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Abstract

Gould’s thought experiment of “replaying life’s tape” provides a conceptual framework for
experiments that quantify the contributions of adaptation, chance, and history to
evolutionary outcomes. For example, we can empirically measure how varying the depth
of history in one environment influences subsequent evolution in a new environment. Can
this “footprint of history”—the genomic legacy of prior adaptation—grow too deep to
overcome? Can it constrain adaptation, even with intense selection in the new
environment? We investigated these questions using digital organisms. Specifically, we
evolved ten populations from one ancestor under identical conditions. We then replayed
evolution from three time points in each population’s history (corresponding to shallow,
intermediate, and deep history) in two new environments (one similar and one dissimilar
to the prior environment). We measured the contributions of adaptation, chance, and
history to the among-lineage variation in fithess and genome length in both new
environments. In both environments, variation in genome length depended largely on
history and chance, not adaptation, indicating weak selection. By contrast, adaptation,
chance, and history all contributed to variation in fitness. Crucially, whether the depth of
history affected adaptation depended on the environment. When the ancestral and new
environments overlapped, history was as important as adaptation to the fitness achieved
in the new environment for the populations with the deepest history. However, when the
ancestral and novel environments favored different traits, adaptation overwhelmed even
deep history. This experimental design for assessing the influence of the depth of history

is promising for both biological and digital systems.
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Introduction

In his seminal book Wonderful Life [1], Stephen Jay Gould argued for the importance of
historical contingencies in the evolution of life on Earth. He proposed a sublime thought
experiment of “replaying life’s tape” to ask how similar the living world would be to what
we see today if evolution was repeated from, say, the time of the Cambrian explosion.
Gould argued that living organisms would likely be very different. However, he concluded,

“The bad news is that we can’t possibly perform the experiment.”

But let us presume for a moment that we could perform the experiment. Why not
up the ante? Why should we rewind the tape to a single point in time, such as the
Cambrian explosion some 540 million years ago (mya)? While the VHS Time Machine is
up and running, why not also dial in some replays from the Paleozoic/Mesozoic boundary
(~250 mya) and the late-Cretaceous mass extinction (~65 mya)? By having replays from
the dawn of different eras, we could study the influence of varying the time scale over
which the signatures of historical contingency become manifest. We could then measure
the “footprint of history.” Our own thought experiment thus poses the additional question:
“‘How different would the outcomes be if we rewound the tape of life to different points in

history?”

Of course, there was more at stake in Gould’s thought-experiment than biological
fantasy. Gould’s idea of “replaying life’s tape” offered a way, however fanciful, to assess

the relative importance of the essential components of evolutionary change: selection
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(adaptation), stochastic variation (chance), and phyletic inheritance (history). So despite
its seeming impracticality, an impressive empirical research program has taken up the
mantle of Gould’s gedankenexperiment [2]. This program includes experimental and
comparative studies of the role of contingency and convergence in evolution [3—16]. In
particular, the rise of experimental evolution has transformed the idea of “replaying life’s
tape” from metaphor to methodology, allowing replay experiments to be conducted in the
laboratory using rapidly evolving microbes [2]. While these experiments are not on the
grand scale that Gould imagined in Wonderful Life, they nonetheless provide a way to

estimate the relative contributions of these essential evolutionary components.

Of particular note, Travisano et al. [3] performed a two-phase experiment with
bacteria that explicitly partitioned the relative contributions of adaptation, chance, and
history to evolutionary change. In the first phase of their experiment, 12 replicate
populations of E. coli evolved independently for 2,000 generations in a glucose-limited
medium [17]. The populations in this phase evolved from the same initial state under
identical conditions, thus serving as simultaneous, rather than sequential, replays. The
hallmark of Travisano et al.’s experimental design lies in the second phase [3]. A total of
36 clonal isolates (three derived from each replicate in the first phase) evolved for 1,000
generations in a new environment, in which maltose replaced the glucose used in the
original environment. Following the second phase, the authors were able to partition the
contributions of adaptation (change in the grand mean between the derived Phase Il lines
and their proximate ancestors), chance (variation among Phase Il lines derived from the

same ancestor), and history (variation among Phase Il lines with different ancestors) to
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the evolution of both fitness (a trait under strong directional selection) and cell size (a trait

