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Evolution is often deemed irreversible. The evolution of complex traits that require many mutations makes their reversal unlikely.

Even in simpler traits, reversals might become less likely as neutral or beneficial mutations, with deleterious effects in the ancestral

context, become fixed in the novel background. This is especially true in changes that involve large reorganizations of the

organism and its interactions with the environment. The evolution of multicellularity involves the reorganization of previously

autonomous cells into a more complex organism; despite the complexity of this change, single cells have repeatedly evolved

from multicellular ancestors. These repeated reversals to unicellularity undermine the generality of Dollo’s law. In this article,

we evaluated the dynamics of reversals to unicellularity from recently evolved multicellular phenotypes of the brewers yeast

Saccharomyces cerevisae. Even though multicellularity in this system evolved recently, it involves the evolution of new levels of

selection. Strong selective pressures against multicellularity lead to rapid reversibility to single cells in all of our replicate lines,

whereas counterselection favoring multicellularity led to minimal reductions to the rates of reversal. History and chance played

an important role in the tempo and mode of reversibility, highlighting the interplay of deterministic and stochastic events in

evolutionary reversals.

KEY WORDS: Experimental evolution, historical contingency, multicellularity, natural selection, reversibility.

The evolution of complex traits is often thought to be irreversible

(Gould 1970), an observation known as Dollo’s Law. The ar-

gument is that complex traits involving many genetic changes

are unlikely to revert to their ancestral states because of the nu-

merous genetic dependencies (Muller 1939; Gould 1970; Zufall

and Rausher 2004). Even for simpler traits, adaptation to novel

conditions might reduce the probability of reversal through the

accumulation of neutral or beneficial mutations that have dele-

terious effects on the ancestral state (Bull and Charnov 1986).

However, trait reversibility has been documented for complex

traits (e.g., Wiens 2011), leading to questions about major di-

rectional trends and their underlying basis (Collin and Miglietta

2008; Goldberg and Igić 2008). In particular it has been proposed

that the selective history of a complex trait might impede subse-

quent reversals (Zufall and Rausher 2004). For example, complex

changes involving interactions between multiple genes or even

cells (e.g., development) can result in complex changing adap-

tive landscapes, reducing the potential of reversibility (Bajić et al.

2018).

The origin of multicellularity is foundational in the evolution

of biological complexity. It involves the evolutionary transition

of single cells into larger and more complex organisms. Even

in the evolution of relatively simple multicellularity, it opened

up previously inaccessible avenues for adaptation, resulting in

the exploitation and creation of new niches (Simpson 1944;

Erwin 2008; Erwin et al. 2011; Rebolleda-Gómez et al. 2016).
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Nevertheless, unicellular lineages have evolved from multicellu-

lar ancestors multiple times (Medina et al. 2003; Rossetti et al.

2010; Schirrmeister et al. 2011). And the potential for unicellular

reversion is readily seen in the development of cancer, which

requires changes from multicellular to unicellular organization

(Aktipis et al. 2015; Chen et al. 2015; Tabassum and Polyak 2015).

Questions of adaptation immediately come to mind: what are the

ecological and evolutionary conditions favoring the disintegration

of multicellular entities? What are the selective pressures main-

taining multicellularity? Previous studies have suggested that

intracellular conflict and other costs associated with increased

size and local competition can lead to multicellular disintegration

(Michod 1997; Rebolleda-Gómez and Travisano 2018). These

conflicts can be amplified by the accumulation of neutral

mutations, facilitating reversibility to single cells in envi-

ronments where multicellularity is not strongly favored. For

example, the evolution of infectious cancers (where the fitness

of the unicellular entity is independent of the multicellu-

lar organism) is favored by reduced genetic control due to

strong bottlenecks in the Tasmanian devil (Miller et al. 2011)

and increased probability of dispersal across bodies in both

Tasmanian devils and dogs (Hamede et al. 2012; Strakova

and Murchinson 2015). These factors reduce the ecological

constraints for unicellular evolution regardless of their genetic

architecture.

