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abstract: Multicellularity provides multiple benefits. Nonetheless,
unicellularity is ubiquitous, and there have beenmultiple cases of evo-
lutionary reversal to a unicellular organization. In this article, we ex-
plore some of the costs of multicellularity as well as the possibility and
dynamics of evolutionary reversals to unicellularity. We hypothesize
that recently evolved multicellular organisms would face a high cost
of increased competition for local resources in spatially structured en-
vironments because of larger size and increased cell densities. To test
this hypothesis we conducted competition assays, computer simula-
tions, and selection experiments using isolates of Saccharomyces cere-
visiae that recently evolved multicellularity. In well-mixed environ-
ments, multicellular isolates had lower growth rates relative to their
unicellular ancestor because of limitations of space and resource ac-
quisition. In structured environments with localized resources, cells
in bothmulticellular and unicellular isolates grew at a similar rate. De-
spite similar growth, higher local density of cells in multicellular
groups led to increased competition and higher fitness costs in spatially
structured environments. In structured environments all of the multi-
cellular isolates rapidly evolved a predominantly unicellular life cycle,
while in well-mixed environments reversal was more gradual. Taken to-
gether, these results suggest that a lack of dispersal, leading to higher
local competition, might have been one of the main constraints in the
evolution of early multicellular forms.
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Introduction

Multicellularity provides multiple benefits, including re-
duced predation (Stanley 1973; Maynard Smith and Szath-
máry 1995) and division of labor between cells (Pfeiffer
et al. 2001; Michod 2007). These benefits come with costs.
Cells that defect from cooperation can potentially gain the
benefits of multicellularity without the costs and thereby in-
crease in frequency. This defection, when unchecked, leads
to dissolution and death of themulticellular individual. Most
research has focused on the challenges of conflict mediation
among cells within an organism, as well as between individ-
ual and collective interests (Buss 1987; Sober and Wilson
1998; Pfeiffer et al. 2001; Michod 2007). However, the diffi-
culties of cooperation are not the only constraints faced by
multicellular individuals.
Multicellularity has evolved more than 20 times in eu-

karyotes, with substantial variation among the resulting
forms (Grosberg and Strathmann 2007). Although research
into these differences has largely focused on aspects of con-
flict mediation (e.g., Sebé-Pedrós et al. 2017), changes in the
size and cellular organization associated with these evolu-
tionary transitions provide their own challenges (Solari et al.
2006; Sommer et al. 2017). In particular, trade-offs associated
with size have frequently been identified as important con-
straints in multicellular species (Stearns 1989), with potential
consequences for fecundity and dispersal (Yu and Wilson
2001; Hanski et al. 2006). These trade-offs, their ecological
context, and their evolutionary consequences remain largely
unexplored in the context of the origins of multicellularity.
In multicellular microorganisms, body size can have pro-

found effects on dispersal (Herron and Michod 2008) and
resource use (Pfeiffer et al. 2001). Adaptations to these body
size challenges typically involve modes of cellular speciali-
zation that facilitate, for example, dispersal of the organism
(or its offspring) and the distribution of nutrients (Smith
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et al. 2014). Nascent multicellular species are unlikely to
havemany adaptations tomulticellularity given their recent
evolutionary history; this includes adaptations involving
trade-offs associated with the increased size of multicellular
organisms. In this article, we explored the potential for these
trade-offs to lead to an evolutionary reversal—from multi-
cellularity to unicellularity—in a nascent multicellular sys-
tem. We asked how ecological factors affect the maintenance
of nascent multicellularity and thereby gain insight about the
factors limiting transitions to multicellularity more broadly.
Combining modeling and experimental evolution, we inves-
tigated the persistence of multicellularity in two environments
that differ dramatically in their effects on dispersal and re-
source availability: surfaces (spatially structured) and well-
mixed aqueous environments (mass action).

In well-mixed environments, rapid dispersal throughout
the environment occurs passively. Similarly, resources and
waste products are rapidly distributed throughout the envi-
ronment, such that every individual has equal access to re-
sources. In contrast, passive dispersal of microbes is strongly
limited in spatially structured environments. While diffusion
of resources and waste products does occur in surface envi-
ronments, it is far slower than in well-mixed environments.
Thus, these environments differ in the propensity to pro-
mote intercellular cooperation (Escalante et al. 2015). In well-
mixed environments, cooperation can be lost because of dif-
fusion of public goods and their benefits to noncooperating
individuals (Chao and Levin 1981; Greig and Travisano 2008).
In contrast, spatial structure tends to facilitate and stabilize
public goods cooperation even among different bacterial spe-
cies (Harcombe 2010) and promote the evolution of undif-
ferentiated multicellularity in yeast (Koschwanez et al. 2011),
and it may facilitate differentiation and increased metabolic
efficiency (Pfeiffer et al. 2001; Bachmann 2013). Spatial struc-
ture provides an advantage for cooperation because the public
goods benefits of cooperation tend to accrue to the individ-
uals producing the public good (Driscoll and Pepper 2010).
The effects of environmental differences on multicellularity
are much less clear in the absence of public goods–mediated
cooperation.