not subjected to direct selection) in the new, maltose-limited environment (Fig 1).
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Fig 1. Schematic illustration of the contributions of adaptation, chance, and history.
We imagine 5 ancestors arranged along the x-axis according to the mean value of some
trait. Each ancestor founds 3 experimental populations that evolve in a new environment,
and the mean trait values of the derived populations are shown along the y-axis. (A) Initial
state: The contribution of history reflects the extent of spread along the x-axis. (B) Chance
with history sustained: Random factors cause the sets of 3 derived populations that share
the same ancestor to diverge from one another, but without any systematic directional
tendency. (C) Adaptation with history sustained and minimal effect of chance: The trait
values of all 15 derived populations have increased (or decreased) systematically relative
to their ancestors, and to a similar degree regardless of the ancestral state. (D) Adaptation
with history erased: The trait values of all 15 derived populations have increased relative
to their ancestors, and to a greater extent in those populations founded by ancestors with
lower values, such that the effect of history has been eliminated. (E) History diminished
without directional trend: This pattern might reflect random factors obscuring the effect of
history or, alternatively, stabilizing selection on an intermediate trait value. (F) History
amplified idiosyncratically: Sets of derived populations vary consistently depending on
their ancestors, but without any directional trend in trait values or systematic correlation
of derived and ancestral values. Modified from Travisano et al. [3].
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Experiments of a similar design have now been conducted using dinoflagellates
[18,19], an apicomplexan parasite [20], a cyanobacterium [21], the brewer’s yeast
Saccharomyces cerevisiae [22], and the bacterial pathogen Acinetobacter baumannii
[23]. These studies have shown that adaptation typically dominates the evolution of
fithess and related traits under intense directional selection, whereas chance and history
play greater roles for traits subject to little or no selection. As fitness and other strongly
selected traits evolve, the effects of the Phase Il lineages’ divergent histories—driven by
the effects of chance, adaptation, or both in the Phase | environment—were often largely
erased [2,3,24-29]. Digital organisms—computer programs that replicate, mutate,
compete, and evolve in virtual environments—have also been used to analyze
contingency in evolving systems [30-35]. The results of these digital experiments have
been consistent with those performed using microorganisms, with adaptation dominating
the evolution of traits closely tied to fitness, while chance and history play more prominent

roles in the evolution of other traits.

Of particular relevance for our work, Travisano et al. [3] concluded their paper with
an intriguing speculation about the possible effect of extending the duration of history in
the ancestral environment. Despite having shown that 1,000 generations in maltose
(Phase IlI) largely erased the divergence that took place during 2,000 generations in
glucose (Phase 1), they suggested: “Over much longer periods, the footprint of history
might eventually become too deep to be obscured even by intense selection.”
Comparative evidence supports the idea that convergent evolution is less likely when

starting from more deeply divergent states [2]. To our knowledge, however, no experiment
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has systematically quantified the effects of varying the duration of evolution in an
ancestral environment—in essence, varying the depth of the footprint of history. Our study
addresses this limitation by means of appropriately designed experiments using digital

organisms.

Experimental Design

We performed a set of two-phase replay experiments to test the effects of varying the
depth of history in an ancestral environment on subsequent evolution in a new
environment. We ran our experiments using the Avida platform for digital evolution
[32,36-38]. In Phase |, we started 10 populations from a single proto-ancestral clone that
could self-replicate, but which could not perform any of the logic functions that may
increase growth rates in their virtual world. These 10 populations evolved independently,
but all in the same ancestral (“old”) environment, for 500,000 updates (the basic time unit
in Avida), which allowed tens of thousands of generations (mean = 66,074 generations).
In this ancestral environment, digital organisms received resources that increased their
growth rates if they performed any of 38 distinct two- or three-input logic functions. We
isolated the most abundant genotype from each population at three time points,
representing three depths of history: 20,000 updates (“shallow”), 100,000 updates
(“intermediate”), and 500,000 updates (“deep”). These 30 clones (10 populations x 3

depths of history) were used to seed the Phase |l populations.
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In Phase Il, each of the 30 proximate ancestors identified in Phase | founded 10
new populations in each of 2 new environments, for a grand total of 600 populations (30
clones x 2 environments x 10 replicates). We evolved each of these populations for
100,000 updates, which was equivalent to the intermediate depth in Phase |. One Phase
Il environment, which we call “Overlapping”, provides the digital organisms with additional
resources for performing 76 two- and three-input logic functions, including the 38
functions rewarded in the old environment as well as 38 additional functions. The other
Phase Il environment, called “Orthogonal”, rewards those 38 additional, novel functions
but does not reward the functions that were available in the ancestral environment. We
then used the analytical framework of Travisano et al. [3] to calculate the contributions of
adaptation, chance, and history to the evolution of average fitness and genome length in
each new environment. We are particularly interested in examining the effects of
deepening the footprint of history on the relative contributions of those factors, and in

testing whether the effects differ between the two new environments (Fig 2).
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Fig 2. Schematic illustration of the experimental design. In Phase [, ten populations
(five depicted) evolved from a single proto-ancestor (star) for 500,000 updates. We
sampled the most abundant genotype from each population after 20,000, 100,000, and
500,000 updates, representing shallow, intermediate, and deep history, respectively. In
Phase Il, each of these 30 proximate ancestors founded ten replicate populations (five
depicted) in each of two new environments (one depicted), where they then evolved for
100,000 updates.

In sum, we track 300 evolving populations in each of two environments. Each set
of 300 populations has three cohorts (each 100 populations) defined by the depth of their
history, with ten founders in each cohort and ten replicate populations per founder. Within
each cohort, significant differences in the overall average trait value between replicates

(at the end of Phase IlI) and their direct ancestors (at the outset of Phase Il) reflect

adaptation. For each group of ten replicate populations, evolution proceeds from the
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same starting point under identical conditions, with only chance to explain variation
among the replicates. Each lineage’s unique history during Phase | accounts for any
significant differences among the groups with different founders. Lastly, the depth of the
historical footprint—reflecting the duration of evolution in the ancestral environment—is
responsible for any significant differences among the three cohorts. By employing the
analytical methods of Travisano et al. [3], we can estimate the relative contributions of
adaptation (systematic changes in mean trait values), chance (variation among
replicates), and history (variation among groups with different founders within a cohort).
We then compare the contributions among the shallow, intermediate, and deep cohorts
to assess the effect of varying the depth of history. We also compare results from the
Overlapping and Orthogonal environments to explore whether the impact of that historical

footprint depends on the degree of novelty imposed by the new environment.

