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Abstract 16 

The evolution of large organismal size is fundamentally important for multicellularity, creating 17 

new ecological niches and opportunities for the evolution of increased biological complexity. 18 

Yet little is known about how large size evolves, particularly in nascent multicellular organisms 19 

that lack genetically-regulated multicellular development. Here we examine the interplay 20 

between biological and biophysical drivers of macroscopic multicellularity using long-term 21 

experimental evolution. Over 600 daily transfers (~3,000 generations), multicellular snowflake 22 

yeast evolved macroscopic size, becoming ~2·104 times larger (~mm scale) and 104-fold more 23 

biophysically tough, while remaining clonal. They accomplished this through sustained 24 

biophysical adaptation, evolving increasingly elongate cells that initially reduced the strain of 25 

cellular packing, then facilitated branch entanglement so that groups of cells stay together even 26 

after many cellular bonds fracture. Four out of five replicate populations show evidence of 27 

predominantly adaptive evolution, with mutations becoming significantly enriched in genes 28 

affecting cell shape and cell-cell bonds. Taken together, this work shows how selection acting on 29 

the emergent properties of simple multicellular groups can drive sustained biophysical 30 

adaptation, an early step in the evolution of increasingly complex multicellular organisms.  31 
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Introduction 32 

Size plays a fundamental role in the evolution of multicellularity, as it allows organisms to 33 

explore novel ecological niches (1), affords protection from the external environment (2), and 34 

underlies the evolution of cellular differentiation (3-7). The evolution of macroscopic size has 35 

been hypothesized to be a key driver of increased organismal complexity, as large size creates an 36 

evolutionary incentive to solve challenges of nutrient and oxygen transportation that are 37 

otherwise inescapable consequences of diffusion limitations (8, 9). However, little is known 38 

about how nascent multicellular organisms, consisting of small groups of undifferentiated cells, 39 

evolve to form biomechanically tough, macroscopic multicellular bodies, and whether selection 40 

for size itself can be a driver of multicellular innovation (10). 41 

The evolution of macroscopic size presents a fundamental challenge to nascent 42 

multicellular organisms, requiring the evolution of biophysical solutions to evolutionarily novel 43 

stresses that act over previously-unseen multicellular size scales (11-15). Indeed, while prior 44 

work with yeast and algae have shown that novel multicellularity is relatively easy to evolve in 45 

vitro, these organisms remain microscopic, typically growing to a maximum size of tens to 46 

hundreds of cells (16-20). Extant multicellular organisms have evolved a number of 47 

developmentally-regulated mechanisms for increasing biophysical toughness, or reducing the 48 

rate at which stress accumulates (21-23). In the absence of genetically-regulated multicellular 49 

development, however, we do not know how, or even whether, nascent multicellular organisms 50 

can evolve the increased biophysical toughness required for the evolution of macroscopic size.  51 

 Here we examine the interplay between biological, biophysical, and environmental 52 

drivers of macroscopic multicellularity using long-term experimental evolution. We subject 53 

snowflake yeast (18), a model of undifferentiated multicellularity, to 600 rounds (~3,000 54 
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generations) of daily selection for increased size. Because oxygen is thought to have played a 55 

key role in the evolution of macroscopic multicellularity, we evolved snowflake yeast with either 56 

anaerobic or aerobic metabolism. All five of our replicate anaerobic populations evolved 57 

macroscopic size, while all aerobic populations remained microscopic throughout the duration of 58 

the experiment, supporting the hypothesis that selection for efficient aerobic metabolism can be a 59 

powerful constraint on the evolution of multicellularity (24). Macroscopic size evolved through 60 

two sequential steps in all five replicate populations. First, snowflake yeast increased the length 61 

of their constituent cells, which delays organismal fracture caused by packing-induced strain 62 

(15). Next, they evolved to entangle branches of connected cells such that a single cell-cell 63 

separation no longer causes multicellular fracture, evolving to become ~2·105 times larger, 64 

forming millimeter-scale groups of clonal cells. Together these adaptations increased the 65 

toughness of individual clusters by more than 104-fold, transforming the initial snowflake yeast 66 

ancestor, which was ~100 times weaker than gelatin, to a multicellular organism with similar 67 

materials properties (i.e., strength and toughness) to wood. Sequencing reveals evidence for 68 

sustained adaptive evolution, with a high proportion of nonsynonymous mutations occurring in 69 

genes affecting cell shape and cell-cell bonds.  70 

Results 71 

We began our experiment by engineering a unicellular isolate of S. cerevisiae strain Y55 to grow 72 

with the snowflake phenotype by deleting the ACE2 open reading frame (25). To examine the 73 

effect of oxygen on the evolution of size, we generated a spontaneous petite mutant incapable of 74 

respiration. We generated five replicate populations of each genotype, selecting for larger size 75 

every 24 h by selecting for increasingly rapid sedimentation (see Methods for details). We 76 

evolved these 15 populations over 600 rounds of growth and settling selection (~3,000 77 
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generations), archiving all populations at -80°C every 10-15 days. We refer to the five replicate 78 

anaerobic, mixotrophic, and obligately aerobic populations as PA, PM, and PO 1-5, respectively. 79 

All five populations of anaerobic snowflake yeast evolved macroscopic size, with 80 

individual clusters visible to the naked eye (Fig. 1A-B). In contrast, snowflake yeast capable of 81 

metabolizing oxygen remained microscopic (Fig. 1C & Fig. S1), a result consistent with recent 82 

work showing that competition for limiting oxygen imposes a powerful constraint on the 83 

evolution of macroscopic multicellular size (24). The anaerobically-evolved populations 84 

increased their mean cluster radius from 16 µm to 434 µm, a ~2·104-fold increase in volume 85 