Snowflake yeast are the evolutionary outcome of a selec-
tion experiment for increased body size, initially carried out
over 60 serial passages starting with unicellular Saccharo-
myces cerevisiae (Ratcliff et al. 2012). The snowflake mor-
phology consists of a network of cells connected by incom-
plete cell separation, so that daughter cells remain attached
to their mother cells, which in turn are attached to their
progenitors. This is a mode of staying-together multicel-
lularity (Bonner 1998; Grosberg and Strathmann 2007; Tar-
nita et al. 2013). These multicellular strains evolved as a re-
sponse to a selection experiment favoring increases in size
and are orders of magnitude larger than an individual yeast
cell (Ratcliff et al. 2012; Rebolleda-Gómez et al. 2012). We hy-
This content downloaded from 024.2
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pothesized that snowflake yeast multicellularity would not
be beneficial in the absence of body size selection and that
the costs would differ substantially between the two environ-
ments in ways that are distinct from public goods–mediated
cooperation. In snowflake yeast, the benefits of cooperation
are not mediated by diffusible compounds. Rather, the ben-
efits are restricted to the clustering of the clonal cells them-
selves, as the larger body size itself was beneficial in the orig-
inal selection experiment. In this article, we show that the
interplay between resource acquisition and dispersal plays a
major role in shaping the scales of competition (local or global)
and therefore the costs of staying-together multicellularity.
These ecological conditions shape the dynamics of reversibil-
ity to unicellularity, prior to any conflicts associated with co-
operation.
Methods

System

To evaluate the importance of dispersal, local competition,
and local limitation of resources during transitions to multi-
cellularity, we used a recently developed experimental system.
Multicellular isolates of the brewer’s yeast Saccharomyces
cerevisiae evolved as a result of a selection experiment favor-
ing larger sizes. Ratcliff et al. (2012) performed a selection ex-
periment in which a single clone of S. cerevisiae Y55 was used
to initiate 10 replicate populations. After 60 days of daily
gravitational selection (transferring only the first fraction of
culture that settles to the bottom), all of the populations
evolved multicellularity. The strains used throughout this
study were five multicellular isolates (from five different rep-
licate populations) and their common unicellular ancestor
(for isolation procedures, see Rebolleda-Gómez et al. 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 S. cerevisiaeY55 and a singlemulti-
cellular isolate from one of the 10 populations (C1W8.2) for
the growth assays and estimation of growth parameters. This
is a tractable system inwhich dispersal can bemanipulated. In
this system we can address the importance of increased size,
local competition, and dispersal in the evolution ofmulticellu-
larity and reversals to unicellularity.
Growth Measurements

To compare growth dynamics between unicellular andmulti-
cellular strains in a mass-action environment (with homoge-
neously distributed resources), we measured the changes in
optical density at 600 nm (OD600) of one of the multicellular
isolates (C1W8.2) and the unicellular ancestor in a micro-
plate reader (Tecan infinite 200Pro). Liquid cultures (5 mL)
were placed at different concentrations of YPD (100%, 75%,
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Experimental Reversals to Unicellularity 733
50%, 25%, 20%, 15%, 10%, and 1%) in separate wells of a
24-well plate with a total volume of 500 mL per well. Optical
density was measured every 15 min for 24 h. The plate was
kept at 29.97C and shaken to keep multicellular clusters from
settling (between measurements: 300 s of linear shaking with
3.5 mm of amplitude, 300 s of orbital shaking with 3.5 mm of
amplitude, and 300 s of linear shaking again with 3.5 mm of
amplitude). To standardize these data in terms of biomass,
we also measured the optical density of multicellular and uni-
cellular cultures in a serial dilution and then extracted and
quantified the total protein content of these cultures through
mechanical cell lysis and the Bradford assay. For the Brad-
ford assay results, we used the ratio of absorbances at 595 nm
over 450 nm to extend the linear range and minimize errors
associated with saturation (Zor and Selinger 1996).

We performed linear regression to evaluate the relation
between optical density and total protein content with phe-
notype (unicellular or multicellular) as a factor. We found
a nonsignificant effect of phenotype (1:85451:005 SE mg)
and phenotype by OD600 (20:8550:562 SE mg/OD600) on
the relation between OD600 and protein content. Differences
between phenotypes were mainly due to two outliers. This
effect overestimates the initial densities and total differences
between unicellular and multicellular phenotypes (fig. A2;
figs. A1–A3 are available online). Calculating the protein con-
centration by phenotype leads to a large difference in initial
densities, even though all cultures were initiated with ap-
proximately the same number of cells (there is a difference
between mean initial concentrations using independent esti-
mations for each phenotype [95% confidence interval (CI),
0.912 to 1], whereas there is no difference in the initial den-
sity using the same biomass standardization across pheno-
types [95% CI, 20.07 to 0.014]). Thus, these differences are
most likely not meaningful biological variation but differ-
ences in effective lysis of the cells. To avoid this problem, we
removed phenotype from our model and used the resulting
estimates of intercept and slope (TotProt p 1:91 1:8 OD600,
R2 p 0:76) to convert our OD600 data to total protein bio-
mass in micrograms per milliliter.

