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The words of the wise are like goads, their collected sayings like firmly embedded nails...

Be warned, my child, of anything in addition to them. Of making many books there is no

end, and much study wearies the body.

Ecclesiastes 12:11-12
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SUMMARY

Pressure to become larger is thought to be a driver of the evolution of multicellular

organisms. Large size can help an organism avoid predation, resist stress, and use resources

more efficiently. However, though size can solve many problems, it also creates new ones,

and it is not clear how nascent multicellular organisms overcome them, since they are

simple clumps of cells that lack the group-level adaptations of established organisms.

One problem with large size involves nutrient limitation: nutrients usually cannot pen-

etrate more than a few tens of microns into a group of cells, meaning that cells on the

inside of a large group will be starved, and growth will be limited. However, our model

organism for early multicellularity, snowflake yeast, defies this limit. Over 1,000 days of

selection for large size, these yeast evolved to grow exponentially to millimeter sizes, far

larger than previously-demonstrated diffusion limits. Snowflake yeast does not have cilia

to move fluid around, nor does it have complex multicellular adaptations like a circulatory

system. Instead, the organism’s metabolism drives a rapid, long-range buoyant flow that

enables nutrient-rich fluid to move throughout the cluster of cells.

In this thesis, I examine the phenomenon of metabolic flow and the characteristics that

make it possible. I argue that it is not unique to snowflake yeast clusters placed in perfectly

still media with plentiful nutrients, but is possible across a wider range of environmental

and organismal characteristics. I show that metabolically-driven flow remains effective in

an environment with substantial external flows, widening the range of possible environ-

ments. I also examine the organismal characteristics that make flow possible for snowflake

yeast, including permeability, toughness, and nutrient uptake rates. I suggest that emergent

phenomena can circumvent the need for nascent multicellular organisms to evolve a mor-

phologically complex body, including features like a circulatory system, in order to solve

problems of large size. Instead, large size can evolve first, and the existing form and physics

of the group can scaffold the subsequent evolution of development of the body plan.

xi



CHAPTER 1

INTRODUCTION AND BACKGROUND

One of the most fundamental aspects of life is form, or organization. Living things main-

tain continuity of form: in metabolism, they keep their form but replace all their material

components, and in replication, they transmit their form to offspring. The study of the ori-

gin of multicellular life is the study of a change in form, a break in this continuity. It asks

how a new and recognizable higher-level organismal form can be synthesized from cells,

which are themselves organisms.

Form at any level requires a cause. In the case of complex morphology in established

multicellular organisms, the cause appears to be largely stable, contained inside the organ-

ism, and passed to offspring. It consists of an intricate interacting network of genes, other

macromolecules, and the larger physical and organizational structure of the organism, and

we will later refer to it all together as the `developmental program'. But for nascent groups

of individual cells, there is no preexisting internal model for how the cells should organize

themselves and divide tasks in order to carry out collective functions. This same problem,

the transitional problem, arises at every level of the hierarchy, when you start to ask about

origins. This is the problem recognized by major transition theory [1]. Typical models of

evolution appear to break down at transition points in the biological hierarchy, such as at

the origin of life itself, the origin of eukaryotes, and of course, the origin of multicellular-

ity. We can study the `before' and `after' of these transitions, but to understand how the

process unfolds in time, we need to �nd a way to study the transition itself. We cannot take

for granted that the biological hierarchy exists, but must explain how it arose [2, 3].
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Figure 1.1: The snow�ake yeast ancestor (ACE2� ) has a multicellular life cycle of clonal
growth and reproduction by fracturing.

Observing a transition in the lab

All of the transitions to complex multicellularity happened deep in the past (tens to hun-

dreds of millions of years ago), and therefore we are limited in how we can study them.

Both fossil studies and phylogenetic studies using extant organisms have provided useful

insights [4, 5, 6], but it would be advantageous if we could study a transition to complex

multicellularity in real time. That is where the snow�ake yeast model system and the Mul-

ticellularity Long-Term Evolution Experiment (MuLTEE) come in.

The ancestor snow�ake yeast is a strain ofS. cerevisiae(baker's yeast) with a single

gene (ACE2) removed so that they undergo incomplete cell division, which means that

daughter cells stay attached to parents via a chitinous bond, and thus the dividing cells form

a clonal group. The life cycle of these organisms is to grow until internal stresses result

in part of the group fracturing off to create offspring, which then grows until it fractures,

and so on (see Figure 1.1). During their experimental evolution, clusters are selected for

large size using a method called settling selection. In this method, the yeast are grown in

shaken, liquid culture for 24 hours. Then a small sample of the culture is placed on the

benchtop for �ve minutes and allowed to settle under gravity. The largest clusters sink
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to the bottom fastest, and these are passaged to the next day while the top portion of the

sample is discarded. This procedure has been repeated for more than 1,000 days (more

than 5,000 generations, and continuing to this day) in what is now called the Multicellular

Long Term Evolution Experiment (MuLTEE) [7], with the name inspired by Lenski's Long

Term Evolution Experiment (LTEE) withE. coli [8, 9].