(Fig. 1D, p < 0.0001; F5, 13321 = 2100, Dunnett’s test in one-way ANOVA). This corresponds to 86 

an estimated increase from ~100 cells per cluster to ~450,000 (comparing average cluster 87 

volumes, accounting for changes in mean cell volume and cellular packing density within 88 

clusters). The largest clusters of 600-day evolved snowflake yeast are over a millimeter in 89 

diameter (Fig. 1A), which is comparable to the size of an adult Drosophila (26).  90 

The evolution of macroscopic multicellularity in the anaerobic snowflake yeast 91 

populations occurred via two distinct phases (Fig. 1D). All five replicate populations evolved a 92 

~2-fold increase in mean cluster radius (from 16.7 µm to 33.6 µm; p < 0.0001, F5, 27005 = 4518, 93 

Tukey’s HSD, one-way ANOVA) over the first 100 days of selection, with little among-94 

population variation (means range from 33.0 to 33.9 µm in the five replicate populations). At this 95 

point, they entered a period of stasis (defined as <10% change in mean size per 50-day sampling 96 

interval), waiting anywhere from 50 days in population PA5 to 250 days in population PA1 97 

before rapidly evolving further size increases. The wide among-population variance in the 98 

duration of evolutionary stasis suggests that the evolution of macroscopic size was more 99 

challenging than the initial evolution of increased size, which was highly parallel. 100 
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 101 

Figure 1. Evolution of macroscopic multicellularity in five replicate snowflake yeast populations. 102 
Individual snowflake yeast are visible to the naked eye after 600 days of evolution. Snowflake yeast are 103 
shown as they appear in our evolution experiment (A), or via confocal microscopy (B, both images shown 104 
at same magnification with color representing depth in the z plane). (C) Only the anaerobic populations 105 
(PA1-PA5) evolved macroscopic multicellularity after 600 transfers; mixotrophic (PM1-PM5) and 106 
obligately aerobic (PO1-PO5) snowflake yeast remained microscopic despite daily selection for larger 107 
size. (D) Within anaerobic populations, the evolution of macroscopic multicellularity occurred via two 108 
distinct phases. The early evolution of larger size, up to a weighted mean radius of ~32 µm, was highly 109 
parallel. The time required before breaking through to larger size, however, varied widely between 110 
populations. In C and D, the data points show the average radius of the cross-sectional area for snowflake 111 
yeast in each population, weighted by cluster biomass (which represents the average size multicellular 112 
group any given cell will be in, see Methods for details). See Fig. S1 for additional data on the evolution 113 
of cluster size in oxygen-using populations and Fig. S2 for full cluster size distributions for the 600-day 114 
anaerobic populations (PA1-PA5). Lines in (D) are Lowess smoothing curves, intended to aid the eye.  115 
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As with their ancestor, macroscopic snowflake yeast grow via mother-daughter cell 116 

adhesion (i.e., budded daughter cells do not separate after cell division), forming a branched, 117 

tree-like structure (Fig. 2 A&B). When compressed, they fracture into small modules that 118 

resemble their snowflake yeast ancestor (Fig. 2 A&B). Throughout the experiment, snowflake 119 

yeast cells evolve to be more elongate, increasing in average aspect ratio (ratio of length to 120 

width) from ~1.2 to ~2.7 (Fig. 2C&D; F 5, 1993 = 206.2, p < 0.0001, Dunnett’s test after one-way 121 

ANOVA; Fig. S3). Initially, cluster size was a roughly linear function of aspect ratio (Fig. 2E 122 

inset), but this relationship changes once they evolve macroscopic size (Fig. 2E).  123 

Prior work has shown that the evolution of more elongate cells increases the size to 124 

which snowflake yeast grow by decreasing the density of cellular packing (i.e., their packing 125 

fraction) in the cluster interior, which reduces cell-cell collisions that drive multicellular fracture 126 

(15, 27).  We examined this relationship over the course of our experiment in replicate 127 

population two (PA2), which was one of the first lineages to evolve macroscopic size. As 128 

predicted by a 3D biophysical simulation (Fig. 2F), cellular elongation decreased the packing 129 

fraction of multicellular groups- but only initially, from aspect ratio ~1.2-2. Beyond this, clusters 130 

with more elongate cells actually became more densely packed, and experimentally-measured 131 

packing fraction became increasingly divergent from model predictions (Fig. 2F). This 132 

divergence suggests that this lineage evolved a novel biophysical mechanism for increased 133 

multicellular toughness, capable of withstanding growth to large size and a high cellular packing 134 

fraction.  135 
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 136 

Figure 2. Evolution of novel cell morphology. (A) When compressed, macroscopic snowflake yeast 137 
fracture into modules that resemble their ancestor, but (B) retain the same underlying branched growth 138 
form (cell walls are stained with calcofluor-white). (C) and (D) show the parallel evolution of elongated 139 
cell shape, resulting in an increase in average aspect ratio from ~1.2 to ~2.7 (for each point in D, 453 cells 140 
were measured on average). (E) Early in their evolution (aspect ratio 1-2.3), cluster size (weighted mean 141 
radius) is an approximately linear function of cellular aspect ratio (inset; p < 0.0001, y = 41.1x - 27.8, r2 = 142 
0.72). This relationship does not hold for higher aspect ratios. (F) A biophysical model of snowflake yeast 143 
predicts that increasing cellular aspect ratio should decrease cellular packing fraction (black points). We 144 
see a close correspondence with these predictions for low aspect ratios, but our experimental data 145 
diverges from model predictions for aspect ratios beyond 2. Each datapoint in (F) reports the mean of 15 146 
snowflake yeast clusters or 25 replicate simulations, ± one standard deviation.  147 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 5, 2021. ; https://doi.org/10.1101/2021.08.03.454982doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.03.454982
http://creativecommons.org/licenses/by-nc-nd/4.0/