Results

Evolution in Phase |

Starting from the same proto-ancestral genotype, all 10 populations underwent extensive
evolution during Phase |. Mean fitness rose rapidly at first, and more slowly as time
progressed (Fig 3). The populations all improved relative to their common ancestor, but
they reached very different fitness levels (note the log1o scale), with the among-population
variation increasing over time. The vertical lines show the time points (20,000, 100,000,

and 500,000 updates) at which we sampled individual genotypes to start the Phase I

10
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populations. We also measured average genome length in each population. Although
some variation in genome length emerged over time, there was no consistent directional
change: 7 populations finished with slightly longer genomes than the ancestor, 3 ended
with somewhat shorter genomes, and the direction of change in an individual population
often shifted over time. Moreover, the changes in genome length and the variation among
the evolving populations were very small when compared to the fitness trajectories
(keeping in mind the different scales for fitness and genome length). Taken together, these
observations indicate that genome length was, if not strictly neutral, at least subject to

much weaker selection than fitness.

Fitness

10.0

7.5

5.0 ’

25 /,_J?F B —_————
) ———
= 0.0
©
>
') 25
(o))
©
)
3 Genome length
s 205
o Dt nd
3 /..?Q.'L_.A

'F” e e e

rm AR
e me
1.90
0 100,000 200,000 300,000 400,000 500,000

Time (updates)

Fig 3. Population averages for fitness and genome length during Phase I. Average
fitness (top) and genome length (bottom) measured every 1,000 updates for 10 replicate
populations derived from a single proto-ancestor (shown by star), as they evolved in the
same Phase | environment for 500,000 updates. We log-transformed both fitness and
genome length. Vertical lines at 20,000, 100,000, and 500,000 updates show the times
at which we chose the most abundant genotype in each population to start the Phase I
replicates.
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Phase II: Evolution in the Overlapping environment after a shallow Phase | history

Trajectories for fithess and genome length. Fig 4 (top) shows the mean-fitness
trajectories for 100 populations in the Overlapping environment, following a shallow
history of only 20,000 updates during Phase |. In this environment, the organisms
continued to receive rewards for performing the 38 logic functions rewarded in Phase |.
This environment also rewarded the performance of 38 additional functions. We plotted
10 sets of 10 trajectories each, colored according to their Phase | progenitors. Fig 4
(bottom) shows the trajectories for average genome length in the same 100 populations.
As in Phase |, fithess increased in all the Phase |l populations, whereas genome length

hardly changed in most populations and showed little evidence of directionality overall.
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Fig 4. Population averages for fithess and genome length during Phase Il in the
Overlapping environment for populations with a shallow history. Average fitness
(top) and genome length (bottom) measured every 1,000 updates for 10 replicate
populations derived from a single founder from each Phase | population, as they evolved
for 100,000 updates in the new Phase Il environment. These populations have a shallow
history, as their founders evolved for only 20,000 updates in the ancestral environment.
The new environment rewarded performance of the same 38 logic functions as the old
environment along with a suite of 38 additional logic functions.
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Contributions of adaptation, chance, and shallow history. We can use the data from
the endpoints of the evolutionary trajectories to calculate the contributions of adaptation,
chance, and history to each phenotype, using the same statistical approach as Travisano
et al. [3]. Recall that adaptation represents the overall, directional shift in a trait across
populations during Phase IlI; chance reflects the variation that arose during Phase |l
among replicates derived from the same Phase | progenitor; and history reflects the
variation associated with the different Phase | progenitors. Fig 5 shows these
contributions for fitness and genome length after 100,000 updates during Phase I,
starting from the 10 progenitors that had evolved for only 20,000 updates in Phase I, thus
reflecting a shallow footprint of history. Both panels also show the ancestral variation in

those traits among the 10 different progenitors.
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Fig 5. End-of-experiment effects of adaptation, chance, and history in the
Overlapping environment with shallow history. Contributions of adaptation, chance,
and history to the evolution of fitness (top) and genome length (bottom) based on end-of-
experiment average values for populations with a shallow history in Phase | that evolved
in the Overlapping environment during Phase II. Error bars show 95% confidence limits
for the associated contributions, along with the ancestral variation at the start of Phase II.
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In the case of fitness (Fig 5 top), we see a large contribution of adaptation, which
reflects the systematic improvement in all 100 Phase Il populations. We also see
significant, but smaller, contributions that reflect the effects of chance and history. All three
contributions, individually and collectively, are greater than the ancestral variation that
existed at the start of Phase Il. This ancestral variation is the initial Phase Il historical
variation, which arose during Phase |. For genome length (Fig 5 bottom), by contrast, we
see no significant contribution of adaptation (the confidence interval includes 0). However,
both chance and history contributed significantly to the final genome lengths, and the

variation due to history is similar in magnitude to the ancestral variation in that trait.