Does this mean that unicellular reversions are genetically un-

constrained? The diversity of multicellular lineages itself suggests

otherwise, that historical contingency critically affects multicellu-

lar evolution. The vast majority of multicellularity complexity has

arisen from only three or four of the 25 independent multicellular

transitions, and this signal of historical contingency may also be

relevant to evolutionary dissolution of multicellularity. This is

because the number and nature of the genetic changes required to

evolve multicellularity in the first place might affect the probabil-

ity of reversal to unicellularity (Muller 1939; Bull and Charnov

1986). In addition, the evolution of multicellularity involves a

decoupling of fitness at the cell and multicellular levels (Buss

1987; Michod and Nedelcu 2003; Okasha 2005; Hammerschmidt

et al. 2014) and the impact of multicellularity on its internal and

external environment can readily change the effects of previous

traits or novel mutations (Erwin 2008; Erwin et al. 2011; New-

man and Baht 2009; Rebolleda-Gómez et al. 2016). Therefore,

adaptations at the multicellular level often come with a cost for

single cells, and genetic changes in the multicellular environment

are likely to be neutral or have deleterious effects for single cell

living. These processes can entrench a multicellular state and

reduce the probability of reversals over time (Libby and Ratcliff

2014).

We tend to think of these transitions as discrete processes

(e.g., from unicellularity to multicellularity and back again),

instead, it is likely that relative importance of selection at different

levels changes over time, as the organization and interaction

between cells changes. Selection, chance, and history are all

likely to contribute to the reversibility of multicellularity, but their

relative importance is still debated and might change during the

transition itself. Strong selective pressures and high population

sizes, for example, could overwrite the role of history and chance

(Vermeij 2006). Even in these cases, history and chance might

be important for the dynamics of these transitions, shaping the

tempo (rates), and mode (patterns and processes) of reversibility.

However, these evolutionary dynamics are often hard to study

because cases of reversal are relatively rare and often highly

derived. In this article, we evaluate the relative roles of selection,

chance, and history on experimental evolution of reversals to

unicellularity from incipient multicellular phenotypes of the

brewer’s yeast Sacharomyces cerevisiae.

These multicellular phenotypes evolved as a consequence

of a selection experiment favoring an increase in size (Ratcliff

et al. 2012). Ten out of the ten replicate populations evolved mul-

ticellular phenotypes through incomplete separation of mother

and daughter cells after cell division. In previous work, we have

shown that, in spatially structured environments where resources

are localized, these multicellular phenotypes pay a large cost in

fitness when compared to their unicellular ancestor and that evo-

lution in this environment leads to rapid reversals to unicellularity

(Rebolleda-Gómez and Travisano 2018). Thus, in this system

strong selection against multicellularity can overcome the effects

of chance and history, leading to convergent reversals to unicel-

lularity.

We hypothesized that adaptation would play an important

role in the first steps of reversibility, but as the population adapts,

and the strength of selection is reduced, we would expect to see

the effects of chance. In addition, if genetic architecture is an

important determinant of reversibility then, history would affect

the dynamics of reversibility. Finally, we expected that oppos-

ing selection could lead to decreased rates of reversal and, at the

same time, increase the contribution of genetic background due

to differences in trade-offs across selective pressures (Rodrı́guez-

Verdugo et al. 2014). In particular, we expected that exposure

to ultraviolet radiation would select against single-cells because,

on average, cells in a multicellular group would be more pro-

tected. This kind of selection favoring protection within a group

can reduce the effectiveness of selection in purging mutations

with small deleterious effects at the cellular level (due to reduced

effective population sizes, and differences in fitness effects of

mutations at the cellular and multicellular level). In addition, ul-

traviolet radiation is a powerful mutagen, increasing the number

of mutations that can accumulate at the cellular level and thus,

the role of chance. These same processes of mutation accumu-

lation might override the effects of previous changes, reducing
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the contribution of history. To evaluate these hypotheses, in this

article, we examine the tempo and mode of evolution of reversals

to unicellularity, and the interactions between history, chance, and

adaptation in shaping these dynamics.

Methods
STRAINS AND MEDIA

The strains used in this study were (1) ten multicellular phenotypes

of Sacharomyces cerevisiae evolved in the laboratory as a result

of a selection experiment favoring larger sizes (Ratcliff et al.

2012) and (2) their shared unicellular ancestor, the diploid strain

Y55. In that experiment, a single clone of the brewer’s yeast

Sacharomyces cerevisiae Y55 was used to initiate 10 replicate

populations. Each day, for 60 days, each of these populations was

exposed to settling selection, transferring only the first fraction to

settle (favoring larger sizes). After 60 days, all populations had

evolved multicellular phenotypes through incomplete separation

of mother and daughter cells (Ratcliff et al. 2012). One single

clone isolate of each of the populations was randomly selected

for this experiment, representing a wide range of multicellular

sizes (for isolation procedures see Rebolleda-Gómez et al. 2012).