9 

The simplest way that snowflake yeast could evolve to become macroscopic is to become 148 

adhesive, forming large aggregates, which is a common strategy in yeast (i.e., via flocculation 149 

(28)). To determine if clusters of macroscopic yeast grow via aggregation, or if they develop as a 150 

single clonal lineage, we labeled a single-strain isolate taken from PA2, t600 with either GFP or 151 

RFP. If adhesive aggregation were responsible for their large size, we would expect to see 152 

chimeric groups composed of both red and green cells (which are genetically identical, other 153 

than the fluorescent marker) (28). After five days of co-culture and 24h of growth, however, all 154 

multicellular clusters (n=70; Fig. S4) remained monoclonal. This is unlikely to occur with 155 

aggregation. If we conservatively assume each macroscopic snowflake yeast cluster we 156 

measured were the result of just a single fusion event, occurring with equal probability between 157 

two groups of red and green cells, then the binomial probability of finding no chimeric groups in 158 

our sample would be 10-6. Floc-like aggregation thus does not explain the evolution of 159 

macroscopic size in snowflake yeast. 160 

To examine how changes in the topology of snowflake yeast may underlie their increased 161 

size, we imaged clusters via Serial Block Face Scanning Electron Microscopy (SBF-SEM). This 162 

technique enables us to image the interior of clusters that are difficult to resolve with light-based 163 

microscopy, ultimately allowing us to map their internal architecture with nanometer precision 164 

(29). Surprisingly, individual macroscopic snowflake yeast were not composed of a single 165 

topologically-connected component, like their ancestors. Instead, they contained numerous 166 

disconnected branches of cells, suggesting that the cluster remained intact even when cell-cell 167 

connections were severed (Fig. 3A). Within macroscopic clusters, separate branches contact, 168 

intercalate, and even wrap around each other (Fig. 3A). As these clusters are densely packed, 169 

moving one component would require moving many other components as well. Based on these 170 
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observations, we hypothesized that branches are entangled, in a manner reminiscent of physical 171 

gels (30) and entangled granular materials (31). Entanglement would provide a mechanism for 172 

branches of cells to remain in the same, densely packed group even after cell-cell bonds break.  173 

  Following prior work in entangled chains and knotted strings (31, 32), we used our SBF-174 

SEM dataset to quantify branch entanglement in snowflake yeast by analyzing chain topology 175 

and geometry. Specifically, we constructed the convex hull of each connected component within 176 

a sub-volume, which denotes the smallest convex polyhedron containing this component (see 177 

Fig. S5A). If a cell from one connected component overlaps with the convex hull of a second, 178 

then the two can be considered entangled. By percolating entanglement among adjacent 179 

connected components throughout the sub-volume, we can measure the extent to which the 180 

cluster’s biomass is mutually entangled (Fig. 3B, Fig. S5B). For entanglement to underlie 181 

macroscopic size, the largest entangled component (consisting of many entangled pieces) must 182 

be able to resist mechanical stress, meaning that there must be an entangled component that 183 

spans the vast majority of the cluster (33). In analyses of 10 randomly selected sub-volumes from 184 

different macroscopic snowflake yeast clusters from population PA2, t600, we found that the 185 

largest entangled component contains 93% +/- 2% of all connected components. This 186 

observation supports the hypothesis that entanglement between cell branches can prevent cluster 187 

fracture in the event that a cell-cell bond fails. 188 

 As a further test, we investigated the mechanics of macroscopic snowflake yeast. Strain 189 

stiffening is a signature of entangled chains (31). When compressed, the effective stiffness of 190 

entangled chains increases with increased strain. This enables entangled materials to withstand 191 

stress orders-of-magnitude greater than their non-entangled counterparts, a property necessary 192 

for achieving macroscopic size (31). Conversely, as the ancestor is not entangled, it is not 193 
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expected to exhibit strain-stiffening behavior. We measured the stress response of 10 194 

macroscopic snowflake yeast clusters under uniaxial compression using a macroscopic 195 

mechanical tester (Zwick Roell Universal Testing Machine). We repeated the same experiment 196 

for 10 ancestral snowflake yeast clusters using an atomic force microscope (AFM Workshop LS-197 

AFM). The stress-strain plot for the ancestor is linear (r2 = 0.97 +/- 0.02, average and standard 198 

deviation of the regression for 10 samples, Fig. 3C inset), clusters fracture at stress as low as 240 199 