We performed these analyses using the values at the end of Phase Il, but we also
measured the trajectories for all three contributors over time, as shown in Fig 6. We see
the rising impact of adaptation on fitness over time, as well as the more slowly rising and
meandering contributions of chance and history (Fig 6 top). In the case of genome length,
we see the growing impact of chance events, a near-constant effect of history, and a much

smaller contribution of adaptation (Fig 6 bottom).
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Fig 6. Trajectories of adaptation, chance, and history in the Overlapping
environment with shallow history. Contributions of adaptation (solid line), chance
(dashed line), and history (dash-dotted line) to the evolution of fithess (top) and genome
length (bottom) measured every 1,000 updates during Phase Il. The plot includes the
ancestral variance (dotted line) for comparison.

Phase II: Evolution in the Orthogonal environment after a shallow Phase | history

We now turn to the results of evolution in the Orthogonal environment, using the same 10
progenitors that evolved for only 20,000 generations in Phase |. From the perspective of
the digital organisms, the Orthogonal environment is more novel than the Overlapping
environment. The Overlapping environment continued to reward organisms for
performing the same 38 logic functions that the ancestral environment rewarded during
Phase I. It also rewarded 38 additional functions exclusive to Phase Il. By contrast, the
Orthogonal environment rewarded only these new functions, and not those rewarded in

the ancestral environment. In both new environments, some genetic instructions involved
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with performing the previously evolved functions might serve as building blocks that could
be repurposed to perform the newly rewarded functions. Having led the reader carefully
through the data and inferences for the Overlapping environment, we relegate most data

and analyses for the Orthogonal environment to the Supporting Information.

Trajectories for fithness and genome length. The fitness trajectories in the Orthogonal
environment (S1 Fig top) are similar in form to those seen in the Overlapping environment
(Fig 4 top). However, the trajectories in the Orthogonal environment started from lower
values, and typically reach lower final values, than in the Overlapping environment. The
differences between the fithess and genome length trajectories according to environment
reflect the continuity of selection. Adaptations acquired during Phase | carried over to the
Overlapping environment. However, fitness collapsed in the transition to the Orthogonal
environment because the ancestors from Phase | generally lacked the ability to perform
functions rewarded in this more distinct, new environment. The trajectories for average
genome length in the Orthogonal environment (S1 Fig bottom) were also similar to the
corresponding trajectories from the Overlapping environment (Fig 4 bottom). In both
cases, most trajectories showed little net directional change, indicative of a trait that is

nearly neutral.

Contributions of adaptation, chance, and shallow history. As before, we can use the
final trait values to calculate the contributions of adaptation, chance, and history to mean
fitness and genome length (S2 Fig), as well as the temporal trajectories for these

contributions (S3 Fig). For genome length, the contributions of adaptation, chance, and
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history were nearly indistinguishable in the two environments. In both environments, the
lingering effects of history hardly changed over time, while the effects of chance crept
upward, slightly eclipsing the effect of history in the Orthogonal environment. Also,
adaptation had no significant effect on genome length in either environment. These
trajectories indicate a trait that experiences little or no directional selection. The
contributions of adaptation, chance, and history to fitness were also similar in the two
environments, and their rank orders are the same. However, all the values are
substantially larger in the Overlapping environment. Again, this difference in scaling
reflects the fact that additional logic functions continued to be rewarded in the Overlapping
environment, leading to higher trajectories there (Fig 4 top) than in the Orthogonal

environment (S1 Fig top).

Summarizing to this point, we see a clear difference between the contributions of
adaptation, chance, and history to the two traits that we measured. For fitness itself,
adaptation had the largest effect, followed by chance producing substantial divergence
even among the replicate populations founded from the same proximate ancestor. The
lingering effect of history, reflecting the different proximate ancestors, was also significant
but smaller than the other two effects. For genome length, by contrast, the effects of
chance and history were similar in magnitude and both significant, whereas the effect of
adaptation, if any, was small and not significant. Also, it would seem thus far that the
environment hardly matters for these patterns. We now turn our attention to whether and

how these results depend on the depth of the footprint of history.
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Effects of deepening the footprint of Phase | history on evolution during Phase Il

The results above are for Phase Il populations founded by progenitors that had diverged
from the common proto-ancestor for only 20,000 updates. In other words, the footprint of
history during Phase | was shallow relative to the duration of Phase Il, which was 100,000
updates. Here we examine the effects of history by also using genotypes sampled after
100,000 and 500,000 updates of Phase | to start populations, which then evolved for
100,000 updates in Phase Il. In comparison to the shallow footprint of history generated
during 20,000 updates, we refer to the footprints that emerged after 100,000 and 500,000

updates as intermediate and deep, respectively.

We provide the underlying data in the Supporting Information, as follows. S4 Fig
shows the trajectories for mean fitness in the Overlapping and Orthogonal environments,
in each case using 10 founders sampled from Phase | after 100,000 updates (Fig 3). Fig
S5 shows the corresponding trajectories for genome length in the two environments. The
data in S4 Fig and S5 Fig thus reflect the intermediate footprint of history. S6 Fig shows
fithess trajectories in the Overlapping and Orthogonal environments, using 10 founders
sampled from Phase | after 500,000 updates; and S7 Fig shows trajectories for genome
length in these environments. The data in S6 Fig and S7 Fig reflect the deep footprint of

history.

