questions, we can think of

organisms as doing an indefinitely large number of things, and because our partitions

will depend—at least partly—on the process of interest, then an organism can be de-

composed in indefinitely many ways 7.These partitions, as Kauffman explains, depend

on the use of an “adequate description” of the organisms activities. These “adequate

descriptions” guide our decomposition of the organism into the relevant “interrelated

parts and processes”. Therefore, our partitions depend on the criteria we use in consid-

ering descriptions adequate for our scientific practices, what Powers (2014) calls criteria

of characterizational adequacy.

Different practices, questions and approaches require different characterizations of

modularity, different ideas of: what the relevant units are, how they are integrated

and in what way, to what degree and with respect to what frame of reference they are

relatively autonomous. Consider studies about flowers and flowering plants: different

organs are relatively independent from the organism as a whole and, as Goethe (1790,

2009) pointed out in his “Metamorphosis of plants”, these modules 8 are co-opted for

the development of other structures.

7William Wimsatt (1972) agrees with Kauffman and argues that complex systems (like organisms)
can be recognized because multiple partitions will not necessary share spatial boundaries.

8Goethe did not use the concept of module, but his writings and observations have shaped our ways
of thinking about plants development and plants as highly modular entities.
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“(...) Commends the unfolding of the delicate leaf

To the sacred goal of ever-moving light!

Asleep within the seed the power lies,

Foreshadowed pattern, folded in the shell,

Root, leaf, and germ, pale and half-formed (...)

Artless the shape that first bursts into light

The plant-child, like unto the human kind

Sends forth its rising shoot that gathers limb

To limb, itself repeating, recreating,

In infinite variety; tis plain

To see, each leaf elaborates the last (...)

The crowded guardian chalice clasps the stem,

Soon to release the blazing topmost crown.

So nature glories in her highest growth,

Showing her endless forms in orderly array (...)”

More recently, Friedman and Williams (2003) describe the development of the game-

tophyte in flowers as the co-option of a module. Their notion of modularity is similar

to that of Goethes as a unit that is repeated for the development of new structures

within a plant. In this case, however, the authors are referring to a module that has

been duplicated through evolution giving rise to a novel phenotype. According to their

theory, within the development of the gametophyte in flowers there are a series of highly

integrated processes that have been co-opted (duplicated) in the evolution of the seven-

celled/eight-nucleate “Polygonum-type female gametophyte”. And thus they conclude

“that four-celled female gametophytes can be viewed as a basic and modular unit of

developmental evolution for angiosperm female gametophytes.”

Using empirical data of gene-expression, Espinosa-Soto et al., (2004) give another

account of modularity during flower development. These authors modeled the devel-

opment of Arabidopsis thaliana flowers through a dynamical network where changes in

gene expression are determined by a series of logical rules together with the inputs of
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genes in the previous step. Using this approach, the authors accurately reproduced em-

pirical results of network disturbance like the patterns of expression in known mutants.

They propose that this network is a module because it is highly insensitive to initial

conditions and small disturbances (making it relatively autonomous). Their approach

is developmental and focuses on modular autonomy as context insensitivity.

These examples illustrate that even within a relatively narrow set of phenomena,

the development of flowers, there are multiple approaches, questions and practices—and

in each of these cases different notions of modularity are used. Goethe was interested

in the development of the whole plant. Aesthetic values are central in his explanations

of nature and his main goal is the search of modifications from an archetype Richards,

2002. In some ways the leaf as a module is the archetype from which all other plant

organs are modified. Friedman and Williams are focusing on the evolutionary origin of

variation in the oocyte-producing angiosperm gametophytes. They use morphological

evidence within a phylogenetic context to make their claims. Thus, their notion of

modularity is more similar to the idea of a variational module as a set of correlated

traits that act as an evolutionary unit Wagner and Mezey, 2004. Lastly, Espinosa-Soto

and collaborators are interested in constructing a simple but predictive and realistic

model of Arabidopsis thaliana. Interactions within their system are constructed through

logical operators and modularity is defined from a developmental perspective—focusing

on context insensitivity.

Within these three works on flower development there is already a plurality of defi-

nitions and it is not clear how one could generate a unique definition that would encom-

pass all these ideas; nor is it clear why that would be desirable. Biological phenomena

comprises so much more than flower development, and biological research has been pro-

ductive despite—and probably because—of this rich world of concepts and descriptions.

Our world is highly complex and our brains can only process a certain amount of in-

formation at any given time; our interactions with this world are always mediated by

our experimental design, our frameworks, methods, and previous knowledge, our values

and those of our scientific communities. Thus it seems impossible to create a single

account of modularity that would successfully include all others. As Kellert, Longino

and Waters (2006) argue:

“In many complicated situations, investigation is not feasible unless investigators
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parse causes. In some cases, there are alternative ways to parse causes and one

cannot parse the causes in the alternative ways at once. Some parsings are advan-

tageous for explaining (and/or investigating) some aspects of the situation, other

parsings are advantageous for accounting for other aspects. In such cases, we could

say that each account emphasizes some causal aspects of the situation while obscur-

ing others. In fact, an acceptable scientific model might describe some facets of the

situation extremely well (e.g., the potential causal influence of some factors) while

actually distorting other facets (the potential causal influence of other factors).”

(p. xiv)

Scientific communities with different views, values and practices often come in com-

munication with each other. In many instances there are points of conflict and negoti-

ation, but despite the great multiplicity of definitions and models there is often under-

standing. How is it that—as scientists—we are not routinely confused or talking past

each other? 9I would argue that, in the case of modularity, a common definition—so re-

moved from context that it is no longer operational as such—facilitates communication–

acting as a skyway to draw connections between different context-situated notions.

5.3 Modularity in evolution and development: A pluralist

stance

If we accept that there are different ways of partitioning living systems, that these

partitions can be partially overlapping and sometimes even contradictory, and that most

of the time they cannot be integrated with one another without some loss of content;

then, interdisciplinary integration poses a challenge. How do different disciplines with

their own criteria for what counts as a good explanation productively communicate with

each other while maintaining their own epistemic values and criteria of adequacy?

Evolutionary developmental biology (Evo-Devo) is an interdisciplinary science, try-

ing to integrate different biological approaches, descriptions and explanations: from

development and genetics to phylogenetics and paleontology. This integration is of-

ten done around complex problem domains with associated criteria of adequacy (Love,

9Sometimes there are problems of communication and talking pass each other in scientific debates,
but I am interested here in the cases in which there is a productive interdisciplinary exchange.
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2008). But integration is seldom clean and easy: even in cases where there is agreement

on the overall criteria of adequacy, each discipline has its own set of rules, practices and

particular criteria. These differences between fields are desired for a productive mul-

tidisciplinary research program where each discipline contributes to the research with

different viewpoints and approaches. However, these differences are often a source of

conflict and misunderstanding.

Partitioning the whole into biologically relevant parts is in general required for evo-

lutionary and developmental biology practices: phylogenetic reconstruction and studies

of phenotypic evolution require recognizing traits and their changes over time and in

different lineages; developmental biology involves the independent study of different

morphogenetic processes as well as the experimental manipulation of such processes

(Von Dassow and Munro, 1999). The relation between developmental and evolutionary

modules is central for understanding the evolutionary consequences of the developmen-

tal architectures of different organisms—one of the main goals of Evo-Devo (Müller,

2007). But differences and misalignments between uses of modularity are at least as im-

portant as the clear mappings and equivalences. Recognizing these differences involves

a pluralistic view that allows for the coexistence of multiple potential partitions, each

constructed and evaluated within the practices and values of a community.

Even within Evo-Devo there is coexistence of multiple definitions of modularity.

Each of these notions of modularity can be generally characterized in terms of their in-

tegration and autonomy. Developmental modules can be characterized as an integrated

series of processes that are relatively insensitive to context and external perturbations

(relatively autonomous). In his characterization Raff (1996) enunciates a series of crite-

ria for developmental modules: 1) they should have an autonomous, genetically discrete

organization, 2) be part of a hierarchical system, where modules can occur at multiple

levels and be part of other modules, 3) modules should have physical locations within

the developmental system, 4) modules have varying degrees of connectivity with other

modules and 5) modules undergo temporal transformations. Thus, developmental mod-

ules are dynamic entities that at least in part of development have a clear physical

location andbecause of their context insensitivity—can be experimentally induced in

other parts of the body or even in other organisms.

Instead, in evolutionary biology, modules often refer to variational modules: a set
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of traits that vary together (variation in one trait is highly correlated to variation in

other traits). These are traits integrated through a series of pleiotropic effects and are

relatively autonomous from other traits because of reduced pleiotropy connecting them.

Variational modules are recognized through co-variation and phenotypic correlations

and thus respond to natural selection as a unit and correspond to independent units

of phenotypic evolution (Wagner and Mezey, 2004; Wagner, Pavlicev, and Cheverud,

2007). Sometimes these modules might refer to the same entities (highlighting different

aspects and properties of the parts and the ways parts are integrated into a whole).

Analogies between developmental and evolutionary modules have provided useful and

productive tools for Evo-Devo, generating new questions and avenues for research. A

common notion of modularity allows us to draw connections between evolutionary and

developmental modules. Limb buds, for example, are classical developmental modules:

signals within the module provide integration, thus, failure of any of the major compo-

nents (i.e., the apical ectodermal ridge, the zone of polarizing activity and the progress

zone) to signal correctly results in disruption of the limb development. But the limb bud

is also relatively autonomous from the rest of the developmental systemdevelopment of

the limb can proceed virtually unaltered, even if it is transplanted to a new part of the

body (Shubin and Alberch, 1986; Raff, 1996). Evolutionarily, tetrapod limbs are recog-

nizable traits and their evolutionary history can be traced as independent characters.