Similarly, to measure growth in a spatially structured en-
vironment, we plated 20 mL of a 1∶4 dilution of an over-
night culture of our unicellular and multicellular strains
on mini agar plates (15.5% agar) in the wells of a 24-well
plate. We placed these plates in the incubator facing down
on a scanner without a lid and scanned the plates every half
hour for 60 h. We converted the images to 8 bit and re-
moved the background by subtracting the initial scan from
all following images and increasing the contrast. We then
identified an area (the same size and shape for all wells) that
contained most of the culture but avoided the light reflec-
tion of the walls of each well (fig. A1) and calculated the av-
erage pixel density over time for each of the samples.We per-
formed all of the image analysis using ImageJ2 (Schindelin
This content downloaded from 024.2
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et al. 2015). We used a similar procedure for standardization
(i.e., cell lysis and Bradford assay), but in this case we plated
six cultures of different concentrations for each phenotype
andmeasured their density using the samemethods.We then
resuspended these cultures and measured the total protein
content. Again, independent estimations of biomass led to
an overestimation of differences in initial density despite
largely overlapping CIs (fig. A2). We used the more conser-
vative estimates, using the simpler model (with only the ef-
fect of pixel density on protein concentration) to calculate the
total protein content of our growth curve samples (TotProt p
4:11 0:44 OD600,R2 p 0:63).
In this system, the rate of cell growth depends on the con-

centration of available resources R. The change in yeast cell
density N over time can then be described with a simple sys-
tem of two differential equations:

dN
dt

p Nm(R), ð1Þ

dR
dt

p 2N
1
a
m(R), ð2Þ

where a is the yield (how many microbial cells are produced
per microgram of resources) and m(R) is the Monod (1949)
function describing nutrient uptake efficiency depending on
resource concentration:

m(R) p
mmaxR
R1 KR

: ð3Þ

To evaluate differences in growth between unicellular and
multicellular isolates, we fitted the Monod growth model
(Monod 1949) using the nls function in R (Pinheiro and
Bates 2000; Pinheiro et al. 2015; R Core Team 2018) and
compared the models in which the two main parameters
were kept fixed or allowed to vary between strains (Ritz and
Streibig 2008). We obtained the parameter estimates for the
saturation constant KR and the maximum growth rate mmax

from the model, allowing for different groups, and obtained
confidence regions using the R package ellipse (Murdoch
and Chow 2013; growth data and parameter estimations are
available in the Dryad Digital Repository: http://doi.org/10
.5061/dryad.32b87rn; Rebolleda-Gómez and Travisano 2018).
Competition Assays

To estimate the cost of multicellularity in mass action (liq-
uid) and spatially structured (agar plate) environments, we
performed a series of competition assays.We grew fivemulti-
cellular isolates and their unicellular ancestor (Y55) for 24 h in
YPD at 307C with constant shaking at 250 rpm. After 24 h of
growth, wemixed 500 mL of each of themulticellular cultures
with 500 mL of the Y55 culture. We diluted and plated a sub-
18.007.082 on October 30, 2019 04:25:07 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).



734 The American Naturalist
sample on a petri plate with YPD to count colony-forming
units (CFUs) at the initial time point (t0). We incubated this
plate for 48 hours to allow for a clear differentiation between
unicellular (small and smooth) and multicellular (big and
rough) colonies. We also diluted these mix cultures in a
1∶4 ratio and spot plated 20 mL on a microplate (YPD agar
in wells of a 24-well plate) for a total effective dilution (TED)
of 1∶200. We then grew the microplates for 24 hours at 307C,
resuspended the cultures in saline solution, diluted them,
and plated them again at a 1∶200 TED for 2 more days. At
the end of three transfers, we diluted the cultures and plated
themagain on a petri dishwith YPDagar for 48 h to count the
number of CFUs of each phenotype (unicellular vs. multi-
cellular). Simultaneously, we performed another competition
experiment starting from the same mixes but transferring
50 mL of liquid culture into 10 mL of YPD without any set-
tling selection. We performed three independent replicates
of these competition assays and calculated the relative fitness
(w) of each as the ratio of the realized multicellular Malthu-
sian parameter over the realized unicellular Malthusian pa-
rameter. The realized Malthusian parameter of each pheno-
type P is defined as

MP p
ln[N(t3) ⋅ DF=N(t0)]

days
, ð4Þ

where N is the number of CFUs of phenotype P and DF is
the dilution factor of all transfers combined (Lenski et al.
1991). To evaluate whether fitness in liquid was associated
with the proportion of cells growing, we performed a Spear-
man’s correlation between our approximation of the average
proportion of cells growing in a multicellular isolate and the
relative fitness of that isolate against its unicellular ancestor
in liquid medium.
Model