Pa and have toughness as low as 8.9 J/m3 (15) In contrast, macroscopic snowflake yeast clusters 200 

have a convex stress-strain curve (Fig. 3C), can support stresses at least as large as ~7 MPa 201 

without failing, and have toughness greater than 0.6 MJ/m3. Thus, entanglement both enables 202 

separate branches within macroscopic snowflake yeast to stay together and allows them to 203 

endure the large stresses necessary for growth to macroscopic size. 204 

 205 

 206 

 207 

Figure 3. Branch entanglement underlies the evolution of macroscopic size. (A) Shown are two 208 
entangled components (green and tan), obtained via SBF-SEM imaging. (B) Branch entanglement is 209 
pervasive in macroscopic snowflake yeast. Starting with the two-component sub-volume in (A), we 210 
percolated entanglement by adding on adjacent entangled components in four steps (I-IV). (C) Stress vs. 211 
strain plot for macroscopic snowflake yeast (PA2, t600) clusters in blue and the ancestor in grey (ancestor 212 
shown again in inset with a rescaled y axis). Macroscopic snowflake yeast experience strain stiffening, a 213 
hallmark of entangled systems, while the ancestor’s stress-strain plot is linear, which is expected for non-214 
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entangled systems. The shaded area shows one standard deviation based on 10 repeated measurements for 215 
each.  216 

To uncover the genomic basis of cell-level changes driving the multicellular adaptation, 217 

we sequenced the genomes of a single strain from each of the five populations (PA1-PA5) that 218 

independently evolved macroscopic multicellularity after 600 transfers (Fig. 4A&B). 4/5 had 219 

more nonsyonymous mutations than expected by chance, indicating that selection has played an 220 

important role in allele frequency change within these populations. Specifically, the ratio of 221 

nonsynonymous to synonymous mutations, relative to neutral expectations, was 2.1, 5.6, 0.76, 222 

2.56, and 2, for isolates from PA1-PA5, respectively. PA3, which had a dN/dS ratio of just 0.76, 223 

evolved macroscopic size only near the end of the experiment, later than the other populations 224 

(Fig. 1D). 225 

Over ~3,000 generations snowflake yeast evolve dramatically more elongate cells (Fig. 226 

2C&D), which plays a central role in the evolution of increased cluster size (Fig. 2E) and 227 

biophysical toughness (Figs. 2F, 3, & S5). Gene Ontology (GO) terms known to affect cell 228 

length were significantly enriched, namely genes of the cell cycle (34) (23 / 102 nonsynonymous 229 

mutations, p = 4.68×10-10) and filamentous growth (6 / 102 nonsynonymous mutations, p = 230 

0.023). In addition, we found 12 nonsynonymous mutations in genes with known roles in cellular 231 

budding (Fig. 4E), which includes eight genes that have previously been shown to increase the 232 

size of bud scars (AKR1, ARP5, CLB2, GIN4, PRO2, RPA49, RSC2, PHO81) (35, 36). Mutations 233 

arose in two of these genes in different populations (i.e., PHO81 in populations PA1 and PA5, 234 

and GIN4 in populations PA2 and PA3, Fig. 4C), indicating parallel evolution. All else equal, 235 

larger bud necks should increase the amount of cell wall shared between mother and daughter 236 

cells, potentially increasing the strength of cell-cell connections.  237 
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We tested the effects of cell lengthening mutations (akr1∆ and arp5∆) and a putative cell-238 

cell connection strengthening mutation (gin4∆) in the ace2Δ ancestor. Together, these mutations 239 

led to a 7.7-fold increase in average radius (>100-fold greater volume; Fig. 4D; p < 0.0001, t = 240 

46.39, df = 366.1, Welch’s t-test), confirming that mutations affecting cell length and cell-241 

connection strength can underlie the emergence of dramatically increased multicellular size in 242 

snowflake yeast. 243 

In addition to the GO term analysis, we examined the potential phenotypic targets of 244 

novel mutations using the CellMap database (37), a method that maps core biological processes 245 

in yeast by testing the phenotypic effects of nearly a million pairwise genetic interactions (38). 246 

These results support our original analysis, showing that interactions between bioprocesses 247 

affecting mitosis, cell polarity (e.g., the cell cycle) and the cell wall (Fig. 4F) evolved within 248 

macroscopic snowflake yeast.  249 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 5, 2021. ; https://doi.org/10.1101/2021.08.03.454982doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.03.454982
http://creativecommons.org/licenses/by-nc-nd/4.0/


14 

 250 

Figure 4.  Whole-genome sequencing reveals the dynamics of molecular evolution and the genetic 251 
basis of cell-level and cluster-level changes. (A) and (B) show the number and types of mutations in 252 
evolved single strains from each population. (C) GIN4, a kinase controlling the size of cellular bud necks 253 
with a potential strengthening effect on connections between cells, is mutated in two independent 254 
populations. (D) Genetic engineering of cell lengthening (i.e., AKR1 and ARP5) and bud-scar 255 
strengthening (i.e., GIN4) mutations in the ancestral background (inset) increased the weighted mean 256 
radius of snowflake yeast clusters from 16 µm to 123.5 µm (ratio of the average size of 9,964 ancestors 257 
and 367 engineered clusters). (E) Macroscopic snowflake yeast were significantly enriched in mutations 258 
affecting cell cycle progression and filamentous growth. In addition, we saw mutations affecting budding 259 
(i.e., the location of buds on the cell surface, and bud neck size). While not a formal GO category 260 
(precluding a statistical test), these constituted 12 out of the 99 total genes containing non-synonymous 261 
mutations in genotypes isolated from PA1-PA5 after 600 days of evolution. (F) Spatial analysis of 262 
functional enrichment (39) of non-synonymous mutations show co-occurrence of mutations in genes 263 
affecting mitosis (p = 1.11 × 10-6) and cell polarity (p = 1.74 × 10-5), processes that affect cell aspect ratio 264 
and bud size / location.   265 
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Discussion 266 