The limb bud developmental field has been co-opted and modified for the evolution of

different modes of locomotion (e.g., fins, legs, wings). But in many cases, partitions

based on different characterizations of modularity do not perfectly map to one another.

For instance, limb buds on each side of the body are independent developmental mod-

ules (physically perturbing the development of the right limb will not have an effect of

the development of the left limb) but evolutionarily they act as a unit (Schlosser and

Wagner, 2004).

Generality often comes at the cost of loss of realism and precision. This generality is

often achieved by abstracting certain ideas from the concrete examples—many variables

are often abstracted in our models into a fewer higher-level variables (Levins, 1966, p.p.

427-429). A common definition of modularity comes at the cost of abstraction from

contexts; it is a non-operational definition. And while it provides an important tool to

make analogies between systems and problems, this common characterization is of less
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help in conceptualizing more concrete biological cases and ignores the different questions

and practices involved. Genetic networks, developmental fields and morphological traits

are all modules in some way, but a lot of the biology would get lost if we lumped them

into a “universal” theory of modularity.

Evolutionary and developmental biology have their own set of questions, methods

and epistemological values. Their definitions of modularity are productive because they

correspond with those values and methods and provide useful tools to answer and explain

the relevant phenomena of interest. An abstract definition trying to accommodate the

tools and values of both disciplines is likely to be less useful in each particular context.

Furthermore, as the limb example shows, the mapping between these definitions is

not perfect; they point at different phenomena. Thus, synthesizing both into a single

definition would erase the importance of these differences and overlook distinctions and

phenomena of biological relevance.

5.4 Conceptual skyways

I have argued, on the one hand, that a common notion of modularity facilitates transla-

tion between fields but fails to describe particular entities; and on the other hand, that

the coexistence of multiple definitions gives a richer description of the natural world

but can hinder communication between fields. Then, how does modularity allow for

both productive research integrating different fields (e.g. evolution and development)

and scales (e.g. molecular and morphological data) and—at the same time—multiple

definitions to exist without us being able to reduce one definition to others. In this

section I will argue that it is precisely the coexistence of different levels of abstraction

that has made modularity such a productive term in biology. To explain this claim I

will introduce the possibility of connecting different concepts through notions abstracted

from particular contexts while grounding these abstractions in specific practices, values

and problems.

Let me take a small architectural detour. In downtown Minneapolis, as in other

cities, there are distinctive buildings, each constructed in a certain time, with particular

aesthetic and practical values in mind. However, unlike most other cities, in Minneapolis

buildings are connected by a series of “skyways” to facilitate movement by avoiding
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Figure 5.1: Skyway connecting two buildings in downtown Minneapolis. (Picture
modified from Becky Lai under creative commons license).

street traffic and cold winters (Fig.5.1). In an analogous way, abstract notions of

modularity serve as a conceptual skyways connecting and allowing an easier movement

between definitions grounded in particular contexts.

In many cases, Minneapolis skyways are generic and lack the architectural detail

of the buildings. More important for this analogy, skyways are not grounded on the

floor but supported by the buildings they connect. The common definition of modu-

larity presented here would not be able to sustain itself alone: it depends on multiple

groundings and instantiations of this definition. It depends on the ways that it is defined

and re-defined in new contexts. But it allows for an easier way to move between disci-

plines and ideas. This common definition of modularity—a group of elements cohesively

integrated by a high number of interactions between those elements and a relative low

number of interactions with other similar units—is of little use as is: What type of inter-

actions? What elements and how do we measure their interactions? Even from a purely

mathematical and theoretical point of view, we might want to know if interactions are

weighted or not and whether we should take these weights into account. Modularity is

going to take different specific definitions if we are talking of genetic networks, species

in an ecosystem, morphogenetic fields or cells in an organism.

However, this abstract definition is not useless; it gives a common denominator for
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translation. In Evo-Devo, for example, it has allowed for productive communication

between disciplines (development and evolution) and across scales in space (from genes

and molecular networks to morphological traits) and time (from changes in gene ex-

pression over a few hours to the evolutionary change complex characters over millions

of years). It is through this conceptual skyway that it is possible to ask new questions

and create a new research program to address the developmental underpinnings of dif-

ferent characters, the ways this developmental architecture affects their evolution and

the origin of novel traits (Wagner and Mezey, 2004).

One of our main goals as biologists is to describe and understand diversity in the

living world; biological phenomena are heterogeneous, different organisms experience

different ecological conditions, and there are multiple ways to study these biological

phenomena. In Levins 1966 words: “[G]eneral models are necessary but not sufficient

for understanding nature. For understanding is not achieved by generality alone, but by

a relation between the general and the particular” (p. 430). My claim encompasses an

additional level: we need different models at different levels of generality as operational

concepts but, in this case, we also benefit from a concept that is no longer operational,

but common enough to allow for easier translation. Work in modularity has been

so productive not only because we have multiple operational definitions with varying

degrees of abstraction, nor only because we have a common non-operational notion that

facilitates communication, but because we have both.

One could make a case that a skyway is unnecessary as long as we have clear op-

erational definitions of different kinds of modules; that these clear definitions allow us

to make clearer connections, knowing which terms are related precisely in what ways.

We might even be tempted to use multiscale modeling to integrate different scales in

our models and thus clearly integrate multiple notions of modularity. This is a very

useful strategy for some phenomena, allowing usfor exampleto make predictions about

community function using genomic information (Harcombe et al., 2014). However, it

assumes that we already have a clear understanding of the connections among differ-

ent levels and phenomena, when instead much of our research focuses on trying to

understand those connections in the first place. Modularity is most useful in the ex-

planation of biological complexity, but it is precisely in explaining these complex traits

where context-specificity and non-additive interactions make it difficult to draw simple
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connections between levels of organization (Travisano and Shaw, 2013).

Modularity as a skyway provides a qualitative way to make analogies and start

investigating connections between terms, allowing for concrete definitions to change with

their use for interdisciplinary investigations, and to accommodate novel insights. One

could argue that with concrete definitions one can make explicit connections between

definitions, making these skyways unnecessary. Nevertheless, having concrete and clear

definitions of what counts as a module prior to those connections presents a number of

difficulties. First, language depends on its uses and changes over time, when a concept is

used in an interdisciplinary context it often affects how the concept is used in its original

context as well. Second—as I have argued previously—complex biological phenomena

can be partitioned in an infinite number of ways with partially overlapping maps between

them, we can have many different definitions of modules depending on how we partition

the phenomena of interest. Conceptual skyways allow us to make connections when the

definitions are not completely clearly outlined (i.e. when concepts are too complex for

the connection to be obvious) and when a clear mapping between concepts is not possible

(i.e. when is it not possible to draw concrete connections without loss of information).

Lastly, concepts tend to be constructed and judged in a way that includes everything

we consider to be a clear case of that concept and nothing that is clearly not. Definitions

under this classical view comprise the necessary and sufficient conditions for being a

member of a kind 10. The problem with these definitions is that they are either circular,

or highly susceptible to counterexamples and complicated cases that meet some but not

all the conditions (Taylor and Vickers, 2016). Thus, accommodating these examples

of natural phenomena requires either fragmenting definitions into too many particular

concepts or creating a highly abstract and general definition to accommodate all the

marginal cases.

One might be tempted to avoid some of the problems posed by this classical view of

concepts, by moving away from modules to modularity as a continuous property. But

thinking of modularity as a continuous property only does not solve all the problems

10Ideas of what counts as a concept are almost as old as philosophy itself and many philosophers have
criticized and proposed alternatives to this classical notion of concept. I discuss this classical notion
here because it is often presented as desired for scientific clarity and it highlights some of the main
difficulties of having both a single definition of modularity or single concepts of each kind of module
with clear mappings between them.
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of clarity and definitions. We might no longer have to identify something in particular

as a module, but we still need to determine how to measure modularity and with

respect to what system. In a network, for example, modularity is calculated as the

degree of clustering in comparison with a null model (usually a scale-free network).

Many decisions are involved in this calculation: one needs to define a null-model, decide

how to set up the network and what the nodes and edges represent, and decide on

different ways to measure clustering or grouping. In some cases—metabolic networks

for example—there might be more or less clear ways to set and evaluate the networks;

but even in the relatively simple case of metabolic networks, one still needs to make

decisions about the weight of the edges and ways to account for different metabolic

rates. For many of the relevant modules in evolution and development, measuring the

degree of relative autonomy might be harder than these metabolic networks and much

less informative.

In multicellular organisms, for example, the degree of autonomy is of great impor-

tance: a certain degree of autonomy of cells is required for differentiation and complex

development and at the same time cells need to be integrated within the whole. However,

it is not immediately clear how can one quantify and compare the degree of autonomy

cells in a plant, an animal, a fungus or some other form of less complex multicellularity.

In this case it seems like modularity is determined not only by the strength and number

of interactions but the type. Understanding and framing multicellularity in terms of

modularity can provide great insights into the different outcomes of multicellular evolu-

tion and how different properties and forms of interaction between cells might affect the

evolution of development and complexity in multicellularity, but it might not be feasible

to establish a clear quantifiable way to compare the degree of modularity of different

multicellular organisms.