To evaluate the effect of local resource competition and
limited dispersal for unicellular and multicellular isolates,
we used the empirical growth parameters to simulate com-
petition in a structured environment.We started with a grid
of n patches, each with the same amount of resources. From
there, the algorithm of the simulations works as follows:
first, the grid is populated with single cells and multicellular
organisms (with an initial population of 50,000 cells in a 1 :1
ratio between multicellular and unicellular cells) distributed
randomly. Becausemulticellular clusters in the strain we used
to measure growth differences have on average 146 cells, we
divided the seed number of cells (i.e., 25,000) by 146 and ran-
domly spread these individuals on the grid. We then multi-
plied the number of individuals in each patch by the size of
a multicellular individual sampled from a truncated normal
distribution with a lower limit of one cell, a mean value of
This content downloaded from 024.2
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146 cells per cluster, and a standard deviation of 109 (fig. A3).
We tested the effect of this variance in size on fitness, but it
did not affect the mean fitness differences, only the spread of
these differences across simulations (see the section “Model”
in “Results”).
After the initial distribution, cells grow and consume re-

sources in each patch according to equations (1) and (2) us-
ing the mean values of the maximum growth rate mmax

and the saturation constant kR of unicellular and multicellu-
lar isolates (both phenotypes have largely overlapping 95%
confidence regions). The yield value (a) and resources per
patch were chosen such that populations could recover after
200-fold dilution and 24 h of growth given a total concentra-
tion of resources of ≈2,500 mg/mL. The yield value (a p
0:00035 mg/cell) was larger than the weight of a single yeast
cell, accounting for the use of resources in metabolism and
cell construction (Bryan et al. 2010). To allow for growth ex-
pansion within a plate, once resources in a patch are ex-
hausted, the excess population is dispersed into the adjacent
eight patches and allowed to grow according to the same
rules. To deal with edges, a border with zero resources was
established around our grid. This border has the net effect
of limiting growth around the edges—there are fewer re-
sources around, and a very small number of cells will not
grow—reproducing the edge effects of plates. Finally, after
24 h of growth in the simulations, the number of unicellular
andmulticellular cells is divided by 200 (dilution event), and
the procedure is repeated in a new grid with the same initial
concentration of resources (fig. A3; code is available inDryad:
http://doi.org/10.5061/dryad.32b87rn; Rebolleda-Gómez and
Travisano 2018).
The size of multicellular isolates was manipulated by

changing the parameters of the truncated normal distribu-
tion while maintaining the mean initial number of CFUs.
We also explored the effect of cell density (by modifying
the number of patches) and dispersal within the plate (by
allowing dispersal to adjacent cells to occur earlier—i.e.,
at lower population sizes relative to growth within the
patch). The relative time of dispersal was calculated as the
ratio between the number of doublings left in a patch (from
the predefined population size at the time of the first dis-
persal event to the carrying capacity of a patch) and the av-
erage number of doublings in a patch (from the average ini-
tial patch size to the carrying capacity of a patch).
Selection Experiments

Finally, to evaluate the effect of dispersal costs on evolu-
tionary reversals to unicellularity, we analyzed data from
five of the populations of a larger selection experiment that
looked at the dynamics of reversibility of multicellular
yeast. In this experiment we propagated in batch culture
each of 10 multicellular isogenic strains of S. cerevisiae in
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Experimental Reversals to Unicellularity 735
three replicate plates with YPD agar. Every 24 h, we resus-
pended each culture in 1 mL of saline solution (0.85%
NaCl). These cultures were then diluted fourfold. We then
plated 20 mL of these dilutions on a new YPD plate (for a
TED of 1∶200). Samples from each replicate were frozen
at2807C in 20% glycerol every week. For the liquid control,
we repeated the experiment with five of the initial strains
(again, three replicates per strain) and transferred every day
a 200-fold dilution into 1 mL of YPD.

To determine the number of unicellular individuals over
time (as well as the size distributions of each culture), we re-
grew half of our frozen samples (all the time points of all the
replicate populations of the five multicellular ancestors
used for the competition experiments). We grew the strains
for 24 h of conditioning in YPD. Then these cultures were
diluted tenfold in saline solution, and 1 mL of each sample
was run through a FlowCam instrument (Fluid Imaging
Technologies) using a#10 objective and C70 syringe. The
areas of all of the clusters measured were recorded, and cir-
cularity and size filters were used to eliminate measure-
ments of air bubbles or other particles in the medium. For
the purposes of this study, we analyzed data from only five
time points (0, 4, 11, 17, and 30 transfers). The proportion
of single cells was calculated from the areas of the particles.
Results

Growth Dynamics and Fitness Differences

Multicellular snowflake yeast evolved in a simple environ-
ment where resources diffuse freely; all spatial structure
during growth is imposed by the multicellularity itself
(Libby et al. 2014). In this environment (and assuming that
all cells have the same resource uptake capabilities), single
cells have equal access to resources. However, the evolution
of multicellularity leads to a spatial reorganization of cells.
These incipient multicellular phenotypes develop through
incomplete separation of mother and daughter cells and re-
produce through fission facilitated by the evolution of in-
creased rates of apoptosis. Dead cells weaken linkages, facil-
itating asymmetrical division of small clonal propagules
(Ratcliff et al. 2012, 2015; Libby et al. 2014). In these multi-
cellular clusters there are some cells (at the center) that—as
a result of limited nutrient diffusion or lack of space—do
not divide (Ratcliff et al. 2012). Multicellular isolates pay
a cost in terms of growth and, in the absence of settling se-
lection, have lower fitness than their unicellular ancestor
(Ratcliff et al. 2012).