Yeast isolates were grown in YPD (1% yeast extract; 2% peptone

and 2% dextrose) or YPD with 15% agar for the plates. Cultures

were incubated at 30°C.

SELECTION EXPERIMENT

To evaluate the roles of history (i.e., genetic background), chance,

and adaptation in the dynamics of reversibility to unicellularity

we performed a selection experiment on a structured environment

(agar plates) in which we expect multicellularity to be maladap-

tive. In this environment, the larger a multicellular cluster, the

larger the costs associated with local competition and access to

resources, and thus, we readily observe reversals to unicellular-

ity (Rebolleda-Gómez and Travisano 2018). We propagated in

batch-culture each of ten multicellular strains of S. cerevisiae in

three replicate plates with YPD agar (for a total of 30 plates).

Every 24 hours, we resuspended each culture in 1 mL of saline

solution (0.85% NaCl). These cultures were then diluted fourfold.

We then plated 20 of these dilutions on a new YPD plate (for a

total effective dilution of 1:200). As described in Travisano et al.

(1995), changes in the cluster-size grand mean (across all popula-

tions), would indicate adaptation (or changes due to selection on

this spatially structured environment). Whereas variation in the

derived cluster size among lines of different ancestral background

would indicate the importance of history (or genetic background).

Finally, differences within each ancestral line (among replicates)

would indicate the importance of stochastic processes on the evo-

lution of reversals to unicellularity (Fig. 1).

Figure 1. Diagram of the experimental design. To evaluate the

role of history (or ancestral genetic background) we started lin-

eages from ten different multicellular ancestors and transferred

them every day on plates for a total of 30 transfers. From each

of these ancestral lineages, we started three replicate lines to ad-

dress the role of chance, and we evaluate the role of adaptation

as the directional change in phenotypes. The effect of counterbal-

ance selection forces was determined by exposing lines derived

from the first five ancestral strains to 16 seconds of UV between

transfers (In shades of gray are strains not exposed to UV and in

red strains exposed to UV; see Methods for details).

COUNTERBALANCING SELECTION

We were interested in how trade-offs between benefits at differ-

ent levels (i.e., selection to maintain multicellularity vs. selection

favoring growth of single cells) would change the dynamics of

adaptation. We hypothesized that as a result of a larger multi-

cellular size—more specifically a smaller surface area to volume

ratio—cells of multicellular individuals will be more likely to

survive exposure to UV light than the same number of unicel-

lular individuals and that this might provide a counterbalance to

the costs of multicellularity. To evaluate this hypothesis, we de-

termined the percent of survival of several yeast strains along a

gradient of UV light exposure. We grew ten multicellular isolates

of different sizes and five unicellular isolates overnight in 10 mL

of YPD in triplicate. Then, we plated them to varying dilutions

depending on the average density of colony forming units (CFUs)

for each strain and their survival. We exposed all the plates facing

down and without lid to 0, 7, 14, 21, or 28 seconds of UV in a

transilluminator (8 watt, 302 nm) and let the plates grow for 24 h

at 30°C. Finally, we calculated survival as the proportion of CFUs

per mL relative to the control plates. We fitted an exponential

decay function of survival over time (S(t) = S0 e−λt) starting from

S0 = 100% survival. Then, we evaluated the importance of differ-

ences between multicellular versus unicellular isolates in survival

EVOLUTION JANUARY 2019 7 5
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through a likelihood ratio test of a simpler model (excluding phe-

notype as a factor) and the complete model (including phenotype)

(Ritz and Streibig 2008).

To evaluate the importance of selection and the change in

dynamics with counterbalancing selective pressures, we started

15 additional lines (five multicellular isolates as ancestors with

three replicate lines each—for the ancestors we chose those from

populations 1–5 given that the numbering of populations was

assigned randomly). We followed the same selection procedure

with these 15 lines, except that, after plating our diluted culture

we placed these plates facing down and without lid in a UVP LM-

20 transilluminator for 16 seconds at high intensity (302 nm,

6000 μW/cm). Samples from each replicate were frozen at

80°C in 20% glycerol every week (Fig. 1). Directional responses

to either selective environment (either just plates or plates and

UV) allowed us to evaluate the role of adaptation in each of those

environments. Differences between environments allowed us to

evaluate the effect of UV alone (after accounting for selection on

spatially structured environments).