If we are not able to establish clear concepts and a map between them, then what

is the alternative? As I have described them, operational concepts of modularity are

context dependent and get defined in their use, within the values and practices of a com-

munity of scientists. In this sense, modularity concepts are more appropriately described

using Wittgensteins idea of “family resemblance”11. Wittgenstein (1953- Philosophical

11 I am grateful to Melanie Bowman for pointing me to the relation between my argument and
Wittgensteins “family resemblance” ideas.
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Investigations) proposes that language obtains its meaning through use and negotiation

within communities; operational definitions of modularity get defined by the uses and

negotiations within a particular community of scientists. These concepts are connected

by a complicated web of partially overlapping similarities. In this sense, conceptual

skyways are very abstract definitions highlighting some of the important properties of

a family of resemblance for a set of problems or questions, rather than an exhaustive

list of necessary and sufficient conditions. These conceptual skyways work as connec-

tions between otherwise disparate uses of the concept and provide a kind of productive

ambiguity–in which these uses are juxtaposed, but the lack of specification of the con-

nections between them allows us to see phenomena in more than one way, illuminating

new ways of understanding (Grosholz, 2007).

Again, this productive ambiguity is well exemplified by the use of modularity in

questions about the origins and diversification of complex multicellularity. Complex

multicellularity—especially in animals—is characterized by complex development and

rapid diversification into a wide array of body-plans. Developmental patterning mod-

ules (DPMs) are units of genetic networks, their products, and physico-chemical pro-

cesses characteristic of excitable matter that are initiated by these molecules. DPMs

are proposed to have allowed early multicellular organisms to explore a large space of

morphological possibilities, facilitating the evolution of complex and diverse body-plans

(Newman and Bhat, 2008).The word ”modularity” used in this context immediately

connects this particular notion with certain ideas about development and evolution. In

terms of development, DPMs work as developmental units that give rise to predictable

patterns in many different contexts. The main examples of DPMs are used in different

combinations during development. Using the word ”module” centers their cohesiveness

as units and the importance of their relative autonomy from the rest of the system. In

terms of evolution, DPMs can be co-opted for the development of diverse structures

allowing for plastic development and rapid evolution. In the words of some of the

proponents of DPMs “[t]hese physical-genetic patterning modules, acting relatively in-

dependently and combinatorially during the early stages of metazoan evolution, provide

a plausible basis for the rapid generation of morphological diversity evidenced in the

fossil record of the early Cambrian” (Newman and Bhat, 2008)12

12An evolution model of development assembling different functional pieces (similar to that of Simon
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However, DPMs are clearly differentiated from developmental modules: they are

context sensitive but their properties remain stable over time because the emphasis is

on the physical nature of many developmental processes–genes and transcription factors

are highlighted by many notions of developmental modules, but they are secondary for

the idea of DPMs. Thus, connections between these different notions of modularity are

not made explicit (and it is not clear that it can be done-because they highlight some

of the same entities but integrated in different ways). The connections are established

through a general non-operational definition of modularity carrying some of the of the

important properties of a family of resemblance: a conceptual skyway. This conceptual

skyway highlights the main properties of a module (integration within the module) and

autonomy with respect to other parts of the system: “These physical processes impart

a discernible and at least semi-autonomous role to the functions of the gene products;

hence the use of the term ‘module’” (Newman and Bhat, 2009).

In the past decade our understanding of the evolution of multicellularity has been

transformed. We now have clear models of the importance of selection at multiple levels

throughout this transition (e.g. Michod, 2007; Okasha, 2005), experimental systems to

test these hypotheses Ratcliff, Denison, et al., 2012; Queller and Strassmann, 2012; Rat-

cliff, Herron, et al., 2013, more complete phylogenies highlighting unicellular relatives,

and a better understanding of the molecular toolkits of multicellular organisms and the

physical processes that shape them Rokas, 2008; King et al., 2008; Ruiz-Trillo, 2016.

These organisms form by the integration of previously autonomous units and cells re-

main (in different forms and degrees) relatively autonomous of the rest of the organism.

Modularity provides a way to connect different scales (e.g. the ways in which molecular

components affect interactions between cells both in development and evolution) as well

as different approaches to the study of multicellularity. Because different types of mod-

ules in a multicellular organism (cells, genetic networks, developmental fields, DPMs)

are not easily comparable to one another, modularity as a conceptual skyway allows us

to understand the generalities and contingencies of each of these module-concepts and

highlights the importance of interactions and organization in the evolution of complex

traits like multicellularity.

(1962)) comes to mind.
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5.5 Conclusion

As with other models and characterizations, conceptual skyways are neither neutral

nor unproblematic. They are negotiated and abstracted in different ways and, as dif-

ferent notions of modularity are accommodated and connected, new abstractions need

to be made. In this sense, conceptual skyways are useful tools but they need to be

understood more as abstractions of our conceptual landscape than direct models of the

world. Skyways are necessarily tied to buildings and they make sense only in rela-

tion to these groundings. A common notion of modularity allows us to connect ideas

about morphogenetic fields and the homology of the tetrapod limb. Nonetheless, this

common notion alone would not be as explanatory without the operational notions in-

volving observations about development, the co-location of gene expression, our ability

to express genes exogenously, the centuries of comparative embryology and morphology

and our understanding of traits within a phylogenetic context. This common definition

of integration and autonomy says little about the organization of cells into particular

forms or the evolutionary relation of human arms and bat wings. Conversely, develop-

mental modules alone tell us little about evolutionary processes without first thinking

of what makes developmental modules connect with evolutionary processes. The case

of modularity in Evo-Devo provides a good example to illustrate the importance of a

plurality of particular descriptions grounded in the phenomena of study, as well as more

abstract definitions that allow for the recognition of common patterns and facilitate the

connection between questions, phenomena and disciplines.

Interdisciplinarity always runs the risks of miscommunication. In many cases one

discipline either subsumes the other or some research programs become less valuable

than the new synthesis. I have argued here that in the case of Evo-Devo, the concept of

modularity has allowed for the coexistence of different programs with their own practices

and values and at the same time as it has facilitated productive conversations and

connections and that these connections are partly the result of productive ambiguity

resulting from the connection of operational definitions through non-operational and

abstract conceptual skyways.



Chapter 6

A relational view of life: moving

past biological individuality

Almost 40 years ago Daniel H. Janzen (1977) asked: What are dandelions and aphids?

to point out how evolutionary individuality of clonal organisms does not necessarily

match our common conceptions of individuality. Botanists have long recognized that

the vertebrate-centric notions of individuality fail to describe organisms with clonal

propagation (Harper, 1977; Clarke, 2012), or long lived plants like oaks where somatic

mutations have the opportunity to accumulate and pass on to the next generations

(Antolin and Strobeck, 1985). Recent advances in microbiology that challenge our ideas

about the ubiquity and importance of microbes in our bodies; coupled with the recog-

nition that biological hierarchies are themselves the result of evolutionary process, has

sparked renew interest in the old question of what counts as an individual in biol-

ogy. Recent challenges to common conceptions of individuality have come from work

showing that microbes associated with plants and animals play important roles in their

physiology, development, ecology and evolution (Zilber-Rosenberg and Rosenberg, 2008;

Gilbert, Sapp, and Tauber, 2012; McFall-Ngai et al., 2013). Responses to this challenge

range from the denial of biological individuals altogether (Gilbert, Sapp, and Tauber,

2012) to a negation of the challenge (thinking that our current theory and models are

perfectly suitable to accommodate this complexity as genotype by environment interac-

tions (Douglas and Werren, 2016). In this paper I take a different approach: I will argue

85
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for multiple notions of individuality that recognize the diversity of questions, approaches

and spatio-temporal scales at work as well as the complexity of biological systems.

Janzen recognized the ecological significance of different life-histories and considered

how clonal reproduction might be an adaptation to particular ecological conditions like

sparse and unpredictable resources in the case of the dandelion. Similarly, in this paper

I want to move away from the question of what an individual is to an exploration

of the ecological variables affecting the degree to which different entities might act as

evolutionary individuals. I will first challenge the utility of essentialist and universal

notions of individuality. I will argue that individuals do not exist in isolation, but are

only defined in their relations with other organisms and their environment. Given this

claim, there is always a degree of ambiguity in how to partition nature into relevant

units. Thus, different criteria and definitions of individuality might be more informative

in different contexts and questions. I will first describe a relational view of life forms

and its challenges for essentialist and universal notions of individuality. I propose that

different notions of individuality are more informative and have more practical value

in different contexts. Then, I want to explore a particular concept of individuality

that has been at the center of these discussions: the idea of evolutionary (or more

specifically a “darwinian”) individual—one capable of evolution by natural selection.

I will conclude by exploring how rates of vertical and horizontal transmission, partner

selection and rates of dispersal might impact the degree to which units composed of

different genotypes can be thought of as evolutionary units.