To compare growth dynamics between unicellular and
multicellular strains in amass action environment, wemea-
sured changes in biomass over time. Using equation (3), we
estimated the maximal growth rate and the saturation con-
stant: mmax is the maximum potential of growth in the ab-
This content downloaded from 024.2
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sence 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
(mmax) will be lowered if, at a high concentration of resources,
there are still cells growing (and consuming resources) but
at a slower rate (limited by space and diffusion of nutrients).
The saturation constant (KR) will be higher if, at a low con-
centration of resources, there are fewer cells growing and ac-
tively converting resources into cell material (Monod 1949).
We found significant differences between the two pheno-

types (F2, 46 p 76:97, p ! :00001). These differences were
amplified when using independent estimates of biomass
for unicellular and multicellular phenotypes (see “Meth-
ods”; fig. A2). Unicellular isolates had a higher maximal
growth rate (mmax p 0:44150:017 SE for unicellular vs.
mmax p 0:3950:026 SE for multicellular) and reached half
of their maximal growth rate at approximately half of the
total resource concentration (KR p 8,0115952 SE for uni-
cellular vs. KR p 16,03752,593 SE for multicellular). From
these growth estimations we can conclude that the growth of
multicellular isolates is limited in liquid medium relative to
their unicellular ancestor (fig. 1), resulting in a net cost in rel-
ative fitness when grown in competition (fig. 2).
To illustrate these results, assume that these multicellular

individuals are spherical and that only an external layer of cells
is growing. We can then calculate the volume growing (Vg) for
each cluster i as

Vgi p

4p
3
(r3

i 2 (ri 2 nr)3) ri 1 nr,

4p
3
r3
i ri ≤ nr,

8><
>:

ð5Þ

where ri is the radius of the cluster i, r is the radius of a cell,
and n is the depth 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 increases
much more rapidly than the external layer. Therefore, in pop-
ulations of single cells and small clusters where nr ≥ ri all
cells are growing, but as the size of clusters increases this pro-
portion drops.
Assuming a constant distribution of sizes for each isolate

and spherical multicellular clusters, we calculated the pro-
portion of biomass growing for five different populations
(n p 3 cells, r p 2:5 mm). Differences in mean sizes (and
thus proportion of cells growing) are consistent with differ-
ences in the relative fitness of multicellular isolates against
their unicellular ancestor (fig. 2). This model is a simplifi-
cation of growth to facilitate comparison between this mass
action environment and a spatially structured one. How-
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ever, consistent with the work of Ratcliff et al. (2012), it
highlights the importance of small propagules as a way to
compensate for the growth costs of large individuals. For
example, the multicellular isolate from population 3 has
some of the largest clusters, but on average its size is smaller
because of a large fraction of very small propagules; thus, it
has an overall larger proportion of growing cells. The iso-
late from population 2, in contrast, has smaller adult clus-
ters but a much narrower distribution (Rebolleda-Gómez
et al. 2012).

In a structured environment, like a solid agar plate with
medium, dynamics are different. In this environment, given
that single cells cannot disperse after cell division, dynam-
ics of growth and resource uptake are expected to be sim-
ilar to those of cells in a multicellular cluster. To test this
prediction, we evaluated growth of the unicellular ancestor
and one of the derived multicellular phenotypes (the same
strains we used to evaluate differences of growth in liquid
medium) on agar plates at high densities. As expected and
in contrast to our results in liquid medium, when grown on
plates unicellular and multicellular isolates display the same
dynamics of resource-dependent growth. The estimated pa-
rameters of the maximum growth rate (unicellular, mmax p
0:03350:002 SE; multicellular, mmax p 0:03150:002 SE)
and saturation constant (unicellular, KR p12,46452,404 SE;
multicellular, KR p 12,12052,224 SE) are similar for multi-
cellularandunicellular isolates (fig. 1).As a result, the null hy-
pothesis of these parameters being equal cannot be rejected
This content downloaded from 024.2
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when comparing models with or without an effect of pheno-
type (F2, 67 p 0:4748, p p :6241).Using independent estima-
tions of biomass (for multicellular and unicellular isolates)
led to larger differences in growth dynamics, with a smaller
estimate of multicellular maximum growth rate (mmax p
0:02650:002 SE) but still overlapping confidence regions of
KR (see “Methods”; fig. A2). Overall, our results suggest that
growth on spatially structured environments reduces the dif-
ferences between multicellular and unicellular phenotypes.
To measure the costs of multicellularity in terms of fit-

ness, we grew five of these multicellular isolates—each in
competition with its unicellular ancestor—in two different
environments: liquid medium with constant agitation (mass
action) and agar plates (spatially structured). In the mass ac-
tion environment, fitness of multicellular isolates was lower
than that of their unicellular ancestor, indicating that multi-
cellular individuals paid a cost in terms of growth (a reduction
of ≈10% relative to their unicellular ancestor; fig. 2). In struc-
tured environments, despite having similar growth dynamics,
unicellular strains rapidly took over—fitness costs of multi-
cellular strains were consistently greater in this environment
(≈20% reduction relative to the unicellular ancestor; fig. 2).
Model

This puzzling result—unicellular strains outcompeting multi-
cellular isolates in spatially structured environments despite
similar growth dynamics—can be explained by taking into ac-
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Experimental Reversals to Unicellularity 737
count the local dynamics of competition and local resource
availability. In the spatially structured environment, resources
are locally distributed; therefore, the effects of neighboring
density (due to limited dispersal) and local competition are
important for the overall dynamics. To evaluate the conse-
quences of dispersal and local competition in our plate exper-
iments, we developed spatially explicit simulations from our
growth data and models. These simulations are a useful heu-
ristic to understand the results and allow us to explore the rel-
ative importance of different parameters for the relative fit-
ness costs of multicellular isolates.