POPULATION SIZE OVER TIME

To determine the size distributions of each culture over time, we

measured the size of samples from all the time points and all of

the replicates. To compare UV and Non-UV lines we only mea-

sured changes in size of half of the lines (those from the five

multicellar ancestors used to start the UV lines). To measure size

of all the individuals within each of our samples, we used a liquid

flow through a microscope with a camera and a laser particle de-

tection system (FlowCam-Fluid Imaging Technologies). Before

measurements, we grew the strains for 24 h of conditioning in

YPD. Then, we transferred 10 μL of each culture into 10 mL of

fresh YPD and let them grow again for 24 h. For the measure-

ments, we diluted each of the samples 10-fold in saline solution.

One milliliter of each sample was run through the FlowCam using

a 10X objective and a C70 syringe. The areas of all the clusters

measured were recorded and air-bubbles or other particles in the

media were removed with circularity and size filters calibrated

manually. To maintain consistency, the same settings and filters

were used for all the samples.

DATA ANALYSIS

Differences in size distributions between treatments, isolates, and

replicates were evaluated with a general linear model with time (as

a continuous variable), treatment (UV or not), and ancestral popu-

lation as the main factors. For our random effects we allowed our

intercepts and slopes to vary with replicate nested within popula-

tion, allowing for correlations through time (as repeated measures

model). Because we captured images with a volume (not a num-

ber) limit, our sample size for populations with high frequency

of single cells were orders of magnitude larger than our initial

samples. To minimize the effects of this unbalanced design and

constrain the size of our data frame (n = 20,405,616 observations)

we resampled a number equal to the length of our smallest sam-

ple (nmin = 735) for each of our samples to finish with (nsmall =
29,400) observations. With log transformation of the cluster area

our residuals were approximately normally distributed. However,

as time increases the variance rapidly decreases (Fig. S1). To

correct for this heteroscedasticity we modeled the variance as an

exponential function of time (Pinhero and Bates 2000) using the

lme function from the nlme package (version 3.3.1–131, Pinheiro

et al. 2017) in R (R version 3.4.3, R Core Team 2017). We chose

this model because it minimized heteroscedasticity (Fig. S2), had

the lowest AIC values and was a significantly better model for

our data according to a log likelihood ratio test (Table S1).

To calculate the relative contributions of adaptation (UV and

non-UV), history (ancestral population), and chance (replicate

populations) as proposed in Travisano et al. (1995), we used a

simpler model (ancestral population and replicate nested within

population as random factors) separately for each of the time

points and for the different treatments (UV and no UV). Given

that we analyzed separately each time point and environment,

we were able to use the complete dataset for these analyses. The

roles of history and chance were calculated as the square root

of the variance among populations, or among replicates within

populations, respectively. We calculated the confidence intervals

for these parameters through bootstrapping with 1000 samples

per estimate. The contribution of adaptation in each environment

at each time point (tn) was calculated as the difference in grand

means of tn and tn-1 instead of always calculating against the

ancestral values at t0. The magnitude of the response to UV se-

lection alone was calculated as the difference between the grand

means of “UV” and “no UV” treatments at each time point. In

this way, we could calculate the relative contributions of ances-

tral background (“history”), stochastic variation across replicates

(“chance”), and overall directional changes in particle size (“adap-

tation”) within each environment (avoiding potential changes in

the adaptive landscape across environments). Then, comparing

both treatments we were able to compare the magnitudes of the

adaptation component across environments.

Results
To evaluate the role of adaptation, history, and chance in reversals

to unicellularity from a recently evolved multicellular ancestor,

we evolved 45 lines derived from different multicellular ances-

tors on a spatially structured environment (in which we expected

multicellularity to be costly). To evaluate the role of history (or

ancestral genetic background) we started lineages from ten differ-

ent multicellular ancestors (in the case of the no-UV treatment)

and five (in the case of the UV treatment). From each of these
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Figure 2. Rapid reversibility to unicellularity on plates (spatially structured environment). (A) Picture of multicellular (big and rugged)

and unicellular (smooth) colonies. (B) Percentage of unicellular (smooth) colony forming units (CFUs). Each point is the mean value the

three replicate lines of each ancestral background. In solid gray are those populations that we used for future analyses. (C) Distribution

of sizes over time of each of the replicate lines (different shades of gray) of the ancestral populations 1 and 4.

ancestral lineages, we started three replicate lines to address the

role of chance, and we evaluate the role of adaptation as the di-

rectional change in phenotypes. The effect of counterbalancing

selection forces was evaluated by comparing the UV and non-UV

treatments.