6.1 A relational view of individuality

The main problem with essentialist notions of biological individuality is the assumption

that individuals exist in isolation as clearly distinct units. Biological individuals do not

exist in the absence of their ecological interactions with other beings. The develop-

ment of an organism requires not only transcription and translation of DNA but the

acquisition of resources to achieve those processes, a sensing of the immediate cellu-

lar environment and the more external one. In eukaryotes it requires the coordination

between different genomes within a cell, and in prokaryotes gene expression is often
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regulated by the presence and density of other microbial cells. Individual traits are con-

text dependent and central evolutionary concepts like heritability and fitness are only

defined in a particular ecological context. As Julian Huxley (1926) once pointed out

“Even the biologically most self-sufficient individual is only relatively independent; in

reality it is tied to the rest of mundane existence by innumerable bonds that we break

when for the arbitrary purposes of our thought we make abstraction of it under the title

of ’individual’”.

Organisms are not clear and stable entities, but the integration of highly dynamic

processes (Dupré, 2012). Our development, behavior, evolution and even our molecular

composition at any given time is determined by our interactions with other organ-

isms. As mammals, our development requires intense maternal care and resources, and

microbes and other environmental factors have important consequences for the devel-

opment and health of the embryo. Our interactions with other humans will shape much

of our behaviors and cultural practices, and our interaction with microbes and food

will affect the development of our immune and digestive systems (Lee and Mazmanian,

2010). Some of the most striking cases of recent human evolution involve interactions

with other organisms like the spread of lactose tolerance in cattle-raising human pop-

ulations or the maintainance of sickle cell anemia polymorphism in populations with

high incidence of malaria (Cavalli-Sforza and Feldman, 2003). In a similar way, the

evolution of plants on land is closely tied to (and made possible by) their interactions

and co-evolution with soil microbes (e.g. Reynolds et al., 2003; Lambers et al., 2009).

Biological individuals exist in relation to each other and their environments, and

through these interactions they co-constitute each other (Lewontin, 1982): they modify

themselves and each other (Post and Palkovacs, 2009), and their shared environments

(Odling-Smee, Laland, and Feldman, 1996). And, as organisms change and evolve,

they often change their environment and their ecological interactions. For example,

as Escherichia coli grows in homogeneously distributed glucose media it secretes as

byproducts acetate and glycerol. Over time, high densities of E. coli impose strong

selection for diversification and the evolution of glycerol and acetate specialists feeding

off these by-products (Rosenzweig et al., 1994; Treves, Manning, and Adams, 1998).

Moreover, meaningful definitions of environment are shaped by the activities of the

organisms themselves: the scales at which spatial and temporal heterogeneity matter
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will not be the same for a bacterial cell as for an elephant, the significance of drought is

not the same for a cactus as for a moss, and the importance of stimuli in the environment

depends on the sensory systems of organisms, and the properties of the environment

(Lewontin, 1982). Butterflies of different species that look almost indistinguishable to

us, are easier to differentiate through their own visual systems. This discriminating

abilities, however, depend on the environmental background, availability of light, and

the actions of the butterflies (e.g. discrimination might be decreased during flight or at

large distances) (Limeri and Morehouse, 2014).

These interactions between organisms and their environment can have important

ecological and evolutionary consequences. For 31,500 generations the presence of citrate

in the media of Escherichia coli made no difference for the cells (one of the bacteriolog-

ical criteria to identify E.coli is their inability to grow on citrate under oxic conditions),

however after this time, in one of the populations E.coli evolved the capacity to grow

on citrate changing the relevance of this resource, the ecological dynamics of that pop-

ulation and its evolutionary trajectories (Blount, Borland, and Lenski, 2008). In brief,

phenotypes are the result of interactions between the genomes of organisms and their

environments, and in many cases, these phenotypes are largely shaped by interactions

between different genotypes, and between different genotypes and the environment. For

example, fitness of Mendicago truncatula plants depends on the genotype of their ni-

trogen partner symbiont, the genotype of the plant, the interaction between plant and

bacterial genotypes and the interaction between these factors and nitrogen availability

in the soil (Heath and Tiffin, 2007).

This relational ontology of life poses two related challenges of vagueness for notions

of individuality. First, the existence of any organism depends and its being shaped by

the environment and the presence of other organisms. Organisms are connected through

their ecologies to various degrees and carving clear cases of individuality can, in some

cases like lichens or some other symbiosis, be problematic. Second, the properties that

determine degrees of individuality are themselves the result of evolution. Thus, these

properties vary over time and are often present in different degrees within this continuum

(Buss, 1987; Clarke, 2013). In these two dimensions (ecological and evolutionary) indi-

viduals exist in a continuum and thus face the problems of partitioning any continuum

into discrete units: where do you draw the lines? These challenges do not necessarily
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imply that we ought to abandon all notions of individuality, nor that we always have

to consider all these highly complex interactions—abstractions and simplifications are

important scientific practices and allow us to explore otherwise intractable phenomena

(Wimsatt, 2007).

6.2 Individuating nature and pluralist individuality

Individuals are important concepts for many practices in biology, but, as argued in

the previous section the ambiguities produced by ecological and evolutionary continuity

make it difficult to parse individual entities. One potential solution to this problem has

been to think of individuality as a space within a continuum of important properties

like cooperation, integration, division of labor, among others (Clarke2003b; Queller

and Strassmann, 2009; Godfrey-Smith, 2013). This approach is more flexible and allows

us to conceptualize complex cases of individuality. It removes some of the ambiguity by

avoiding arbitrary division of a continuum into discrete categories. But determining the

relevant axis of individuality can also be problematic and might depend on the question,

organisms involved, the time-scales taken into account, and even the available data and

methods.

Relevant individuals do not need to be the same for developmental biologists, ecol-

ogists, immunologists and evolutionary biologists. In terms of evolutionary biology, it

might make sense to add up all the biomass in a group of clonal plants as a component

of the fitness of that genotype. However, it might make more sense for an ecological

study to measure the biomass of each clonal plant to identify the environmental factors

affecting plant biomass. A different question might be interested in the interaction of

both levels, looking at the importance of genotype by environment interactions or envi-

ronmental variation and dispersal in the evolution of a clonal species of plants. Similarly,

we might be interested in evolutionary explanations of cancer, but the relevant level of

individuality will depend on the temporal scale of interest: we can be paying attention

to clonal evolution of cell lineages within the life of a tumor or alternatively we might

be interested in the evolution and maintenance of cancer throughout the evolution of

animals. In the first case, we would take single cells as the relevant individual; in the

latter the individual is the whole animal.
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Given that individuals do not exist in isolation, that they are co-constituted through

a dynamic network of ecological interactions that change over time, and that different

partitions depend on the questions, methods and values of researcher communities, it

seems that projects assuming a unique notion of biological individuals that reflects real-

ity and serves all research purposes will always fall short. Even definitions considering

multiple axes and a continuum of individuality might not be enough for all uses and

are definitely not practical for counting and measuring. Instead, different notions of

individuality might provide different information and viewpoints to make sense of the

complex reality of the living world. Biological individuals are part of a continuum of

ecological interactions connected over time through evolutionary processes. This prob-

lem of vagueness means that there will always be borderline cases (Clarke, 2013) and

that, at least at a fine scale, our partitions will always be somewhat arbitrary.

Still, the pluralism proposed here does not mean that everything goes or that there

are no better ways to partition nature than others. Depending on our methods, or-

ganisms, scales and questions there might be preferred ways to carve nature, ways that

reflect more about the natural world or at least are more informative with respect to

our interests. Under most circumstances it doesn’t make a lot of sense to think of dog

and canary together as our unit of analysis. However, some cases might be harder to

tell apart and could make sense under certain conditions but not others. The concept of

the holobiont—the multicellular eukaryote plus its colonies of persistent symbionts—has

been proposed to highlight the importance of microbes in the development, physiology,

ecology and even evolution of multicellular eukaryotes. Holobionts have been proposed

as relevant units of development and evolutionary change (Gilbert, Sapp, and Tauber,

2012; Guerrero, Margulis, and Berlanga, 2013). However these are dynamical commu-

nities, constantly changing. The interactions between organisms and their associated

communities of microbes are complex and varied: microbes vary in their rates of ver-

tical and horizontal transmission, effects in the host are often context dependent and

conflicts often arise. As has been pointed out before (Moran and Sloan, 2015; Douglas

and Werren, 2016) holobionts and hologenomes might not always be the best levels to

study evolutionary phenomena (specially when selection at the holobiont level is highly

ineffective and there is high conflict between levels). A similar argument applies to
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most biofilms: while these are complex entities integrated by multiple cells, that ex-

hibit certain forms of division of labor, synergistic interactions and might be good units

for certain questions; heritability tends to be low and explained to a large extent by

heritability at the level of individual bacterial lineages (Tyerman2013).

The concept of the holobiont, does not solve the question of how to individuate

nature: where to draw the line—do we include the cloud of microbes around us that

differs between individuals (Meadow et al., 2015)? Should we include the main food

crops different human groups have co-evolved with?—These crops are fundamental for

our proper development, the survival of our species and the evolution of our culture and

life-styles (Zeder et al., 2006; Perry et al., 2007; Purugganan and Fuller, 2009). The

concept of the holobiont has played an important role highlighting the importance of

microbes for the ecology, evolution and development of multicelluar eukaryotes but, at

its best, it does not provide an answer to the problem of biological individuality, and at

its worst conceals the importance of conflict and heritability on evolutionary dynamics

(Moran and Sloan, 2015).