We started with a grid of n patches, each with the same
amount of resources, then distributed unicellular and mul-
ticellular isolates across the grid (same number of cells per
group) and allowed them to grow using the parameters ob-
tained from our growth assays. To avoid differences due to
growth rate, we used mean values (unicellular andmulticel-
lular isolates together) of the growth rate mmax and the sat-
uration constant kR (these values have highly overlapping
95% confidence regions; fig. 1). In this model, after 24 h of
growth, cells were diluted and redistributed across the grid
(see “Methods”; fig. A3).
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In this structured environment, differences in growth be-
tween unicellular andmulticelluar isolates are shaped by lo-
cal competition and the initial distribution of cells (i.e., the
initial density of cells in each location). Given that single
cells and multicellular clusters have the same growth dy-
namics, differences in fitness depend on the cluster’s ability
to disperse and secure local resources. Large multicellular
clusters can rapidly outcompete their unicellular counter-
parts within a patch because they start with a larger popu-
lation size and rapidly secure resources. At the plate scale,
however, unicellular cells are better distributed across the
plate (fig. 3) and therefore are able to access more resources
per cell and increase their population size at a faster rate.
Additionally, each dispersal event allows single cells to ex-
pand their access to nutrients and thus increase their fitness
advantage (fig. 3).
This dispersal advantage of unicellular isolates is consis-

tent with the results from our competition experiments.
The CIs of our empirical fitness costs all overlap with the
CIs of our simulations. However, our simulations were
based on the sizes of one of our populations (population 1)
and fail to capture some of the variation from isolates of dif-
ferent sizes (e.g., population 3 isolates have some of the largest
individual clusters, and their fitness cost is higher than those
of the other isolates; fig. 2).
As multicellular clusters increase in size, cells in a patch

become more crowded, increasing local competition. Thus,
the fitness of multicellular phenotypes (in competition with
single cells) decreases very rapidly as the average size of
clusters increases. As multicellular clusters get even larger,
however, the rate of fitness decline decreases. Most cells of
multicellular individuals at this point are distributed in only
a few patches, and their growth is rapidly slowed down. As
a result, adding more cells to a patch makes less of a differ-
ence, and the increasing size of clusters has a smaller effect
on growth. The spread of sizes (variance) has a minimal ef-
fect on the overall fitness cost and affects only the spread of
outcomes (fig. 4).
Similar to the effect of size, changes in overall cell density

affect the intensity of local competition and thus the relative
fitness costs ofmulticellularity. As density increases (i.e., there
aremore cells per patch), single cells aremore likely to end up
crowded in a few patches. This increase in density results in
stronger local competition and reduces the difference be-
tween multicellular and unicellular isolates. In the opposite
direction, as density decreases, the relative costs of multi-
cellularity increase, until virtually all individuals start alone
in their own patch and costs can no longer increase (fig. 4).
Local dynamics within a patch are influenced by move-

ment between patches. In these simulations, we can modify
dispersal by changing the number of individuals in a patch
by the time of the first dispersal event to adjacent patches
(roughly, howquickly colonies spread relative to their growth).
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Consistentwith our previous results, under slowdispersalmulti-
cellular isolates pay a large cost in terms of fitness, and this
cost rapidly increases with the size of the cluster. As dispersal
increases, the costs of multicellularity decrease, and so do the
differences among sizes. Large multicellular isolates are able
to secure local resources and more rapidly expand into adja-
cent patches, compensating for their initial heterogeneous
distribution within the plate. The results of these simulations
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highlight the importance of dispersal and local competition
for fitness in spatially structured environments and demon-
strate how these factors can severely limit multicellularity.
Selection Experiments

Fitness costs associated with increased local competition
in spatially structured environments have long-term evo-
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lutionary consequences for multicellular isolates. We per-
formed selection in both mass action and spatially struc-
tured environments. Initially, our populations started with
only multicellular individuals with a fraction (10%–30%) of
one to three cell propagules that later develop into larger
adults. In the spatially structured environment, after only
4 days of selection, most replicate lines of all ancestral pop-
ulations had a majority of single cells. After 17 days of the
experiment, most lines were dominated by functionally sin-
gle cells (fig. 5). Moreover, and in contrast to the initial single-
cell propagules, single cells isolated after 17 transfers would
not develop into multicellular individuals but stayed unicellu-
lar throughout.

In the structured environment, differences in growth alone
are insufficient to explain fitness differences and the rapid
evolutionary reversal to single cells. Localized interactions
and the dispersal and distribution of cells and resources play
an important role in shaping the evolutionary dynamics. In
contrast to our treatment lines, lines from our control exper-
iment (transferred in liquid without settling selection be-
tween transfers) changed very little in the first 14 days, and
after 30 days of evolution they were still mostly multicellular
(fig. 5). Despite differences in growth between unicellular and
multicellular strains being stronger in this mass action envi-
ronment, observed reversibility consisted of a more gradual
decrease in size and single cells remained infrequent through-
out the experiment (fig. 5).