In this paper, we show that snowflake yeast, a model system of undifferentiated multicellularity, 267 

were capable of evolving macroscopic size over 600 days of directed evolution. Macroscopic 268 

snowflake yeast are readily visible to the naked eye, containing hundreds of thousands of clonal 269 

cells. They achieved this remarkable increase in size by evolving highly elongate cells that 270 

become entangled within the cluster interior. This critical innovation allows multicellular groups 271 

to remain physically attached even when individual cellular connections are severed, increasing 272 

cluster toughness by more than 10,000 fold. As a material, snowflake yeast evolve from being 273 

~100-fold weaker than gelatin (40), to having the strength and toughness of wood (41). 4/5 274 

replicate populations showed evidence of predominantly adaptive evolution (dN/dS >1), and 275 

mutations were enriched in genes affecting the cell cycle and budding - traits that increase cell 276 

length and cell-cell bond strength. 277 

To our knowledge, this is the first long-term evolution experiment to directly show how 278 

simple multicellular organisms evolve increased complexity. Snowflake yeast do not possess 279 

evolved systems of developmental control over multicellular morphology- they were 280 

synthetically created from a unicellular ancestor at the start of this experiment by deleting the 281 

ACE2 transcription factor, and have had no prior opportunity to gain multicellular adaptations. 282 

Instead, they demonstrate how, prior to the evolution of development, novel, heritable 283 

multicellular traits can arise as an emergent property of changes in the traits of constituent cells. 284 

Two cell-level innovations appear to have played a key role in the evolution of macroscopic size: 285 

more elongate cells and larger bud scars, which increase the strength of cellular connections. 286 

Increased cell length initially reduces strain generated from cellular packing, which is the 287 
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primary manner in which size increased early in the experiment, and may underlie entanglement 288 

by facilitating cellular intercalation. 289 

Entanglement is a common mechanism through which filamentous materials can solidify. 290 

It can operate on nearly any length scale, ranging from nanoscale polymers (42) and nanofibers 291 

(43), to macroscopic staples (44) and beaded chains (45). The prevalence of entanglement in 292 

superficially different systems is likely due to its simplicity and efficacy; if pairs of constituents 293 

are easily entangled, large mutually-entangled clusters readily form, greatly increasing the 294 

strength and toughness of the material. While much remains to be discovered about the 295 

importance of entanglement in biological processes, remarkably tough biological materials often 296 

evolve from densely-packed filamentous material (e.g., articular cartilage (46), rhinoceros horn 297 

(47, 48), and trunks supporting massive arboreal fungal (49) and plant bodies (50)).  298 

Our results depend on the fact that snowflake yeast grow as topologically-structured 299 

groups with permanent cellular bonds, and we would not necessarily expect similar biophysical 300 

exaptation in organisms with alternative means of group formation. These features, however, 301 

make it well suited as a model system for the lineages that have ultimately evolved complex 302 

multicellularity. Of the five lineages that independently evolved complex multicellularity (fungi, 303 

animals, plants, red algae, and brown algae), all but animals possess permanent cell-cell bonds, 304 

and early multicellular lineages in each are thought to have started out as simple, topologically-305 

structured networks (51). While animals do not currently have permanent cell-cell bonds, little is 306 

known about their ancestral mode of cellular adhesion. Indeed, their closest living relatives, the 307 

choanoflagellates, form topologically structured multicellular groups with permanent cell-cell 308 

bonds (52-54), suggesting that early animals may have possessed a similar mode of growth. 309 
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Despite daily selection for increased size, macroscopic multicellularity only evolved in 310 

our anaerobic, rather than aerobic lineages (Fig. 1C & Fig. S1). This is further evidence that, 311 

rather than stimulating the evolution multicellularity, the first oxygenation of Earth’s atmosphere 312 

may have acted a powerful constraint on the evolution of large size. Oxygen can increase cellular 313 

growth by increasing ATP yield from metabolism (55), and allowing growth on non-fermentable 314 

carbon (56). When oxygen availability within an organism is limited by diffusion, however, large 315 

size can be maladaptive by reducing the ability of interior cells to utilize this valuable resource 316 

(24) - this is a constraint that anaerobic organisms simply do not face. The positive effect of 317 

oxygen on multicellular size (10) may only occur once it reaches a sufficiently high 318 

concentration, as happened around 0.6 Ga (57).  319 

Broadly speaking, our results demonstrate that rapid multicellular innovation is possible, 320 

even in the absence of genetically-regulated multicellular development. The evolution of 321 

macroscopic size required the evolution of new physical mechanisms increasing organismal 322 

toughness, which itself required fundamental changes in the shape and behavior of the cells 323 

within the organism. Selection acting on the emergent properties of multicellular groups thus 324 

created ample opportunity for sustained adaptive evolution underlying the origin of novel 325 

multicellular phenotypes, providing the first in vitro experimental demonstration of how 326 

selection for larger size can itself be a powerful driver of increased organismal complexity. 327 

  328 
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Materials and Methods  329 

Long-term evolution experiment. To generate our ancestral snowflake yeast for the long-term 330 

evolution experiment, we started with a unicellular diploid yeast strain (Y55). In this yeast, we 331 

replaced both copies of the ACE2 transcription factor using a KANMX resistance marker 332 