However, the idividuality of holobionts and similar entities has been at the cen-

ter of recent debates about biological (specifically evolutionary) individuality (Zilber-

Rosenberg and Rosenberg, 2008; Ereshefsky and Pedroso, 2015; Moran and Sloan, 2015;

Clarke, 2016). The problem is that this is a question of degrees and these units are of-

ten borderline cases (not the best units to count when modeling evolution by natural

sleection). However, instead of trying to decide if holobionts, biofilms and other similar

multi-species consortia are evolutionary individuals we can ask how different factors

affect the evolutionary potential of these multispecies units.

6.3 Evolutionary individuals

In evolutionary biology, questions of individuality are questions of fitness and adapta-

tion; about which sort of units are capable of evolution by natural selection. Thus,

evolutionary individuals are often defined as entities that meet three criteria: 1) they

have differences among them, 2) those differences correlate with differential reproductive

success and 3) they are, at least partially, heritable (Lewontin, 1978; Godfrey-Smith,

2013). The degree of evolutionary individuality depends on the potential to respond to
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natural selection—it depends on the availability of variation and how reliably variants

get transited to the next generations.

Multispecies groupings like biofilms, lichens, corals and other holobionts have many

different sources of variation: each partner species can vary through mutation and

recombination, but variation can also come about as the result of changes in partners

in a process that is analogous to recombination. All of these sources of variation can

have an important effect on fitness. Much work has been done in terms of the effects

of mutation and recombination in evolution, and although there is little systematic

research on the effects of partner “recombination” (partly because of the difficulties

of swapping partners in some cases) there is strong evidence of genotype by genotype

interactions affecting fitness in symbiotic associations (e.g. Heath and Tiffin, 2007;

Barrett et al., 2015; Parkinson et al., 2015). The relative importance of these different

mechanisms (and their relative contributions to fitness) will depend on the biology of

the holobiont, its components, and their ecological relations. And although some of

this variation can be described in terms of each partner exclusively, the pervasiveness

of genotype by genotype interactions and the presence of traits that require multiple

cells and species (like lichenization, or antibiotic resistance in biofilms) highlights the

importance of variation of fitness at the holobiont level.

But even if there is variation in traits at the holobiont level, these might have little

heritability beyond that of each partners traits. In other words, there might be little

transmission of whole holobionts. One way we can think of this problem is analogous

to evolution of quantitative traits in sexual populations. In this case different parents

might contribute different alleles to the offspring. If the trait is additive, the resulting

phenotype will be equal to the addition of the phenotypic effects of each allele and

the evolution of the trait can be easily modeled at the allele level—with little concern

about the organization of these alleles into different genomes. Let’s say instead that

the phenotype of interest is the result of genetic interactions like epistasis. In that case,

selection will act at the level of the genome, but heritability of the interaction is low (each

generation there is a new combination of alleles) and therefore there will be no response

of selection at this level, unless there is high linkage between genes, effectively increasing

the transmission of the “epistatic” phenotype (Kojima and Lewontin, 1970). Similarly,

in the case of holobionts, traits that result only from the additive effect of all partners
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could be described independently considering the interaction only as the context for

selection. However, selection could also work on genotype by genotype interactions

and other kinds of non-additive holobiont effects as long as there is some association

between host and symbiont genotypes (i.e. there is heritability at the holobiont level).

While this level of heritability is not warranted, there are many factors that affect the

probability of association of two or more genotypes in a holobiont, and for the most

part, their evolutionary consequences at this level remain poorly understood.

6.3.1 Vertical transmission

Probably the most described and best understood process of association between sym-

bionts and hosts is vertical transmission of the symbiont. There are many different

mechanisms of vertical transmission and they vary in the degree of control and po-

tential conflict. Probably the most familiar examples are the cytoplasmic inheritance

of mitochondria and chloroplasts. These organelles are transmitted from mother to

daughter cells during mitosis and tend to be transmitted by only one of the parents

during sexual selection. This uniparental mode of inheritance together with a control

of organelle replication (and expression) by nuclear genes, decreases variation (and thus

evolvability) at the organelle level, minimizing the potential for conflict and favoring

adaptation at the cellular level. This symbiosis represents an extreme in reliable trans-

mission and decreased heritability at the organelle level.

Mitochondria and chloroplasts are rarely thought of as evolutionary individuals in

their own right and these organelles cannot replicate outside the cell. The eukaryotic

cell as a whole, on the other hand, is one of the text-book examples of the evolution

of individuality at a new level of organization. But even in these relatively clear cases,

there is the potential for conflict and mutations that are beneficial for the mitochondria

or chloroplast but deleterious for the host cell can evolve and spread in the population.

Mitochondrial diseases for example, are deleterious mutations for the host, often de-

creasing the host’s fitness and thus the effectiveness of transmission of the mutations

themselves. However, mitochondrial diseases of late onset can often escape selection at

the level of the host and persist in the population. Similarly, within the lifetime of an

organism, mitochondrial mutations can spread and accumulate even if their effects are

deleterious for the host (Taylor and Turnbull, 2005). The potential for mitochondrial
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evolution is especially clear in cases of reduced selection at the cellular level. In yeast,

for example, persistent low population sizes reduce variation and evolvability at the cel-

lular level and allow for the spread of mitochondrial mutations with deleterious effects

for the cell as a whole but beneficial for the mitochondria (Taylor, Zeyl, and Cooke,

2002).

Other highly reliable methods of vertical transmission are those found in primary

bacterial symbiosis of invertebrates, like Buchnera aphidicola and its aphid host. These

are obligate symbioses that have evolved host-dependent mechanisms of transmission

resulting in very high genetic association between the host and its symbiotic bacteria.

Aphids and their Buchnera strains, for example, show phylogenetic congruence from

the whole aphid phylogeny to separate matrilines within aphid species (Funk, Werne-

green, and Moran, 2001). But in many other systems, vertical transmission is not

perfect: endophytes of grasses can be lost at different points during the life-cycle of the

plant (Afkhami and J.A., 2008), parasitoid wasps can horizontally transmit the insect

endosymbiont Wolbachia (Ahmed et al., 2015), and in many lichens vertical transmis-

sion is exclusive of vegetative dispersal and sexually produced fungal spores have to

re-establish the symbiosis for successful germination (Dal Grande, Widmer, et al., 2012;

Dal Grande, Beck, et al., 2014; Leavitt et al., 2015).

Rates of vertical transmission play an important role in the evolution of symbiosis.

On the one hand, reliable vertical transmission increases heritability and the evolution-

ary potential of the symbiosis as a whole. On the other hand, rare events of horizontal

transmission can increase variation of symbiosis, increasing its adaptive potential. In

addition, rates of vertical transmission (together with demography and genetic archi-

tecture) shape some of the relative costs and benefits of symbiosis (Yule, Miller, and

Rudgers, 2013; Shapiro and Turner, 2014). However the importance of relative rates

of vertical and horizontal transmission for the evolution of complex “holobiont traits”

remains to be investigated, as well as the different temporal and spatial scales for these

processes. In many lichens for example, local dispersal with clonal propagules ensures

vertical transmission and the maintenance of locally adapted combinations. Whereas

fungal spores dispersing into a new area might form new symbiosis with locally adapted

genotypes of the photobiont (Walser, 2004; Dal Grande, Widmer, et al., 2012; Dal
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Grande, Beck, et al., 2014; Werth and Sork, 2014). Similarly, predictions of the po-

tential adaptive response of corals to climate change, requires an understanding of the

relative importance of local holobiont selection on genotype by genotype increasing ther-

motolerance (Parkinson et al., 2015) as well as relative rates of vertical and horizontal

transmission at different spatio-temporal scales (Boulotte et al., 2016).

6.3.2 Partner choice

Vertical transmission is the most reliable way to ensure high heritability at the level of

the holobiont, however, other mechanisms might also affect the probability of association

between particular genotypes. Partner choice is when the association between symbionts

is mediated by selection mechanisms based on certain traits or genotypes (Bull and Rice,

1991). In the vibrio-squid system, for example, species-specific factors and production of

fluorescent molecules are required by the host for the proper establishment of symbiosis

and development of the light organ (Visick et al., 2000; Koropatnick, Kimbell, and

McFall-Ngai, 2007). Another well described system of partner choice is that of legumes

and rhizobia, in which rhizobia provide nitrogen to the plant and the plant provides

carbon and aminoacids. In this system it has been shown that legumes favor nodulation

with more beneficial strains (Heath and Tiffin, 2009). Recently simulations have shown

the potential for epithelial secretions to favor the establishment of certain bacteria

and not others in the gut (Schluter and Foster, 2012; McLoughlin et al., 2016), and

experiments with hydra suggest that the immune system of animals might play a role

in favoring some strains and excluding others (Franzenburg et al., 2013).

The role of partner choice in the maintenance of cooperation is well understood (Bull

and Rice, 1991; Sachs et al., 2004), but there has been little work looking at how partner

choice might affect the evolution of complex symbiotic traits. For example, we might

be interested in understanding the evolution of the light organ in bobtail squid, this

is a complex organ that develops through interactions between the expression of squid

and bacterial genes, and—as such—it shows strong genotype by genotype interactions

(Koropatnik2007; Visick et al., 2000). Preferential association with Vibrio strains

inducing particular effects on the light-organ, coupled with selection at the level of the

holobiont as a whole for those same effects could increase the evolutionary success of

such symbiotic interactions.
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6.3.3 Environmental transmission

I call environmental transmission a form of vertical inheritance that is “external” to the

organism and less reliable. Some microbes are inherited from mother to child during

birth and lactation (Milani et al., 2015). It still remains unclear, however, the long

term effects of these mechanisms for transmission and heritability of the microbiome.