CONVERGENCE IN REVERSIBILITY

After �200 generations, all of our 45 lines were dominated by

unicellular phenotypes. On plates, all of the populations had exclu-

sively small smooth “unicellular-looking colonies” (Fig. 2A–B).

However, plates overestimate the frequency of unicellular pheno-

types because (1) very small multicellular isolates form smooth

colonies indistinguishable from their unicellular counterparts and

(2) multicellular isolates at very low frequencies are often not-

sampled on plates. Thus, to get a better estimation of the frequency

of single cells and the temporal evolutionary dynamics, we took

pictures and measured the size of every individual in 1 mL of

sample for half of our lines at every time-point (from the first five

ancestors to compare with the UV treatment; see Methods).

All of our lines showed a decrease in median size over

time, converging to a median size of (M = 54.03 μm2,

SDamong lines = 4.16 μm2; Fig. 2C; Fig. S3). This reduction of

size is due to a decrease in multicellular size and a rapid in-

crease in frequency of single cells (from 23 ± 3% SE at time 0 to

89 ± 1.3% SE after 30 transfers; Rebolleda-Gómez and Travisano

2018; Fig. S4). Changes in size occur at a fast rate in all of the pop-

ulations (a reduction in size of �25% in a week). These changes

in size were largely due to an increase in frequency of single cells

with unicellular phenotypes being dominant (frequency >50%) in

all populations by 11 days (�73 generations). This rapid change

and high degree of phenotypic convergence is consistent with

previous results showing a high cost of multicellularity due to

increased local competition in structured environments (i.e., solid

agar plates; Rebolleda-Gómez and Travisano 2018).

EFFECT OF COUNTERBALANCING SELECTION FORCES

To evaluate the importance of selection for evolutionary reversals

to unicellularity, we exposed different multicellular isolates to

varying periods of UV radiation. Of the possible stresses often
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Figure 3. Survival curves in response to different exposure times

to UV radiation. In general multicellular clusters are more resistant

to UV radiation (solid turquoise) than their unicellular counterparts

(dashed black) with the exception the smallest multicellular iso-

late (at the bottom, overlapping with the unicellular curves). (A)

Each line represents the dynamics of a different isolate and was

calculated as the mean value between three replicates. The thick

lines are fitted exponential decay curves. (B) Estimates of half-life

(1/λ) or UV exposure time by which survival is 50% and their 95%

confidence intervals.

encountered by microorganisms (e.g., nutrient limitation, extreme

temperatures, desiccation, toxins, salinity, and UV radiation), we

selected UV radiation because it is easy to manipulate, imposes

strong selection, and our isolates vary in their response to this

environmental factor (Fig. 4).

We hypothesized that group formation would be beneficial

and increase survival against UV radiation because internal cells

would be protected against UV exposure (stresses like tempera-

ture or alcohol concentration might not create a strong gradient).

In this way, the dynamics of UV protection should be dependent

on the relation between surface area and volume in these clus-

ters. In agreement with our expectations, multicellular isolates

are more resistant to the effects of UV radiation than unicellu-

lar ones (the effect of phenotype is significant as compared by

likelihood ratio test, F1,209 = 4749.5, P < 0.00001). Unicellu-

lar isolates have a decay rate more than 1.5 greater than their

multicellular counter-parts (λmulticellular = 0.137 ± 0.006 s−1 SE

and λunicellular = 0.227 ± 0.018 s−1 SE; Fig. 3). By 16 sec-

onds of exposure to radiation, almost no single cell survives

while large multicellular isolates still have a survival of �20%

(Fig. 3).

This result could be due, as we had expected, to cells being

protected by surrounding layers of cells, or because in a multi-

cellular cluster only one cell has to survive for the whole cluster

to survive. However, after 16 seconds of UV exposure, we ob-

served, for most unicellular replicates, no colonies growing in the

plate—even at 10-times the cell density of multicellular plates.