In the two sections below, we examine the contributions of adaptation, chance,

and history to genome length and fitness, respectively, comparing the contributions as a
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function of the depth of history during Phase | and the selective environment in Phase Il.
We invert the order of presentation and begin with genome length because the patterns

and interpretation are simpler than they are for fitness.

Effect of deepening the footprint of history on genome length. Fig 7 (top) shows the
contributions of adaptation, chance, and history to final genome length as a function of
the depth of history during Phase | for the populations that evolved in the Overlapping
environment. On the right, one sees the effect of history on the ancestors used to found
the Phase Il populations; this effect became progressively larger as the depth of history
increased from 20,000 to 100,000 to 500,000 updates. To the left of the ancestral
estimates, one sees that these historical effects were maintained in the evolving lineages
during Phase II. Chance shows the opposite trend, with its contribution declining as the
depth of history increased. Adaptation—as indicated by consistent directional changes in
trait values—contributed little to genome length in comparison to either history or chance.
However, the insignificant contribution of adaptation to genome length in the Overlapping
environment when the depth of history was shallow (20,000 updates) became significant
when history was deeper (100,000 and 500,000 updates), although the effect remains
small. S8 Fig (top) shows the temporal trends in the contributions of adaptation, chance,

and history to genome length during Phase Il for all three depths of history.

19


https://doi.org/10.1101/2021.04.29.442046
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.29.442046; this version posted April 29, 2021. The copyright holder for this preprint (which

CQOWWOW~NO UL W N

=

12

13

14

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

Overlapping
0.12 —
0.08
ey
> 004
S [ ]
Q@ ]
o 4
: = - -
& 0.00 [ES
o
g
o Orthogonal
= 012
el T
= —_
=]
5
3 0.08
0.04
I Py ®
&
0.00 I ==
Adaptation Chance History Ancestral
Source

Fig 7. Impact of the footprint of history on the contributions of adaptation, chance,
and history to genome length is similar in the two Phase Il environments.
Contributions of adaptation, chance, and history to genome length for populations with
shallow (red), intermediate (green), and deep (blue) Phase | histories. Contributions are
based on end-of-experiment averages for populations that evolved in the Overlapping
(top) and Orthogonal (bottom) Phase Il environments. Error bars show 95% confidence
limits. The plot shows ancestral variation at the start of Phase Il for comparison.

The end-of-experiment estimates and their trajectories are similar when we look at
the effects of the depth of history on genome length in the Orthogonal environment (Fig
7 bottom, S8 Fig bottom). The ancestral divergence increases with the depth of history,

as do the persistent contributions of history, while the effect of chance declines as the
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footprint of history gets deeper. The only qualitative difference in the Orthogonal
environment, when compared to the Overlapping regime, is that there was no significant
adaptation associated with the deeper histories. Given the lack of continuity in selection
for specific logic functions, even the weak selection on genome length that might have
occurred in the Overlapping environment was evidently inconsequential in the Orthogonal

environment.

Effect of deepening the footprint of history on fitness. The results for fithess are more
complex, with populations in the two environments showing different effects of the depth
of history. Fig 8 shows the contributions of adaptation, chance, and history to final mean
fithess for the three depths of history in the Overlapping (top) and Orthogonal (bottom)
treatments. In the Overlapping environment, adaptation swamped the effect of history
when the footprint of history was shallow. As the depth of history increased from 20,000
to 100,000 and 500,000 updates, the contribution of adaptation declined, while the
contribution of history to fithess increased. In fact, for populations with the deepest
ancestry, history’s contribution was as great as or slightly greater than that of adaptation,
whereas for populations with the shallowest history the contribution of adaptation was

several times that of history.
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Fig 8. Impact of the footprint of history on the contributions of adaptation, chance,
and history to fitness differs between the two Phase Il environments. Contributions
of adaptation, chance, and history to mean fithess for populations with shallow (red),
intermediate (green), and deep (blue) Phase | histories. Contributions are based on end-
of-experiment values for populations that evolved in the Overlapping (top) and Orthogonal
(bottom) Phase Il environments. Error bars show 95% confidence limits. The plot shows
ancestral variation at the start of Phase Il for comparison.

By contrast, in the Orthogonal environment, where the logic functions rewarded in

Phase | were no longer rewarded during Phase IlI, the contribution of adaptation was
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essentially independent of the depth of history. The contribution of history to fithess
nonetheless increased with its depth, as it did in the Overlapping environment. However,
even when the Phase | history was its deepest at 500,000 updates, and thus 5-fold longer
than Phase I, the contribution of adaptation to fitness in the new environment remained

greater than that of history.

Fig 9 shows the temporal trajectories of the estimated contributions of adaptation,
chance, and history during Phase Il in the Overlapping and Orthogonal environments.
These trajectories further illustrate the impact of the different environments on the relative
impact of adaptation and history. Notice that in the Orthogonal environment, the
contribution of adaptation surpassed that of even the deepest history within a few
thousand updates, whereas it had not done so even after 100,000 updates in the

Overlapping environment.
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Fig 9. Trajectories for the contributions of adaptation, chance, and history to fithess
in the new Phase Il environment. Contributions of adaptation (solid lines), chance
(dashed lines), and history (dash-dotted lines) to the evolution of fitness in the
Overlapping (top) and Orthogonal (bottom) environments measured every 1,000 updates
during Phase Il for populations with shallow (red), intermediate (green), and deep (blue)
histories from Phase |. The plot shows ancestral variances (dotted lines) for comparison.