Other animals, however, have more effective mechanisms of environmental transmission

of microbes into the offspring like egg-smearing in many invertebrates or through feeding

them to larvae in social insects (Salem et al., 2015) and these mechanisms could be very

effective in increasing the reliability of transmission of symbiosis.

6.3.4 Limited dispersal

This mechanism is the least explored one, but it is possible that dispersal patterns of the

organisms involved in symbiosis might play an important role in increasing heritability

of the symbiosis, at least in the short term. The idea is that dispersal patterns in both

the host and the organism could increase the probability of association of particular

genotypes. For example, lichens with short dispersal are likely to land in communi-

ties already dominated by certain photobiont genotypes (O’Brien, Miadlikowska, and

Lutzoni, 2013; Hestmark, Lutzoni, and Miadlikowska, 2016), cows and other ruminants

can be exposed over and over by the same microbes if they frequently eat from the

pasture where they also defecate, and bobtail squids are exposed to waters enriched

by certain Vibrio genotypes (with increased distance from bobtail squid populations

there is a decreased probability of encountering Vibrio symbionts and therefore, lower

colonization of the light-organ) (Lee and Ruby, 1994). More theoretical work is needed

to understand the potential effects of these demographic processes on the evolution of

symbiont traits, and more empirical work will be needed to determine their importance.

Overall, I have presented here some mechanisms that might affect the likelihood

of inheritance at the holobiont level and thus could affect the degree to which multi-

species consortia could act as biological individuals. In many cases it will be more

useful to think of each organism separately, or to conceptualize holobionts more as

dynamical ecosystems than evolutionary individuals. These approaches highlight the

importance of a diversity of organisms, relations and interactions shaping the biology of
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these holobionts. However, it is possible that the evolution of certain composite traits—

like the structure of the lichen cortex or the potential for corals to adapt in times of

global change—requires us to consider the importance of processes affecting evolvability

at the holobiont level.

6.4 Conclusion

Debates about biological individuality are old in biology; ideas about biological indi-

viduality and clonal reproduction of plants concerned J.W. Goethe, Erasmus Darwin

and other biologists before Darwin. In the last decades we have seen renewed interest

in these questions from the point of view of symbiosis and microbiomes. New technolo-

gies have made it possible to describe and study the diversity of microorganisms living

in association with multicellular eukaryotes. These technologies have highlighted new

symbioses and new aspects of long-known systems. Using these technologies we have

discovered that lichens are often the association of at least three symbionts (Spribille

et al., 2016) and often harbor a diverse community of microbes (Grube et al., 2009),

as well as the ubiquity and importance of microbes in association with plants and ani-

mals. These results underline the importance of ecological interactions and relations in

shaping biological individuality.

In this chapter I have argued that biological individuals do not exist in isolation

and I have emphasized the importance of interactions in shaping the biology of any or-

ganism. Biological individuals are useful tools to conceptualize and model nature, but

different notions of individuality will be useful in different situations and will provide

different information about the natural world. Biologist in the 18th and 19th centuries

were influenced by liberal and romantic ideas of individualism, as well as Cartesian

mechanisism. This focus on divisibility and individuality has proven useful in the de-

velopment of modern biology. However, essentialism about biological individuality has

often led to divisive debates, and it obscures the importance of relations and processes

in shaping life.

A more pluralist notion of individuality allows us to shift perspectives and highlight

new questions and approaches. Our notions of individuality will depend then on the

questions, methods, scales and values. In terms of evolution, in a scale of multiple
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human generations it might not make sense to think of mitochondria or cells as having

individuality of their own. However, within the life of one individual, evolution at the

cellular and mitochondrial levels have profound effects for health and disease. Our

ontological assumptions about biological phenomena shape some of the questions and

observations we can make: sexist views about the world constrained development in

sexual selection and female choice (Zuk, 2003). Similarly, our focus on individualism

constrains our ability to integrate ecological complexity into evolutionary dynamics. A

relational view of life highlights the importance of context and ecological interactions

shaping the evolution of complex traits.



Chapter 7

Conclusion: The construction of

space

The evolution of multicellularity represents one of the two largest discontinuities in or-

ganismal size in the fossil record (the other is the evolution of the eukaryotic cell)(Payne

et al., 2009). This dramatic increase in size has consequences for the ways organisms and

cells experience, adapt and change their environments. The ways organisms experience

physical phenomena, access to nutrients, and even the intensity of intra-organismal com-

petition depend, to a large extent, on the size of the organism. The different chapters of

this dissertation have explored the ways in which changes in the size and organization of

cells might have affected the ecology and evolutionary pathways of the first multicellular

organisms. This dissertation has focused on the relations between different life forms in

space and the impact of the dynamic nature of these relations. I explored the potential

of a change in perspective from entities (e.g. modules and individuals) to processes (e.g.

dispersal, integration, adaptation), as well as some of the questions illuminated by this

shift.

The evolution of multicellularity involves changes in the organization of cells and

the evolution of ecological inheritance (i.e. increased heritability of the relations and

interactions between cells). The first step in this transition is the formation of large

groups of cells (either by staying together or by coming together). This step already

99
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has profound consequences for the interactions between cells, the environmental het-

erogeneity they experience, as well as the relevant selective pressures. In a biofilm, for

example, different bacteria come together in a complex aggregate. Secretions of differ-

ent cells and differential access to nutrients create a highly heterogeneous environment;

cells respond in a plastic manner to these gradients, and their changes in expression

increase heterogeneity and contribute to the construction of a new environment. More-

over, during the growth of biofilms, different locally adapted populations might evolve

in a process of rapid adaptive divergence (Stewart and Franklin, 2008). Even in simpler

groupings of cells, like the ones discussed in this dissertation, cells experience different

environments in terms of nutrient acquisition (Figs. 4.2, 4.3), costs of local competition

in structured environments (Figs. 4.2, 4.4) and resistance against certain stresses (Fig.

4.6, Smukalla et al., 2008). These novel selective pressures—resulting from the forma-

tion of groups—can shape evolutionary pathways and either facilitate the evolution of

cooperative interactions (e.g. Pfeiffer, Schuster, and Bonhoeffer, 2001), or increase the

intensity of conflict and competition (as shown in Chapter 4).

The second step in the transition to multicellularity is an increase of evolvability at

the level of the group relative to the individual cells. Different mechanisms can con-

tribute to this second step (e.g. physical and immune barriers, single-cell bottlenecks,

co-dispersal, earlier maternal control). In general, this change in relative evolvabilities

is achieved by an increase of heritability at the multicellular level and a decrease in

heritability at the cell level. The increase in heritability at the multicellular level means

that the interactions and relations between cells get inherited with increased reliability.

Not only cell phenotypes, but much of the cell environment gets passed on to the next

generation. Selection can now effectively operate on some genotype by environment in-

teractions and the plasticity of cells can be canalized for multicellular development. For

example, the gene responsible for the permanent supression of reproduction of somatic

cells in Volvox carteri has a homologue in its unicellular closest relative Chlamydomonas

reinhardtii. In this unicellular algae, the gene is involved in a stress-response leading

up to temporal suppression of reproduction. It has been proposed that regulation of

this gene got canalized into a more reliable developmental response during the evolution

of soma in V. carteri (Nedelcu, 2009). Similarly, most of the genes involved in multi-

cellular processes, like adhesion and cell–cell communication, were already present in



101

their unicellular ancestors (Rokas, 2008). Environmental heterogeneity of multicellular

aggregates can favor the co-option of unicellular genes for multicellular development

(Gavrilets, 2010) and the evolution of novel developmental patterns can result from the

expression of physical and chemical processes in a multicellular context (Newman and

Bhat, 2008; Newman and Bhat, 2009). This dissertation highlights the importance of

increase inheritance of the cellular environment and the spatial interactions of cells.

The dramatic changes in size and re-organization associated with the evolution of

multicellularity not only affect the internal cellular environment, but they also have the

potential to modify their external environment through both ecosystem engineering and

what I term “ecological byproducts” (Chapter 3). At the most basic level, the dramatic

increase in size of multicellular organisms will have effects on the physical interactions

between organisms and their environments, changing the scale of relevant physical phe-

nomena. In our system for example, an increased density of particles of large size

(multicellular individuals) affects the apparent viscosity of the media, increasing en-

vironmental complexity and allowing for the origin and diversification of multicellular

isolates (Chapters 3 and 2). These processes are byproducts of the changes in size and

morphology, and although they might have important implications for ecological and

evolutionary dynamics, they are not in themselves adaptations. However, there is also

increasing evidence of adaptation of multicellular organisms to completely novel environ-

ments, affecting whole ecosystems and allowing for processes of dramatic diversification

like the Cambrian explosion (Erwin, 2008; Erwin and Tweedt, 2012).

All of these results together highlight the importance of spatial dynamics in the early

evolution of multicellularity as well as the profound impact of multicellular evolution

in shaping space. We sometimes think as space as an absolute dimension, independent

of organisms. However if space is always absolute, how can spatial relationships be

inherited. I want to argue here that changing our perspectives about space (from the

absolute to a more relational(ecological) view) allows us to investigate the ecological

consequences of multicellularity and the importance of ecology and space in the evolution

of multicellular development. This change of perspective is not new; Newton and Leibniz

had different ideas about space: while Newton thought of space in a more absolute sense,

Leibniz thought of space as the relation between the positions of bodies. The Newtonian

approach was embraced by classical physics, but this absolute notion of space precludes
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general relativity. A change of perspective was needed to understand the nature of

gravitational forces and the effects of massive objects in space.