Moreover, small multicellular isolates (where we would expect

all cells to be exposed to the radiation) had lower survival than

their unicellular counterparts (Fig. 3).

Based on these observations we transferred three replicate

populations from each of the five ancestral isolates together with

our control lines, exposing the plates to 16 seconds of UV ra-

diation after each transfer (Fig. 1). We observed rapid evolution

of unicellular reversals, despite the strong benefits of multicellu-

larity under UV exposure. As a result, the effect of UV on the

intercept is not significant (“UV treatment” in Table 1), nor is the

difference in rates due to treatment (“UV by time” in Table 1).

However, populations differ in the effect of UV and in the rate of

this change (Table 1). In all backgrounds, except ancestral pop-

ulation 2, the average frequency of single cells over the course

of the experiment is lower (but not significant overall) in the UV

treatments (Fig. 4). Similarly, in all backgrounds, except ances-

tral population 4, the estimated rate of reversal is lower in UV

populations (Fig. 5A).

EVOLUTIONARY DYNAMICS AND THE IMPORTANCE

OF CHANCE AND HISTORY

Despite a high degree of convergence between populations (and

across treatments), and a clear effect of selection on size reduction,

we still observed a high degree of variation in the tempo and mode

of evolution. Different populations displayed different patterns of

reversal (i.e., going directly from multicellular isolates to single

cells vs. a more gradual reduction in size) and differences in

the prevalence of multicellular individuals over time (Rebolleda-

Gómez et al. 2016; Figs. 4 and 5, Fig. S3). This variation is

explained by the effect of history (ancestral source) as well as

chance (variation among replicate lineages of the same ancestor)

on the overall effect, as well as the tempo of reversals (interactions

with time in Table 1) (Figs. 4 and 5). Although there is strong

selection for a reduction of size, this reduction varies substantially

among replicates within each population and among populations

(Fig. 4 and 5B). Consistently, we observed significant differences

across populations and their rates of change (“Population by Time

interactions”, Table 1, Fig. 5A).

The contributions of adaptation, history, and chance to

changes in size varied over the course of the experiment. Af-

ter eleven days there was no significant overall change in size

(Selection component is no different than 0; Fig. 5B). History

contributed to differences in size from day eleven to the seven-

teenth transfer (contribution of history in No UV populations,

Fig. 5B). The rate of reversal to unicellularity is slower in the

population with a more continuous reduction in size (i.e., ances-

tral population 4, Fig. 5), with consistent larger sizes up to the

twentieth transfer (Fig. 2C, Fig. 4A, Fig. S4). After twenty days

all replicates and all populations have functionally reverted to
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Table 1. Generalized linear least squares model with variance weights as an exponential function of time (see Methods).

Value Std. error DF t-value P-value

(Intercept) 4.946679 0.10617942 29370 46.58793 0
Treatment.1UV 0.088749 0.06434876 29370 1.37919 0.1678
Time –0.042782 0.00200905 29370 –21.29444 0
Population2 0.145513 0.09660227 8 1.50631 0.1704
Population3 0.552997 0.09254791 8 5.97526 0.0003
Population4 –0.336568 0.11816417 8 –2.84831 0.0215
Population5 0.246886 0.09581923 8 2.57658 0.0328
Treatment:Time 0.00526 0.00271833 29370 1.93485 0.053
Treatment:Population2 –0.385574 0.08971347 29370 –4.29784 0
Treatment:Population3 0.185787 0.08134729 29370 2.28388 0.0224
Treatment:Population4 0.477074 0.13458938 29370 3.54466 0.0004
Treatment:Population5 –0.052092 0.09165858 29370 –0.56832 0.5698
Time:Population2 0.003035 0.0027904 29370 1.0878 0.2767
Time:Population3 –0.017496 0.00260594 29370 –6.71372 0
Time:Population4 0.016281 0.00374319 29370 4.34962 0
Time:Population5 0.001507 0.0027632 29370 0.54543 0.5855
Treatment:Time:Population2 0.002514 0.00383924 29370 0.6549 0.5125
Treatment:Time:Population3 –0.001499 0.0034984 29370 –0.42857 0.6682
Treatment:Time:Population4 –0.012051 0.00525268 29370 –2.29433 0.0218
Treatment:Time:Population5 –0.003729 0.00385889 29370 –0.96634 0.3339

Log transformed area is the response variable, treatment (UV or no UV), ancestral population (history), and replicate (chance, modeled as a nested random

factor allowing for time autocorrelation). Time was modeled as a continuous covariate.

single cells and variation between replicates is due to stochastic

variation in the frequency and size of very small multicellular

individuals (2–4 cells) (contribution of chance Fig. 5B).