Confidence intervals and confident inferences. The results above are based on a total

of 600 Phase Il populations (2 environments x 3 depths of history x 100 replicates) and 2
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focal traits (fithess and genome length). We did not emphasize statistical details when
making comparisons, as we highlighted differences that are generally well supported by
our analyses. With respect to genome size (Fig 7), none of the six 95% confidence
intervals for the contribution of adaptation overlap with the corresponding point estimate
for either chance or history, nor do any of the confidence intervals for chance and history
overlap the corresponding point estimate for adaptation. With respect to mean fitness, we
saw an interesting interaction between the depth of history in Phase | and the environment
during Phase Il in terms of the contribution of adaptation to fitness in the new environment
(Fig 8). To formalize that interaction, we calculated the following quantity for each Phase
| progenitor and its 60 descendant populations: Y= (A/B)— (C /D), where A is the mean
change in logio-fithess in the Overlapping environment after Shallow history, B is the
mean change in the Overlapping environment after Deep history, C is the mean change
in the Orthogonal environment after Shallow history, and D is the mean change in the
Orthogonal environment after Deep history. This difference in ratios thus expresses the
environment-dependent change in the effect of the depth of history on the contribution of
adaptation to fitness in the new environment. Under the null hypothesis of no interaction
between the depth of history during Phase | and the environment in Phase I, the expected
value of Y is 0. Each difference is independent of the others, and all 10 differences are
positive, indicating a consistently greater difference in the contribution of adaptation
between populations with shallow and deep histories in the Overlapping environment than
in the Orthogonal environment. A non-parametric sign test confirms that this interaction is

highly significant (two-tailed p = 0.0020).
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We also performed a meta-analysis of the overall patterns and their consistency
with respect to the effects of the depth of the historical footprint. Figs 7 and 8 combined
include 16 cases where we estimated four contributions (adaptation, chance, history, and
ancestral) for two traits at three different depths of history. If the effects of the depth of
history were statistically meaningless (i.e., if the depth of history’s influence was random),
then one would expect the estimated contribution for the intermediate depth to fall
between the contributions for the shallow and deep histories only one-third of the time. In
fact, the contribution at the intermediate depth was between the other two contributions
in 14 of 16 cases. The probability of an outcome as or more extreme than that under the
binomial distribution with an expected success rate of 1/3 is extremely low (p = 0.00001).
Even if we exclude the four ancestral cases (because these measurements are the history
estimate at the start rather than the end of Phase Il), the contributions associated with the
intermediate depth fell between the two other contributions in 10 of 12 cases, which
remains highly significant (p = 0.00054). Only the effect of adaptation on genome length
lacks a clear trend with respect to the depth of history, consistent with that trait having
been selectively neutral or nearly so. These otherwise consistent outcomes reinforce the
striking interaction between the depth of history and the reward structure of the new

environment with respect to the contribution of adaptation to fitness (Fig 8).

Discussion

Gould famously proposed “replaying life’s tape” to gain insight into the role of historical

contingency in evolution [1]. Although he viewed this idea as a mere thought-experiment,
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others developed a quantitative framework for analyzing the contributions of adaptation,
chance, and history to phenotypic evolution in experiments with replicated and nested
lineages. And while Gould imagined replaying evolution from one moment in time, our
experiments were designed to examine how the depth of history affected later evolution.
In Phase |, we evolved 10 populations of digital organisms from a common ancestor in a
single environment for periods representing shallow, intermediate, and deep histories. In
Phase Il, these 30 progenitors each founded 10 new populations that evolved in two new
environments. Using the statistical framework of Travisano et al. [3], we measured the
contributions of adaptation, chance, and history to fitness and genome length. All three
factors contributed significantly to the among-population variation in fitness (Fig 8). In the
new environment with resources that overlapped those in the old environment, the deep
footprint of history contributed as much as adaptation to fithess in the new environment.
In the other new environment, which rewarded entirely different functions from the old
environment, adaptation overcame even the deep footprint of history. By contrast, history
and chance explained most of the variation in genome length, with almost no effect of
adaptation (Fig 7). In the future, we hope other researchers will implement our
experimental design for analyzing the effects of history’s footprint using biological as well

as digital organisms.

Perhaps our most noteworthy observation is that deepening the footprint of history
constrained adaptation, but only when the old and new environments were similar. The
Phase Il Overlapping environment rewarded new functions while continuing to reward

those functions that were useful in the ancestral environment. This overlap provided an
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evolutionary “bridge” that allowed lineages to retain adaptations that arose during Phase
|. Deepening history by extending the duration of Phase | provided more time to acquire
high-fitness phenotypes in the ancestral environment. These higher—and, importantly,
also more variable—initial fithess levels were then sustained in the new Overlapping
environment, providing a contribution of history to fitness that increased with the depth of

history’s footprint (Fig 8).