A closer analogy might be a shift of attention from absolute notions of space in

human geography and architecture to relational views that investigate space as it is

transformed through culture, knowledge production and relationships of power Lefevre,

1992. This change of perspective has allowed us to investigate the ways in which space is

utilized to reproduce relations of power, our perceptions of the rural and urban and the

importance of those ideas in the production of the current electoral landscape in the US.

Space and society do not exist in isolation; they co-constitute each other. I argue here

that certain understandings of multicellularity and the importance of spatio-temporal re-

organization of cells require that we understand space in terms of the ecological relations

between life-forms. This change of perspective allows us to understand the importance

of ecological relations shaping certain dimensions of the biological space, as well as

the potential for space to change through biological evolution: spatial dynamics affect

the evolution of multicellularity, and this transition re-shapes the spatial interactions

between cells.

Notions of relational space are also not new in biology: in foraging theory, distances

are often defined in terms of the motility of focal organisms and their energetic require-

ments; food webs are topologies dependent only on the relations between organisms,

and we describe cell differentiation during development in relation to the location and

activities of other cells in the embryo (e.g. in terms of their dorso–ventral and antero–

posterior locations). For some ecological systems measures of absolute space might be

useful, varying only the relations between organisms. In contrast, in developmental

biology, absolute measures of space tend to be useless given that the phenomena of

interest depend on the relations between cells and their spatial patterns of expression,

not on the absolute location of cells in space. Thus, developmental explanations tend

to consider a relative space with somewhat fixed relations. Understanding the evolution

of multicellular organisms requires that we pay attention to both: a relative spatial

dimension and the ways this space is modified by changes in interactions between cells.

Transitions to multicellularity, as they involve the evolution of evolvability and reli-

able inheritance at the multicellular level, also involve increase heritability of ecological
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interactions between cells and their spatial organization. In this dissertation I high-

lighted the importance of these architectural processes in the evolution of complexity,

diversity and multicellular development. Through paying attention to the first steps in

the evolution of multicellularity, this dissertation underlins the importance of changes

in perspectives when trying to understand a complex reality that we cannot encompass

all at the same time. The evolutionary biologist Leigh Van Valen once pointed out that

“evolution is the control of development by ecology”, and I have tried to argue here that

multicellular development is the control of (cellular) ecology by evolution.
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Dupré, J. (2012). Processes of Life: Essays in the Philosophy of Biology. Oxford Uni-

versity Press.

Ereshefsky, M. and M. Pedroso (2015). “Rethinking evolutionary individuality”. In:

PNAS 2015, p. 201421377. doi: 10.1073/pnas.1421377112.

Erwin, D. H. (2008). “Macroevolution of ecosystem engineering, niche construction and

diversity”. In: Trends Ecol. Evol. 23.6, pp. 304–310. doi: 10.1016/j.tree.2008.

01.013.

http://dx.doi.org/10.5840/jphil2004101930
http://dx.doi.org/10.3732/ajb.0800126
http://dx.doi.org/10.1111/nph.12678
http://dx.doi.org/10.1111/j.1365-294X.2012.05482.x
http://dx.doi.org/10.1086/303417
http://dx.doi.org/10.1128/mBio.02099-15
http://dx.doi.org/10.1073/pnas.1421377112
http://dx.doi.org/10.1016/j.tree.2008.01.013
http://dx.doi.org/10.1016/j.tree.2008.01.013


107

Erwin, D. H., M. Laflamme, et al. (2011). “The Cambrian Conundrum: Early Divergence

and Later Ecological Success in the Early History of Animals”. In: Science 334,

pp. 1091–1097. doi: 10.1126/science.1206375.

Erwin, D. H. and S. Tweedt (2012). “Ecological drivers of the Ediacaran-Cambrian

diversification of Metazoa”. In: Evol. Ecol. 26.2, pp. 417–433. doi: 10.1007/s10682-

011-9505-7.

Espinosa-Soto, C., P. Padilla-Longoria, and E. R. Alvarez-Buylla (2004). “A gene regu-

latory network model for cell-fate determination during Arabidopsis thalianal flower

development that is robust and recovers experimental gene expression profiles”. In:

Plant Cell 16.11, pp. 2923–2939. doi: 10.1105/tpc.104.021725.2.

Fisher, R. A. (1930). The Genetical Theory of Natural Selection. Complete V. Oxford.

Franzenburg, S. et al. (2013). “Distinct antimicrobial peptide expression determines

host species-specific bacterial associations.” In: PNAS 110.39, E3730–E3738. doi:

10.1073/pnas.1304960110.

Fraser, C. et al. (2009). “The Bacterial Species Challenge: Making Sense of Genetic and

Ecological Diversity”. In: Science 323.5915, pp. 741–746. doi: 10.1126/science.

1159388.

Friedman, W. E. and J. H. Williams (2003). “Modularity of the angiosperm female ga-

metophyte and its bearing on the early evolution of endosperm in flowering plants”.

In: Evolution (N. Y). 57, pp. 216–230. doi: 10.1554/0014-3820(2003)057.

Friesen, M. L et al. (2004). “Experimental evidence for sympatric ecological diversifi-

cation due to frequency-dependent competition in Escherichia coli.” In: Evolution

58.2, pp. 245–60.

Fukuoka, S., T. Fukuda, and T. Uchida (2014). “Effects of sizes and shapes of gravel

particles on sediment transports and bed variations in a numerical movable-bed

channel”. In: Adv. Water Resour. 72, pp. 84–96. doi: 10.1016/j.advwatres.2014.

05.013.

Funk, Daniel J., Jennifer J. Wernegreen, and Nancy A. Moran (2001). “Intraspecific

Variation in Symbiont Genomes: Bottlenecks and the Aphid-Buchnera Association”.

In: Genetics 157.2, pp. 477–489.

http://dx.doi.org/10.1126/science.1206375
http://dx.doi.org/10.1007/s10682-011-9505-7
http://dx.doi.org/10.1007/s10682-011-9505-7
http://dx.doi.org/10.1105/tpc.104.021725.2
http://dx.doi.org/10.1073/pnas.1304960110
http://dx.doi.org/10.1126/science.1159388
http://dx.doi.org/10.1126/science.1159388
http://dx.doi.org/10.1554/0014-3820(2003)057
http://dx.doi.org/10.1016/j.advwatres.2014.05.013
http://dx.doi.org/10.1016/j.advwatres.2014.05.013


108

Galis, F. (2001). “Key Innovations and radiations”. In: Character Concept in Evolu-

tionary Biology. Ed. by G. P. Wagner. San Diego, CA: Academic Press, pp. 581–

605.

Gavrilets, S. (2010). “Rapid transition towards the Division of Labor via evolution of

developmental plasticity.” In: PLoS Comput. Biol. 6.6, e1000805. doi: 10.1371/

journal.pcbi.1000805.

Genner, M. J. et al. (2004). “Beta diversity of rock-restricted cichlid fishes in Lake

Malawi: importance of environmental and spatial factors”. In: Ecography 27.5, pp. 601–

610. doi: 10.1111/j.0906-7590.2004.03824.x.

Gietz, R. D. et al. (1995). “Studies on the transformation of intact yeast cells by the

LiAc/SS-DNA/PEG procedure”. In: Yeast 11.4, pp. 355–360. doi: 10.1002/yea.

320110408.

Gilbert, S. F., J. Sapp, and A. I. Tauber (2012). “A Symbiotic View of Life: We Have

Never Been Individuals”. In: Q. Rev. Biol. 87.4, pp. 325–341.

Godfrey-Smith, P. (2013). “Darwinian Individuals”. In: From Groups to Individuals:

Evolution and Emerging Individuality. Ed. by F. Bouchard and P. Huneman. Cam-

bridge, MA: MIT Press, pp. 17–36.

Goethe, J. W. (1790, 2009). The Metamorphosis of Plants. Cambridge, MA: MIT press.

Gould, S. J. (1989). Wonderful Life: The Burgess Shale and the Nature of History. New

York: W. W. Norton.

Graham, C. H. and P. V. Fine (2008). “Phylogenetic beta diversity: linking ecological

and evolutionary processes across space in time.” In: Ecol. Lett. 11.12, pp. 1265–77.

doi: 10.1111/j.1461-0248.2008.01256.x.

Graham, L. E. (1993). Origin of Land Plants. New York,NY: Wiley.

Grosberg, R. K. and R. R. Strathmann (2007). “The Evolution of multicellularity: A

minor major transition?” In: Annu. Rev. Ecol. Evol. Syst. 38.1, pp. 621–654. doi:

10.1146/annurev.ecolsys.36.102403.114735.

Grosholz, E. R. (2007). Representation and Productive Ambiguity in Mathematics and

the Sciences. Oxford, UK: Oxford University Press.