(ace2::KANMX/ace2::KANMX) and obtained a snowflake yeast clone (see (25) for a detailed 333 

description of strains and growth conditions, including measurements of oxygen concentrations 334 

in growth media). When grown in YEPD media (1% yeast extract, 2% peptone, 2% dextrose), 335 

these yeast are mixotrophic, both fermenting and respiring. When grown in YEPG media, which 336 

is the same as YEPD but with the dextrose replaced by 2.5% glycerol, these yeast are incapable 337 

of fermentation and are obligately aerobic. From this initial clone of ace2Δ snowflake yeast, we 338 

selected a randomly produced ‘petite’ (p-) mutant. Due to a large deletion in its mitochondrial 339 

DNA (identified via sequencing), this snowflake yeast is unable to respire and is therefore 340 

metabolically ‘anaerobic’, and was cultured in YEPD. We evolved five replicate populations of 341 

mixotrophic snowflake yeast (referred to as populations PM1-PM5), obligately aerobic (PO1-342 

PO5) and anaerobic (PA1-PA5) snowflake yeast in 10 mL of culture media, growing them in 25 343 

x 150 mm culture tubes for 24 hours at 30� with 225 rpm shaking. We used settling selection to 344 

select for larger cluster size. Once per day, after 24h of growth, we transferred 1.5 ml of culture 345 

into 1.5 mL Eppendorf tubes, let them settle on the bench for 3 minutes, discarded the top 1.45 346 

mL of the culture, and only transferred the bottom 50 µl of the pellet into a new 10 mL of culture 347 

media for the next round of growth and settling selection. Once the anaerobic populations (PA1-348 

PA5) had started to evolve visibly larger clusters with all biomass settling to the bottom of the 349 

tube in under a minute, we decreased the length of gravitational selection to 30 seconds, thus 350 

keeping them under directional selection for increased size. The timing of this change 351 
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corresponded to ~350 days for PA2 and PA5 and ~500 days for PA1, PA3, and PA4. We used 352 

wide-bore filtered pipette tips (Thermo Scientific) for our daily transfers. In total, we applied 600 353 

rounds (days) of growth and settling selection. We archived a frozen glycerol stock of each 354 

population every 10-15 transfers.   355 

Measuring cluster size. We used a standard visualization protocol to measure the size of 356 

snowflake yeast from each population over the 600-day evolution experiment. To prepare yeast 357 

for imaging, we revived evolved frozen cultures for each population in 50-day intervals (12 for 358 

each of the 15 replicate populations). We then inoculated each sample into fresh media and 359 

brought them to equilibrium over a five-day culture process, performing daily settling selection 360 

prior to transfer to fresh media. After 5 transfers, we took a random 1mL subsample of each 24-361 

hour culture, placing them in 1.5 ml Eppendorf tubes. We added 0.5 ml of sterile water to each 362 

well of 12-well culture plates, then gently vortexed each snowflake yeast sample and diluted 363 

them into the water (1,000-fold dilution for microscopic populations, and 100-fold dilution for 364 

macroscopic populations). We shook each well plate gently to disperse the yeast clusters evenly 365 

over the bottom of each well. We then imaged each well using a 4X Nikon objective, capturing 366 

the cross-sectional area of clusters without disrupting their 3D structure. Next, we used ImageJ-367 

Fiji to calculate the cross-sectional area of each cluster, converting pixels to microns by 368 

including a physical 100 µm scale bar in each image. 369 

Calculating the weighted average cluster size. The distribution of clusters size across various 370 

isolates are not consistent- some are unimodal, while others contain a large number of small 371 

groups that may only contain a few cells. Even when these small groups constitute a trivial 372 

amount of the population’s biomass, variation in their abundance can have a large impact on 373 

sample statistics, like average cluster size. Because of this variation, mean size is an unreliable 374 
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and often uninformative measure of the central tendency of the cluster size distribution, and does 375 

not accurately describe how cells are distributed across different cluster size classes. To account 376 

for this, we calculated the distribution of cellular biomass over the range of cluster sizes, and 377 

found the mean of this biomass distribution (which is the same as weighting mean cluster size by 378 

its biomass). This weighted mean cluster size represents the expected size group any given cell 379 

will be in (see Fig. S2 for a visual representation), and is an accurate measure of changes in the 380 

distribution of cellular biomass across different cluster sizes over evolutionary time. Rather than 381 

presenting the weighted mean group size as a volume, we transformed these into an average 382 

radius to be consistent with the units that have historically been used in the paleontological 383 

literature discussing the evolution of macroscopic multicellular organisms.  384 

Aspect ratio data collection and analysis. To measure the evolution of cellular aspect ratio in 385 

populations PA1-PA5 over the 600-day evolution experiment, we first inoculated 61 samples (1 386 

ancestor + 5 replicates x 12 time points, each separated by 50 days) and grew them overnight in 387 

shaking incubation as described above. Following the same growth protocols as in our cluster 388 

size measurements, we grew these samples for five consecutive days. On the final day, we 389 

transferred 100 µl of each culture into tubes with fresh YEPD and incubated them for 12 hours. 390 

Next, we stained samples in calcofluor-white by incubating them in the dark for 30 minutes (at a 391 

final concentration of 5 µM) prior to imaging (40x objective, UV excitation of blue fluorescent 392 

cell wall stain, imaged on a Nikon Ti-E). We measured the aspect ratio of individual cells within 393 

snowflake yeast clusters on ImageJ-Fiji, analyzing an average of 453 cells per population.   394 