These results are consistent with our theoretical expec-
tations: in liquid and in the absence of settling, there is se-
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lection for a reduction in size, but the strength of selection
rapidly decreases with smaller cluster volumes until all cells
in a cluster are growing at the same rate (at which point
growth is equivalent to that of single cells). In spatially struc-
tured environments, multicellular isolates face great fitness
costs over a larger range of sizes, and unicellularity (or near
unicellularity) is strongly favored. However, even in spatially
structured environments the cost of size rapidly decreases,
and the fitness differences between unicellular and very small
multicellular phenotypes becomeminimal (fig. 4). Small multi-
cellular isolates (!405 mm2 of area) are able to persist for more
than 30 days in our selection experiment.
We calculated the time it would take for single cells to

reach fixation in the presence of only these small multicel-
lular isolates, using a continuous model of haploid selection
(Lenski et al. 1991):

dP
dt

p runiP(12 P): ð6Þ

Our yeast strains are diploid, but because we are looking at
only two discrete phenotypes and evolution proceeds with-
out sex, we can use P and 12 P as the phenotypic frequen-
cies. Starting with 50% of each phenotype (P p 0:5) and
with the selection rate value obtained from our simulations
(runi p 0:07, in competition with multicellular isolates that
small), we can calculate the time to fixation of single cells.
This gives us an estimate of the time to fixation of 240 gen-
erations, or ≈35 transfers.
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Taken together, these results emphasize the importance
of size and resource acquisition in limiting the evolution
of multicellularity and favoring rapid reversals to unicel-
lularity. In mass action environments, multicellular organ-
isms pay a high cost of growth due to limited space and re-
source diffusion. In structured environments (despite similar
growth constraints for unicellular and multicellular isolates),
multicellular isolates face increased local competition and
pay a higher relative fitness cost in competition with their uni-
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cellular ancestor. Both growth limitation in a mass action en-
vironment and increased local competition in structured en-
vironments act as strong selective pressures favoring a rapid
reduction in size. In mass action environments this reduc-
tion is gradual, leading after 30 days to a population of mainly
small multicellular isolates. In structured environments, all
replicate populations reverted to mostly single cells and very
small multicellular isolates that persist due to small fitness
differences.
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Discussion

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 repro-
duction of their own into a larger individual: independent rep-
licators into chromosomes, prokaryotic cells into the com-
plex and compartmentalized eukaryotic cells, single cells into
multicellular organisms, and different organisms into com-
plex societies (Maynard Smith and Szathmáry 1995;West et al.
2015). It has been proposed that the first step in these evolu-
tionary transitions is the evolution of cooperative groups (West
et al. 2015). But while cooperation and alignment of fitness are
required for multicellularity, the emphasis on cooperation can
obscure the importance of other ecological drivers and limits
tomulticellularity (e.g., dispersal and demographic structure).

Early multicellular organisms represented a dramatic in-
crease in size from their unicellular ancestors (Payne et al.
2009). The evolution of multicellular complexity requires large
numbers of cells and high degrees of cooperation (Bell and
Mooers 1997). But an increase in size also restricts dispersal
and nutrient uptake (Solari et al. 2006; Sommer et al. 2017).
Our results underscore one of the main costs of increased
size and group living (namely, increased intragroup compe-
tition), as well as the importance of dispersal in the evolu-
tion of large, cooperative groups. Theoretical work has shown
that the cost of increased competition within a group can
cancel out the benefits of cooperation (even among close rel-
atives) in conditions of limited dispersal (Taylor 1992;Wilson
et al. 1992; Queller 1994). These models expand Hamilton’s
rule to account for competition between relatives. 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, the benefits of co-
operation are matched by the costs of competition between
kin (Taylor 1992; Queller 1994; West et al. 2002). Instead,
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 fa-
vored (Platt and Bever 2009). These results contrast with stud-
ies focusing on diffusible public goods, demonstrating the
importance of ecological mechanisms in determining evo-
lutionary outcomes (Saxer et al. 2009).

In this system, despite the costs of increased size, compe-
tition for resources occurs primarily at a global scale in liq-
uid cultures. Resources are evenly distributed across the en-
vironment 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
proportion of biomass is actively growing. Additionally,
clonal staying-together multicellularity increases the spatial
assortment of genotypes (increasing the probability of in-
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teraction with a closely related cell; Ratcliff et al. 2015). In
these conditions, cooperation can be favored, and competi-
tion within a group is minimized. The advantages of group
formation and cooperation do not need to be very large to
outweigh the costs (Platt and Bever 2009). Multiple obser-
vations are consistent with these conclusions: multicellular-
ity readily evolves in this environment (Ratcliff et al. 2012),
cooperative traits like secretion of a catalytic enzyme (inver-
tase) can favor the evolution of multicellular phenotypes
(Koschwanez et al. 2011), and snowflake yeast phenotypes
do not easily revert back to unicellularity even in the absence
of settling selection (fig. 5).
In structured environments, our results suggest that the