Grube, M. et al. (2009). “Species-specific structural and functional diversity of bacterial

communities in lichen symbioses.” In: Isme J 3.9, pp. 1105–1115. doi: 10.1038/

ismej.2009.63.

http://dx.doi.org/10.1371/journal.pcbi.1000805
http://dx.doi.org/10.1371/journal.pcbi.1000805
http://dx.doi.org/10.1111/j.0906-7590.2004.03824.x
http://dx.doi.org/10.1002/yea.320110408
http://dx.doi.org/10.1002/yea.320110408
http://dx.doi.org/10.1111/j.1461-0248.2008.01256.x
http://dx.doi.org/10.1146/annurev.ecolsys.36.102403.114735
http://dx.doi.org/10.1038/ismej.2009.63
http://dx.doi.org/10.1038/ismej.2009.63


109

Guerrero, R., L. Margulis, and M. Berlanga (2013). “Symbiogenesis: The holobiont as

a unit of evolution”. In: Int. Microbiol. 16.3, pp. 133–143. doi: 10.2436/20.1501.

01.188.

Harcombe, W. R. et al. (2014). “Metabolic resource allocation in individual microbes

determines ecosystem interactions and spatial dynamics”. In: Cell Rep. 7.4, pp. 1104–

1115. doi: 10.1016/j.celrep.2014.03.070.

Harper, J. L. (1977). Population biology of plants. London: Academic Press.

Heath, K. D. and P. Tiffin (2007). “Context dependence in the coevolution of plant and

rhizobial mutualists”. In: Proceedings of the Royal Society of London B: Biological

Sciences 274.1620, pp. 1905–1912. doi: 10.1098/rspb.2007.0495.

— (2009). “Stabilizing mechanisms in a legume-rhizobium mutualism”. In: Evolution

63.3, pp. 652–662. doi: 10.1111/j.1558-5646.2008.00582.x.

Herron, M. D. et al. (2009). “Triassic origin and early radiation of multicellular volvocine

algae.” In: PNAS 106.9, pp. 3254–3258. doi: 10.1073/pnas.0811205106.

Hestmark, G., F. Lutzoni, and J. Miadlikowska (2016). “Photobiont associations in

co-occurring umbilicate lichens with contrasting modes of reproduction in coastal

Norway”. In: Lichenol. 48.5, pp. 545–557. doi: 10.1017/S0024282916000232.

Hothorn, T., F. Bretz, and P. Westfall (2008). Simultaneous inference in general para-

metric models. doi: 10.1002/bimj.200810425.

Hunter, J. P. (1998). “Key innovations and the ecology of macroevolution”. In: Trends

Ecol. Evol. 13, pp. 31–36.

Huxley, J. S. (1926). “The Biological Basis of Individuality”. In: J. Philos. Stud. 1.3,

pp. 305–319.

Ispolatov, I., M. Ackermann, and M. Doebeli (2011). “Division of labour and the evolu-

tion of multicellularity.” In: Proc. R. Soc. London B, pp. 1768–1776. doi: 10.1098/

rspb.2011.1999.

Janzen, D. (1977). “What are dandelions and aphids?” In: Am. Nat. 111, pp. 586–589.

Jaqaman, K. et al. (2008). “Robust single-particle tracking in live-cell time-lapse se-

quences”. In: Nat. Methods 5.8, pp. 695–702.

Kassen, R. (2014). Experimental Evolution and the Nature of Biodiversity. Greenwood

Village, CO: Roberts and Co.

http://dx.doi.org/10.2436/20.1501.01.188
http://dx.doi.org/10.2436/20.1501.01.188
http://dx.doi.org/10.1016/j.celrep.2014.03.070
http://dx.doi.org/10.1098/rspb.2007.0495
http://dx.doi.org/10.1111/j.1558-5646.2008.00582.x
http://dx.doi.org/10.1073/pnas.0811205106
http://dx.doi.org/10.1017/S0024282916000232
http://dx.doi.org/10.1002/bimj.200810425
http://dx.doi.org/10.1098/rspb.2011.1999
http://dx.doi.org/10.1098/rspb.2011.1999


110

Kauffman, S. A. (1970). “Articulation of Parts Explanation in Biology and the Rational

Search for Them”. In: PSA Proc. Bienn. Meet. Philos. Sci. Assoc. 1970, pp. 257–

272.

Kellert, S. H., H. E. Longino, and C. K. Waters (2006). “Introduction: The pluralist

stance”. In: Scientific Pluralism. Ed. by S. H. Kellert, H. E. Longino, and C. K.

Waters. Minneapolis: University of Minnesota Press.

Kerr, B. et al. (2002). “Local dispersal promotes biodiversity in a real-life game of

rock-paper-scissors.” In: Nature 418.6894, pp. 171–4. doi: 10.1038/nature00823.

King, N. et al. (2008). “The genome of the choanoflagellate Monosiga brevicollis and the

origin of metazoans.” In: Nature 451.7180, pp. 783–8. doi: 10.1038/nature06617.

Kirk, D. L (2005). “A twelve-step program for evolving multicellularity and a division

of labor.” In: BioEssays 27.3, pp. 299–310. doi: 10.1002/bies.20197.

Knoll, A. H. (2011). “The multiple origins of complex multicellularity”. In: Annu. Rev.

Earth Planet. Sci. 39.1, pp. 217–239. doi: 10 . 1146 / annurev . earth . 031208 .

100209.

Kojima, K. and R. C. Lewontin (1970). “Evolutionary Significance of Linkage and Epis-

tasis”. In: Mathematical Topics in Population Genetics. Ed. by K. Kojima. Berlin:

Springer, pp. 367–388. doi: 10.1007/978-3-642-46244-3_12.

Koropatnick, T. A., J. R. Kimbell, and M. J. McFall-Ngai (2007). “Responses of host

hemocytes during the initiation of the squid-vibrio symbiosis”. In: Biol. Bull. 212.1,

pp. 29–39. doi: 212/1/29[pii].

Koschwanez, J. H., K. R. Foster, and A. W. Murray (2011). “Sucrose Utilization in

Budding Yeast as a Model for the Origin of Undifferentiated Multicellularity”. In:

PLoS Biol. 9.8. doi: 10.1371/journal.pbio.1001122.
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Appendix A

Supplementary figures and tables

A.1 Evolution of simple multicellularity increases environ-

mental complexity

Table A.1: Piecewise regression of growth rate (change in optical density at 600nm over
time) against optical density.

First slope Second slope Third slope

Strains Slope CI 95% Slope CI 95% Slope CI 95%

C1W8.1 0.323 -0.070 0.715 -0.958 -1.492 -0.237 0.011 -0.0562 0.078
C1W8.2 0.318 0.011 0.626 -1.115 -1.536 -0.693 0.02 -0.033 0.075
C1W8.8 0.358 0.045 0.671 -1.419 -2.401 -0.436 0.015 -0.035 0.066
C1W8.9 0.352 0.254 1.388 -1.059 -1.580 -0.537 0.013 -0.025 0.05

Breakpoint Davies Breakpoint 2 Davies

Strains Break CI 95% p-value Break CI 95% p-value

C1W8.1 0.743 0.642 0.843 0.005* 0.922 0.869 0.975 0.0843
C1W8.2 0.774 0.706 0.843 0.0003* 0.936 0.913 0.96 0.0035*
C1W8.8 0.804 0.716 0.892 0.0024* 0.951 0.925 0.977 <0.0001*
C1W8.9 0.757 0.651 0.862 0.01* 0.929 0.91 0.948 0.0085*
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Figure A.1: Growth and settling dynamics of “Big” and “Small” isolates. A. Growth
of a single cluster (number of reproductive events over time) starting from similar sized
propagules. “Juvenile” stage marks the time before the first reproductive event. B.
Growth curves of different strains over 24hrs. C. Settling dynamics of different strains
and fitted logistic model (solid lines).
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Figure A.2: Average settling speed of clusters over recorded time ( 2min). There is
more variation on the big background within and between replicates (different shades
of grays and greens) as expected from their wide size distribution (where there is a
small number of really big clusters that settle fast and are capable of dragging smaller
clusters) and a large number of small propagules with slow settling rates.
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Figure A.3: Change in median size after centrifugation (10s at 10g) for four different
mixes with different proportions of “Big and “Small. Each point was calculated from
all individuals on nine fields of view from samples taken before and after centrifugation.

Figure A.4: After log transformation settling speed data meets the assumption of
homogeneity of variance and only deviates from normality at the extremes.
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A.2 Spatial constraints on multicellularity and the cost of

being big

Table A.2: ANOVA table for complete model with the log transformed protein concen-
tration as the response variable and OD600, phenotype (multicellular or unicellular) and
treatment (growth on plates or liquid) as factors.

DF Sum of Sq Mean Sq F-score p-value

OD600 1 26.093 26.093 94.489 <0.00001**
Phenotype 1 0.221 0.221 0.799 0.382
Treatment 1 1.196 1.196 4.332 0.05
OD600:Phenotype 1 0.419 0.419 1.519 0.232
OD600:Treatment 1 0.018 0.018 0.067 0.799
Phenotype:Treatment 1 0.067 0.067 0.244 0.627
OD600:Phenotype:Treatment 1 0.378 0.378 1.371 0.256
Residuals 20 5.523 0.276

Table A.3: ANOVA table for complete model with the log transformed protein concen-
tration as the response variable and integrated pixel density and phenotype (multicel-
lular or unicellular) as factors.

DF Sum of Sq Mean Sq F-score p-value

Integrated pixel density 1 456537 45637 32.8146 0.005**
Phenotype 1 3297 3297 0.2370 0.652
Int. Density:Phenotype 1 4684 4684 0.3367 0.593
Residuals 4 55650 13913
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