Testing aggregative vs. clonal development. To determine if macroscopic snowflake yeast are 395 

aggregative, we isolated a single genotype from PA2, t600 (strain GOB1413-600), and 396 

engineered it to constitutively express either green or red fluorescent proteins. To do that, we 397 
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amplified the prTEF_GFP_NATMX construct from a pFA6a-eGFP plasmid and the 398 

prTEF_dTOMATO_NATMX construct from a pFA6a-tdTomato plasmid. We then separately 399 

replaced the URA3 open reading frame with GFP or dTOMATO constructs in an isogenic single 400 

strain isolate following the LiAc transformation protocol (58). We selected transformants on 401 

Nourseothricin Sulfate (Gold Biotechnology Inc., U.S.) YEPD plates and confirmed green or red 402 

fluorescent protein activity of transformed macroscopic clusters by visualizing them under a 403 

Nikon Eclipse Ti inverted microscope. To test whether they grow clonally or aggregatively, we 404 

first inoculated GFP or dTOMATO expressing clones individually overnight. We then mixed the 405 

two cultures in equal volume and diluted 100-fold into a 10 mL fresh culture. We co-cultured 406 

this mixed population for five days, transferring 1% of the population to fresh media every 24 h. 407 

Finally, we washed this culture in 1 mL sterile water and visualized 70 individual clusters under 408 

both red and green fluorescent channels, allowing us to count the number of snowflake yeast 409 

clusters that were green, red, or chimeric.       410 

DNA extraction and genome sequencing.  To extract DNA for whole-genome sequencing, we 411 

isolated clones from each of the evolved replicate populations of anaerobic yeast (i.e., PA1-PA5) 412 

and their common ancestor after 200, 400, and 600 days of evolution. We inoculated these 16 413 

samples in YEPD for 12 hours and extracted their genomic DNA using a commercially available 414 

kit (Amresco, Inc. VWR USA). We measured the concentration of DNA with a Qubit 415 

fluorometer (Thermo Fisher Scientific, Inc.). We prepared genomic DNA libraries for the 16 416 

samples using NEBNext Ultra DNA Library Prep Kit for Illumina (New England Biolabs, Inc). 417 

We quantified the quality of the genomic DNA library using the Agilent 2100 Bioanalyzer 418 

system located at the Genome Analysis Core Laboratories at Georgia Institute of Technology 419 

(Agilent Technologies, Inc). Finally, whole genomes were sequenced using the HiSeq 2500 420 
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platform (Illumina, Inc) by the Genome Analysis Core Center located in the Petit Institute, 421 

Georgia Tech. As a result, we obtained paired 150 bp (R1 & R2) FASTQ reads from two lanes 422 

(L1 & L2).   423 

Bioinformatic analysis. For our bioinformatic analysis, we used the bash command-line 424 

interface on a Linux platform. To identify de novo mutations (single nucleotide changes, or 425 

'SNPs,' and small insertion/deletions, or 'indels') in the ancestral and evolved genomes, we first 426 

filtered out low-quality reads using a sliding window approach on Trimmomatic (v0.39). We 427 

aligned reads to the yeast reference genome (S288C, SGD) using an algorithm in the BWA 428 

software package (i.e., BWA-MEM) (59). Next, we used the genome analysis toolkit (GATK) to 429 

obtain and manipulate .bam files (60). Duplicate reads were marked using the Picard - Tools 430 

(MarkSuplicates v2.18.3). We called SNPs using two different tools, i.e., GATK4 431 

HaplotypeCaller (v4.0.3.0) and FreeBayes (v1.2.0) (60, 61). We validated SNP calls by 432 

comparing results obtained by two independent tools. For indels, we used the output from 433 

HaplotypeCaller. To filter variants according to their quality/depth scores and generate an 434 

overview of the variant calling step's statistical outcome, we used VCFTOOLS (v0.1.16) (62). 435 

Finally, after manually checking each variant call by visualizing SAM files and VCF files on 436 

Integrative Genomics Viewer (IGV) (63), we extracted de novo variants by making a pairwise 437 

comparison of each VCF file of the evolved genomes against the VCF file of the ancestral 438 

genome by using bcftools-isec (v1.10) (64). Lastly, we annotated evolved mutations using 439 

SnpEff (v4.3T) (65).  440 

We calculated dN/dS ratios by employing the counting method (66). Briefly, we counted 441 

the number of synonymous and nonsynonymous mutations in each population. Because analyses 442 

of dN/dS ratios typically use mutations that are fixed in the population (67), we examined 443 
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variants that arose at t400 and persisted to t600. We then counted the number of synonymous and 444 

nonsynonymous mutations in each genome, and the number of synonymous and nonsynonymous 445 

sites in the coding regions of the genes that contained a mutation, finding the dN/dS ratio, 446 

relative to neutral expectations, as dN/dS = (Nd/Nc) / (Sd/Sc) (see Source Data). Here Nd and 447 

Sd are the number of nonsynonymous and synonymous variants that arose; Nc and Sc are the 448 

number of nonsynonymous and synonymous sites in the sequences of genes containing a 449 

mutation.  450 

To search for gene ontology (GO) term enrichment for de novo mutations, we generated a 451 

combined list of synonymous and nonsynonymous mutations within gene coding regions. We 452 

then searched for significantly enriched gene ontology terms using the process option on the 453 

yeast genome database (68). 454 

Genetically engineering large-sized snowflake yeast. To genetically engineer a snowflake 455 

yeast with cell lengthening (AKR1 and ARP5) and bud-scar strengthening (GIN4) mutations, we 456 

first deleted each gene separately in the ancestral background (i.e., ace2Δ). By inducing meiosis 457 

in sporulation media (2 % KAc), we generated F1 spores, dissected tetrads on a tetrad scope 458 