formation of large multicellular groups increases local com-
petition and limits access to nutrients. These conditions of
high local competition between kin are detrimental for the
evolution of cooperation (Taylor 1992; Wilson et al. 1992;
Queller 1994; Platt and Bever 2009). The evolution of coop-
eration is required for decoupling of group and individual
fitness, which allows for the evolution of multicellular organ-
isms even at the cost of cellular growth and reproduction
(Michod and Roze 2001; Okasha 2005). Mass action envi-
ronments pose costs for cellular growth in multicellular in-
dividuals, but competition remains mostly global, and ge-
notypic assortment does not result in more intensified local
competition. In spatially structured environments and in the
absence of efficient dispersal mechanisms of the group as a
whole, nascent staying-together multicellularity faces large
costs of increased local competition. These dispersal con-
straints are likely to have played an important role as bar-
riers for multicellular life to colonize land. Animals had to
evolve complex mechanisms of motility before they could
leave the aquatic environment; 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 origins of multicellularity are primarily dis-
persal structures that developed through cells coming together.
These multicellular organisms can easily transition between
unicellular and multicellular lifestyles (e.g., fruiting bodies
of dictyostelids and myxobacteria; Bonner 1998).
Our models and experiments are simplifications of the

potential conditions faced by early multicellular forms. One
of the main limitations of our simulations is that they do
not explicitly include diffusion of nutrients. Explicit descrip-
tions of resource diffusion have been shown to be important
in describing interactions of microbial cells in spatially struc-
tured environments (e.g., Mitri et al. 2011; Harcombe et al.
2014). In our simulations, each patch is defined by its carry-
ing capacity and can be thought of as the area at which dif-
fusion of resources has a significant effect on cell growth. In
our simulations, this simplification is not as significant be-
cause the effect of resource diffusion on microbial growth
rapidly decreases with distance (Vulin et al. 2014; Chacón
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et al. 2018), and all our simulations were performed at high
cell densities with microbes growing and consuming resources
at a faster rate than diffusion outside immediately adjacent
areas (patches). An additional limitation is that both our sim-
ulations and our experimental system depend on periodic
serial transfer events imposed by the researcher. These pe-
riodic dilutions can be thought of as a temporally varying
environment and alternation between growth and dispersal
events, but the importance of these processes during transi-
tions to multicellularity remains to be seen. Despite these lim-
itations, all of our results (i.e., computer simulations, com-
petition assays, and selection experiments) are consistent with
increased costs of local competition associated with the evo-
lution of multicellular phenotypes.

In this experiment, the costs of multicellularity in spa-
tially structured environments were enough to rapidly se-
lect for reversals to unicellularity, with the exception of long-
term persistence of very small multicellular isolates. Reversals
on plates took ≈2 weeks for all of our populations, and the
change was mostly discrete (from multicellular to unicellu-
lar phenotypes). In contrast, as a result of transfers in liquid
without settling selection, multicellular strains showed a more
continuous reduction in size (fig. 5). And in similar experi-
ments (with the same selection pressures and strains) after
160 days of selection, multicellular phenotypes were still dom-
inant (W. C. Ratcliff, personal communication). Our com-
petition results suggest that a large fraction of small propa-
gules can effectively reduce the costs of growth in mass action
environments. However, these propagules are insufficient to
compensate for the large costs of big groups in spatially struc-
tured environments. As a result, only very small multicel-
lular isolates persisted after 1 month of selection in spatially
structured environments.

Rapid and frequent reversals to unicellularity (as seen in
this experiment) are more likely to occur in earlier stages
during transitions to multicellularity. As multicellular organ-
isms evolve more integration and reduced conflict between
cells, reversals are likely to be less common. Moreover, as
multicellular organisms adapt, they accumulate mutations
that might be neutral or beneficial for cells in a multicellular
organism but come with a cost for free-living cells. Similarly,
integration of multicellular organisms is often associated with
traits that might increase fitness of the multicellular individ-
ual 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). During these evolu-
tionary transitions, ecological processes are likely to interact
with the genetic architecture of cells, shaping the ease, stabil-
ity, limits, and potential evolutionary consequences of these
transitions. Future work should address the importance of
genotype-by-environment interactions in the evolution of
these qualitatively novel phenotypes.
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This article contributes to our understanding of the pro-
cesses and selective pressures relevant for transitions in in-
dividuality. Substantial prior research has identified defec-
tion and diffusible public goods as key factors affecting the
propensity for the evolutionary origins of multicellularity
(Michod 2007) and its persistence (Strassmann et al. 2000;
Velicer et al. 2000). One of the key insights from these stud-
ies is that unequal acquisition of the benefits conferred by
multicellularity can lead to dissolution of multicellular co-
operation. In this article, we show that while such circum-
stances are sufficient for multicellular cooperation to collapse,
they are not necessary. The fitness costs of multicellularity
can lead to its rapid loss, with more rapid and complete dis-
solution occurring with greater fitness costs. Increased recog-
nition of the breadth of circumstances that can affect multi-
cellular persistence provides insight into the evolutionary
consequences of its benefits. In particular, we note the di-
versity of organisms that are not neatly classifiable into uni-
cellular or multicellular forms—often coming together at
different parts of the life cycle and then dispersing as single
cells—and suggest that ecological context may play a key
role in the apparent plasticity in multicellular cooperation.
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