Contrary to our expectations, the role of history was slightly

more important in those populations exposed to UV, where the

selective effects of the first changes (in terms of reduction of size)

are partially counteracted by UV selection (Fig. 5B). This counter-

acting effect is dependent on genetic background (different pop-

ulations). As a result, only population background (F4,19 =7.724,

P = 0.0007) and the UV by population interaction (F4,19 = 3.92,

P = 0.017) are significant when comparing the average frequency

of single cells over the whole course of the experiment (Fig. 4B).

Despite a probably increase in mutation rate, we did not observe

differences in the contribution of chance across treatments, if at

all, chance seems to contribute less to differences in size in UV

exposed lines (Fig. 5B). In both treatments (UV and no UV)

these results highlight the importance of different evolutionary

processes (mode) in evolutionary rates (tempo).

Discussion and Conclusions
We have shown that costs of multicellular growth on spatially

structured environments (Rebolleda-Gómez and Travisano 2018)

lead to high convergence in reversibility to unicellularity. How-

ever, history and chance play an important role in the rates of

reversal. Whereas, counteracting selection favoring multicellular-

ity had an insignificant effect on reversibility but increased the

relative contribution of history.

Tracing the mode and tempo of evolution can provide

insights into the evolutionary dynamics involved during this

transition (Simpson 1944; Smith and Goldberg 2015) and provide

clues into the topography of the adaptive landscape (e.g., Nahum

et al. 2015). In this experiment, as populations adapt and multicel-

lular clusters become rarer and smaller, selection becomes weaker

and the role of chance more important. This result suggests a

relatively flat peak, where many close phenotypes have a similar

fitness value. Similarly, the early contributions of history suggest

some ruggedness, with some populations being able to revert

faster than others. In this case, history (genetic background) has a

large effect on the first phenotypic changes, shaping the rate of re-

versibility from a more gradual versus a more discrete transition.

For example, lines derived from population four led to a more

gradual transition, with multicellular isolates persisting over a

longer period of time. This effect was especially clear when there

are opposing selection forces at work (UV vs. the cost of competi-

tion in spatially structured environments). In population five, UV

and No-UV lines follow a very distinct trajectory of reversibility.

Non-UV lines rapidly revert to multicellularity, whereas UV

lines have a more gradual reversal trajectory (although this varies

by replicate), similar to those of population four.
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Figure 4. Dynamics of reversal to unicellularity. Different panels show different ancestral populations. (A) Graphs of median size over

time. Solid circles indicate different replicate lines (n = 3) and solid lines the mean trajectory. Although all populations converge to

unicellular phenotypes the mode and tempo of evolution differs between populations and even within replicate lines of the same

population. (B) Except in population two, populations in the UV treatment have in average a lower frequency of unicellular individuals

over the course of the experiment. There is substantial variation between and within ancestral backgrounds (populations).

In this experiment, we used UV radiation as a counter-acting

selective pressure (one that would favor multicellularity over uni-

cellularity). However, UV radiation also has severe mutagenic

effects, potentially affecting not only the selective environment

but the availability of variation. It is possible that increased varia-

tion at the cellular level could undermine the strength of selection

at the multicellular level (Michod 1997; Okasha 2005), poten-

tially explaining why we did not observe a strong effect of UV

in slowing (or preventing) reversibility to unicellularity, or why

we even observed the opposite effect in lines from population 2

(the smallest multicellular isolates in at the start). We expected

that increased mutation rates would increase the role of chance

and potentially overwrite the effects of the ancestral background.

Instead, we observed no difference in the contributions of chance

in the two different environments and the effect of history was

stronger in the UV environment.

It is possible that our results are a combination of a change

in the adaptive landscape in the new environment, changes in the

relative strength of selection at different levels (multicellular and

unicellular) with changes in size, and increased mutation rates.