Why select for large size in order to evolve multicellularity? When selecting for large

size, you promote the formation of groups of cells. The individual cells may increase in size

— for example, by duplicating their genomes, as we have seen in snow�ake yeast [10] —

but there is only so large that single cells can grow, probably due to surface area to volume

constraints. Volume scales faster than surface area, which presents a problem because

materials are supplied through the cell membrane, a surface surrounding the cell. (Of

course, the same problem still exists for multicellular groups, and this will come into focus

later.) Furthermore, we posit that size is a selective starting point for the development of

multicellularity in nature, not just in the lab. Many of the advantages of group formation for

otherwise unicellular organisms — e.g., avoiding predation, increasing motility, or faster

sedimentation, among others — are fundamentally about achieving larger size [11].

Snow�ake yeast is actively adapting to life as a multicellular organism, and it has al-

ready provided insights into the transition to multicellularity. For example, the origin of

multicellular heredity is a transitional problem in multicellularity that has long been con-

sidered a dif�culty in the �eld [12, 13]. One of the primary frameworks for thinking about

the evolution of groups is multilevel selection. In this framework, natural selection can

occur on multiple levels, including both an individual and a collective level. However, this

presumes that heritable variation, which is necessary for Darwinian evolution, is already

established on all the relevant levels of the biological hierarchy. During major transitions

in evolution, where new hierarchical levels are created, it is not necessarily clear how heri-

table variation arises in the new levels and affects �tness [14]. Recent work in the Yunker

and Ratcliff labs using snow�ake yeast, mathematical modelling, and an additional model
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organism for multicellularity,Volvox, has demonstrated that cell-level traits can easily lead

to highly heritable emergent group-level traits. Modi�cation of traits of individual cells can

result in a phenotype for the collective that emerges repeatably due to the laws of physics,

and in this way, physics provides a kind of proto-heredity at the new hierarchical level

of the group. One study found that cells in a cluster evolved longer aspect ratios, which

reduced the packing fraction of the group, delaying fracture from mechanical stress and

thus increasing cluster size, a group property [15]. Another study found that cell packing

follows a universal and therefore repeatable distribution that is inherited by offspring [16].

Group traits have indeed been shown to bemoreheritable than underlying cell traits, even

in nascent multicellular groups [13].

The transition to large size and complexity

The appearance ofmorphologically complexmulticellular organisms is a transitional prob-

lem of particular interest. Multicellular organisms �rst arose more than 600 million years

ago, and multicellularity has arisen in more than 20 lineages [17, 18]. However, the largest

and most familiar multicellular organisms — those widely considered to be `complex' mul-

ticellularity — arose only a few times. Large, complex body plans with multiple coordi-

nated tissues made of different cell types speci�cally have only arisen in 5 lineages: plants,

animals, fungi, and red and brown algae [19, 20]. It is not clear why only this small subset

of multicellular lineages have evolved complexity.

Here, we again see the problem oforigins. In order to divide into a variety of tissue

types,i.e., to have morphological complexity, an organism needs a substantial number of

cells (e.g., more than 100-1,000 cells — and many organisms in the complex lineages have

far more cells than that) [21, 22]. For example, in the colonial green algaeVolvox, larger,

multicellular species usually have germ-soma division of labor, whereas smaller colonies

do not, and Solari,et al., argue that this specialization can be explained by the organisms'

need to stay a�oat and move around in water [23]. However, while large size is needed for
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cell differentiation, large size also creates dif�culties around nutrient and waste transport

that are solved, in extant multicellular organisms such as plants and animals, with cell

differentiation. If groups are large, there will be a nutrient gradient from outside to inside,

and adaptations such as a circulatory system are required to feed all the cells [24]. These

adaptations can be subsequently re�ned and the organism can evolve to be even larger [25].

Established multicellular organisms, therefore, can easily take advantage of this feedback

loop, but it is not clear how a nascent multicellular organism can break into the loop and

start developing either large size, multicellular adaptations that solve problems of size, or

both.

Using the MuLTEE to study large size

Over time, certain lines of snow�ake yeast subjected to long-term experimental evolution

in the MuLTEE have become substantially larger than the ancestor. These strains, which

I work with in this thesis, evolved from a line of petite snow�ake yeast, meaning that,

in addition to possessing the ACE2� genotype, they lack functional mitochondria and

thus can only perform ethanol fermentation and not respiration. These anaerobic clusters

evolved to grow to millimetric size (for comparison, a singleS. cerevisiaecell is around

5-10 µm in diameter) after less than 600 days of settling selection in the MuLTEE [7]. One

of the reasons they were able to do this, as compared to the aerobic and mixotrophic lines

of snow�ake yeast, is obviation of the need for oxygen, as the limited oxygen supply in

their media can cause severe diffusion limitation and thus constrain cluster size [26, 27].

The MuLTEE thus gives us an opportunity to study not just somewhat increased size,

but signi�cantly increased size in an otherwise `early stage' of the evolution of a multicel-

lular group. Of course, snow�ake yeast is a lab system and comes with the usual caveats

of lab studies, such as a lack of complex ecology involving other organisms or irregular

environmental conditions. Furthermore, it is an open-ended experiment, and it is not yet

clear whether it will indeed evolve various types of `complex' adaptations, such as germ
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