(Singer Instruments, Somerset, UK), and as a result of auto-diploidization, obtained homozygous 459 

deletion mutants for each mutant. By two rounds of sporulation, mating, and analysis of 460 

dissected tetrads based on their drug resistance phenotype, we brought all three mutations under 461 

the ace2Δ background, generating a quadruple mutant (ace2Δ, gin4Δ, arp5Δ, akr1Δ). Finally, we 462 

quantified the cellular aspect ratio and cluster size (cross-sectional area) of this mutant by 463 

imaging uncompressed clusters under a Nikon Eclipse Ti inverted microscope. 464 
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Specimen preparation for Serial Bulk Faced Scanning Electron Microscopy (SBF-SEM). 465 

We fixed snowflake yeast in 2% formaldehyde (fresh from paraformaldehyde (EMS)) containing 466 

2 mM CaCl2, incubating at 35°C for 5 minutes followed by 2-3 hours on ice. Next, we incubated 467 

these yeast for an hour in a solution of 1.5% potassium ferrocyanide, 0.15M cacodylate buffer, 2 468 

mM CaCl2, and 2% aqueous osmium tetroxide. This last step was performed on ice and under 469 

vacuum. Finally, we washed our yeast and incubated them in thiocarbohydrazide solution (10 g / 470 

L double-distilled water) for 60 minutes at 60°C, followed by en bloc uranyl acetate and lead 471 

aspartate staining (69, 70).   472 

SBF-SEM. We imaged fixed yeast on a Zeiss Sigma VP 3View. This system has Gatan 3View 473 

SBF microtome installed inside a Gemini SEM column. For this work, yeast clusters that were 474 

embedded in resin were typically imaged at 2.5 keV, using 50-100 nm cutting intervals, 50 nm 475 

pixel size, beam dwell time of 0.5-1 μsec and a high vacuum chamber.  476 

SEM Image analysis. Images were initially in.dm3 format, which we converted to .tiff using 477 

GMS3 software. We then cleaned the images and passed them through a gaussian filter in 478 

Python. Using the interactive learning and segmentation toolkit (ilastik), we segmented images 479 

into 3 parts: live cells, dead cell debris, and background. We then imported segmented HDF5 480 

files in python. First, we identified connected cells using the nearest neighbor algorithm to 481 

identify connected cells. We call a set of connected cells inside a sub-volume a connected 482 

component. Then, using a 3D extension of the gift-wrapping algorithm, we extracted the convex 483 

hull of each connected component.   484 

Visualization of SEM images. After segmenting images as described above, we created a mesh 485 

of individual cells by dilating binarized images. After creating the surface mesh of each 486 
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individual cell using the mesh tool in Mathematica 12, we imported whole sub-volumes in 487 

Rhino6. Then we manually identified cell-to-cell connections and colored each connected 488 

component differently.    489 

Volume fraction data collection and analysis. We measured the packing fraction (proportion 490 

of the cluster volume that is cellular biomass) by measuring the number of cells within a cluster, 491 

their size, and the volume of the cluster, following the protocol described in Zamani et al. (2021) 492 

(71). 493 

Mechanical testing. To test the response of ancestral clusters to uniaxial compression we 494 

submerged individual clusters under water, and then compressed them using a Puima Chiaro 495 

nanoindenter (Optics11, 19.5 um spherical glass probe). For mechanical measurements of 496 

macroscopic snowflake yeast, we used a Zwick Roell Universal Testing Machine (UTM) with 5 497 

N probe. As above, individual clusters were extracted from the growth tube and placed on the 498 

testing stage while submerged under water. 499 

500 
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Supplementary Figures 675 

 676 

 677 

Figure S1. Temporal dynamics of size evolution in each population and treatment group. Data 678 

points show the weighted average radius of cluster size for the whole population (see Methods 679 

for details).  680 
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 681 

 682 

Figure S2. Biomass distribution as a function of group size for the ancestral snowflake yeast 683 

(dotted line) and 600 day evolved populations of PA1-PA5. The ‘weighted mean size’ used in 684 

Figures 1, 2 and 4 is the mean of the biomass distribution.  685 
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 686 

 687 

Figure S3. Distribution of aspect ratios for ancestral and 600-day evolved populations of 688 

anaerobic snowflake yeast.   689 
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 690 

Figure S4. Macroscopic snowflake yeast are monoclonal, growing via permanent mother-691 

daughter cellular bonds, not aggregation. We co-cultured GFP and RFP-tagged genotypes of a 692 

macroscopic single strain isolate (PA2, strain ID: GOB1413-600) for 5 days, then imaged 70 693 

clusters on a Nikon Ti-E. Shown are a composite of 11 individual clusters, which all remain 694 

entirely green or red. Individual clusters were compressed with a coverslip for imaging, resulting 695 

in their fragmentation into multiple modules.   696 
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 697 

Figure S5. Quantifying entanglement via analysis of the topology and geometry of a snowflake 698 

yeast cluster. (A) We measured entanglement of individual components by fitting a convex hull 699 

around each component, and determining whether the other component overlaps with the space 700 

bounded by this convex hull. Here we just show the convex hull for the blue component, which 701 

overlaps with the red component. These components are thus part of the same entangled 702 

component. (B) Using this approach, we identified the components within a sub-volume of a 703 

macroscopic snowflake yeast, and used a percolation analysis to examine the fraction of the 704 

biomass that is part of the same entangled component (colored in red).  705 
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