For example, different genetic backgrounds might affect the dis-

tribution of fitness effects of new mutations, potentially increasing

the contribution of history with increased mutation loads. While

increased mutations allow for a faster exploration of the adaptive

landscape, if previous mutations changed the landscape (DeVos

et al. 2018) then this exploration might take diverging routes. In

the case of multicellular evolution, for example, the multicellular

context could affect the mechanism of reversal and the effect of

mutations for the cell. Increased knowledge of the genetic archi-

tecture of, not only the multicellular ancestors, but the unicellular

descendants, as well as the fitness consequences of important mu-

tations in different ancestral backgrounds can provide an answer

to some of these questions. In a similar experiment, Kuzdzal-

Fick et al., found that in a haploid strain of yeast, reversibility to

unicellularity was due (in most cases) to mutations in the same

locus (AMN1), however, these lines were all descendent from the

same small multicellular ancestor. It is still an open question if,

as cells adapt to their multicellular context, their probability and

mechanisms of reversal change, and in which ways.

Despite its relatively simple genetic basis in this case (Ratcliff

et al. 2015), the evolution of multicellularity leads to increased

ecological complexity; it changes the organization of cells affect-

ing the internal (Newman and Bhat 2009; Gavrilets 2010) and

external environment of the cells (Erwin 2008; Erwin et al. 2011;
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Figure 5. Relative roles of chance, history and selection. (A) Estimated marginal means of the reduction in size over time for lineages

with different ancestral backgrounds (Population) exposed to different treatments (UV of control). (B) Contributions of chance (square

root of variance among replicates, within populations), history (square root of variance among populations), and selection (difference

in grand means, plates: Tn-Tn-1, UV: No UV-UV) to changes in size throughout the experiment. Initially, selection acts strongly on size

and small individuals are favored. As individuals become smaller, the contribution of selection decreases and the effects of chance and

history are more evident. Error bars are 95% confidence intervals obtained through bootstrap (1000 samples for each point).

Rebolleda-Gómez et al. 2016). These interactions between genetic

changes and the environmental context can have an important ef-

fect on the evolution of complex innovations (Burmeister et al.

2016). The genetic architecture of a trait and the genetic basis for

its reversal, as well as the interactions of these changes with the en-

vironment will shape the reversibility and the robustness of a trait.

Slower and more gradual dynamics of reversal could maintain a

complex and costly trait until compensatory mutations evolve.

In the case of the evolution of costly antibiotic resistance, for

example, reversals are often slow enough that compensatory mu-

tations can arise, preventing the reversibility of resistance (Levin

et al. 2000). Understanding not only the outcomes of reversals,

but the tempo and mode of these changes provide insight into the

architecture of a trait and could aid in the prediction of future

changes.

Consistent with our results, experiments on the reversibility

of different life-history traits in Drosophila have shown that in

the short term (50 generations) reversibility is highly contingent

on previous history and that the importance of history and rate

of reversal depend on the trait in question (Teotónio and Rose

2000). In contrast, other microbial experiments have shown that

strong selection can overwrite the role of history (Travisano et al.

1995; Tenaillon et al. 2012), leading to a high convergence of

reversals with relatively simple traits, high population sizes, and

strong selective pressures. History and chance are more likely

to play a role in traits with a weak impact on fitness (Travisano
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et al. 1995; Losos 2018). In this case, the initial steps involve a

change of organization and a reversal of the ecological role of

cells (from part of a larger whole to autonomous units capable

of growth and reproduction of their own). These changes depend

on the particular organization and interactions between cells in

the multicellular organism, in the same way, that the origins of

multicellularity are highly contingent on the cellular machinery

already present (Rokas 2008; Niklas and Newman 2013; Sebé-

Pedrós et al. 2017). History matters in this first steps. However,

the ecological costs of multicellularity are high and reversal to

unicellularity occurred rapidly in all of our populations.

Major evolutionary changes are often deemed irreversible

(Gould 1970; Bull and Charnov 1985) due to a low probability

of the same series of changes occurring in reverse, or due to

genetic constraints that arise through evolutionary change (Muller

1939; Bull and Charnov 1985). If the evolution of a trait was

contingent on the order of mutations (e.g. Blount et al. 2008),

then the probability of reversal might be low. History, chance, and

time can all play a role in the evolution of reversibility (Muller

1939; Bull and Charnov 1985). Thus, understanding the dynamics

of evolutionary reversals can highlight important aspects of the

constraints involved in the evolution of complex traits.
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