By contrast, the Orthogonal environment was largely “blind” to the phenotypic
diversity that had been adaptive during Phase |. By chance, some Phase | lineages may
have evolved the ability to perform functions that the Orthogonal environment would
subsequently reward, even while they were still in the ancestral environment where these
tasks were not rewarded. These pre-adaptations could arise as correlated responses
because an organism’s ability to perform an unrewarded logic function was connected to
its ability to perform a rewarded function. Populations with the deepest ancestry had the
greatest opportunity to evolve these cryptic pre-adaptations. Thus, the ancestral variation
in fitness at the beginning of Phase Il in the Orthogonal environment increased as the
footprint of history deepened, just as it did in the Overlapping environment (Fig 8).
However, the ancestral variation—even after the deepest Phase | history—was rapidly
overwhelmed by selection for new functions in the Orthogonal environment, where the

contribution of adaptation was essentially independent of phylogenetic depth (Fig 9).

While adaptation was a potent force driving changes in fitness, that was not the

case for genome length, where both chance and history contributed much more (Fig 7).
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Despite the differential contributions of adaptation, chance, and history to these two traits,
it is noteworthy that deepening the footprint of history (by extending the duration of Phase
| in the old environment) had consistent ordinal effects on the contributions of adaptation,
chance, and history to both traits in each new environment. That is, the intermediate depth
almost always yielded contributions between those of shallow and deep history (Figs 7
and 8), showing the importance of the depth of history’s footprint on subsequent evolution.
We also observed that adaptation, chance, and history were each capable of being the
strongest driver of phenotypic evolution, depending on the specific circumstances of the
trait, depth of history, and environment. Experimental approaches to replaying the tape of
life thus offer a window into the “blind watchmaker’s” [39] workshop, allowing one to
examine how and when various forces contribute to the production of evolved form and

function.

As noted by Blount et al. [2], the philosopher of science John Beatty distinguishes
between two notions of contingency ascribed to Gould [40]. One is an unpredictability-
centered definition of “contingency per se” that identifies prior states that are insufficient
to bring about a given outcome. This version seems to align with the randomness among
replicates that we measured as chance. The other is a causal-dependency definition of
“contingency upon”, in which certain prior states are necessary to bring about a particular
outcome. This version aligns more with the lineage effects that depend upon a particular
progenitor, which we measured as history. Although these two notions are distinct, Beatty
concludes they are compatible. He proposes that contingency might therefore be more

fully understood as follows: “a historically contingent sequence of events is one in which

29


https://doi.org/10.1101/2021.04.29.442046
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.29.442046; this version posted April 29, 2021. The copyright holder for this preprint (which

10

11

12

13

14

15

16

17

18

19

20

21

22

23

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

the prior states are necessary or strongly necessary (causal-dependence version), but
insufficient (unpredictability version) to bring about the outcome.” Our approach and
metrics are compatible with this integrated version, while our results show that deepening

the footprint of history can shift the balance between these two aspects of contingency.

Future directions

Although we quantified the direction and magnitude of phenotypic changes in this work,
we have not described them in terms of parallel and convergent evolution. These terms
are widely used to describe similar changes, or homoplasy, in two or more independently
evolving lineages. Russell Powell notes that many authors attribute homoplasy between
closely related lineages to parallel evolution, whereas homoplasy between more distant
lineages is attributed to selection’s capacity to drive convergent outcomes [41,42]. Powell
suggests using parallelism only when “a developmental homology is the proximate cause
of the phenotypic similarity”. He then describes a “screening off” test, adopted from
Brandon [43], that could be used to distinguish between parallelism that results from
internal, historically contingent constraints and convergence that is driven by external
selection. The fine-grained data available with digital organisms should allow us to
operationalize that test, or some variant of it, to determine the relative contributions of
parallelism and convergence to the homoplastic evolution of specific logic functions in our
experiments. A future analysis could use our data to examine how the balance between

parallelism and convergence changes with the depth of the footprint of history.
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In this work, we also focused on evolutionary outcomes rather than the specific
population-genetic processes that led to those outcomes. To examine such processes,
Ostrowski et al. [44] used a two-phase experimental design to measure the contributions
of antagonistic pleiotropy and mutation accumulation to niche specialization in digital
organisms. Antagonistic pleiotropy occurs when a mutation that is beneficial overall
nonetheless impairs some other function or functions; thus, it is fundamentally an
adaptive process, albeit with tradeoffs. By contrast, mutation accumulation is a stochastic
process that occurs when mutations that are not beneficial nonetheless increase by
random drift or genetic linkage (e.g., hitchhiking with a beneficial mutation), leading to the
reduction or loss of other functions. In the first phase of their experiment, Ostrowski et al.
evolved generalists that used many different resources (performed many logic functions),
which served as ancestors for populations that evolved in a single-resource environment
during the second phase. They found that most mutations that caused the loss of
previously rewarded functions were neutral or detrimental in the new environment,
indicating the predominance of mutation accumulation. However, antagonistic pleiotropy
also played an important role, as evidenced by an over-representation of mutations along
the line of descent that were beneficial in the new environment but caused the loss of
previously rewarded functions. These findings showed that both random and adaptive
processes played important roles in ecological specialization, while also demonstrating
that the contributions of those processes can be measured in Avida. Our experiment did
not favor specialization, but instead involved a switch from one generalist environment to
one of two other generalist environments: one that increased the number of rewarded

functions (Overlapping environment), and the other that rewarded a completely different
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set of functions (Orthogonal environment). Future analyses of our experiments might
investigate the contributions of neutral and adaptive processes to the losses and gains of
functions, to understand how their relative importance depends on the depth of history as
well as on the selective environment. In the Orthogonal environment, we might expect
antagonistic pleiotropy to become more important as the footprint of history deepens,
because populations with a deep footprint are performing more unrewarded functions, so
that more of their genome is a target for beneficial mutations that cause the loss of
previously rewarded functions. In the Overlapping environment, by contrast, a shallow
history means that more functions that are rewarded in both the old and new habitats
remain available for discovery in Phase Il, potentially generating synergistic pleiotropy.
We expect synergistic pleiotropy would become less common as history deepens in the
Overlapping environment, and it should be rare in the Orthogonal environment regardless

of the depth of history.

Our study system has many advantages, as well as some potential limitations
when making comparisons with biological systems. Avida was designed specifically to
study evolution using digital organisms, and it provides many tools that enabled us to
observe the process in great detail. To that end, we have constructed and analyzed a self-
contained evolving system, comparable in some ways to the E. coli Long-Term Evolution
Experiment [17,45-54] and other microbial evolution experiments [3,55-61]. While it is
difficult to compare evolving microbes to evolving computer programs, it is useful to
recognize features of the digital world that are similar to the biological world, as well as

others that are different. Some of the similarities include asexual reproduction (as in most
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but not all evolution experiments with microbes), the experimental tractability afforded by
rapid generations, and the ability to store samples for later analysis. On the other hand,
the number of evolving populations in Avida is larger than is feasible in most microbial
experiments, whereas the number of individuals per population is generally much larger
when using microbes. Microbes also have much larger genomes, while per-site mutation
rates are usually set much higher in Avida to offset the effects of smaller populations and
genomes. The physiology and ecology of microorganisms and Avidians also undoubtedly
differ profoundly. For these reasons, experiments with Avida are not meant to simulate
biological evolution in any detail, but rather they offer a powerful way of testing general
concepts and exploring questions in evolutionary science writ large. In any case, we hope
others might use our experimental design—modified as needed for practicality—to study

the effects of varying the depth of history’s footprint on evolution in biological systems.

Concluding thoughts

In closing, we instantiated and extended Gould’s thought-experiment [1] by “replaying
life’s tape” from multiple points in the history of these replicate virtual worlds. More than
40 years after Gould and Lewontin’s famous critique of the “adaptationist programme”
[62,63], our results also illustrate some of the complex ways in which adaptation, chance,
and history together contribute to the evolutionary process. Last but not least, we think
that our experimental design can be employed to study the effects of the depth of history’s

footprint in biological as well as digital systems.
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Materials and Methods

Avida system and experiments

We used Avida (version 2.14) to perform the experiments and output the data. Avida is
an open-source platform for experiments with digital organisms; it is freely available at
https://github.com/devosoft/avida. Charles Ofria led the development of Avida, and it is

maintained by the Digital Evolution Lab at Michigan State University.

We started the Phase | populations with a proto-ancestral clone with a genome
length of 100 instructions. It was unable to perform any logic functions. Each genome in
Avida is a circular series of computational instructions, with 26 possible instructions at
each position. While executing its genomic program, a digital organism can copy its
genome; if it performs one or more rewarded functions, it obtains additional resources
that allow it to run its program at a faster rate. While copying a genome, mutations occur
at random; these include both point mutations, which change one instruction to another,
and indels, which insert or delete a single instruction. In both Phases | and Il, we set the
point-mutation rate to 0.007 per instruction copied and the rate of indels to 0.00005 per
instruction copied, with indels also occurring at a rate of 0.1 per post-replication division.
In both phases, we set the maximum population size to 3600. When a digital organism
completed its replication, the new offspring was placed in a randomly chosen position in
the population, and the organism that was previously at that position was eliminated.

These random deaths thus introduce genetic drift, which along with mutations generate
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stochasticity in the evolutionary process. Organisms also died if they executed a total
number of instructions that exceeded 20 times their genome length; such deaths typically
occur if a mutation caused an organism’s genomic program to cycle indefinitely without

reproducing itself.

In Avida, an organism’s fitness is calculated as its rate of energy acquisition divided
by the cost of producing an offspring, where that cost is equal to the number of instructions
it must execute to copy its genome and divide. Note that an organism’s execution length
is distinct from (and greater than) its genome length. The execution length represents the
total number of instructions performed by a digital organism prior to reproduction, which
involves some instructions being executed many times. Execution of an organism’s
genomic program includes not only copying the genome but also performing Boolean

logic operations that may increase the organism’s rate of energy acquisition.

As in biology, many mutations are deleterious. A mutation might, for example,
damage or destroy the copy loop that allows a digital organism to reproduce; or a mutation
might disrupt the performance of a logic function that previously evolved, thus reducing
the rate at which that organism acquires the energy that fuels the execution of its genomic
program. Many other mutations are neutral, having no effect on an organism’s phenotype.
Yet other mutations can be beneficial in various ways. Some mutations may reduce the
number of instructions needed to copy the genome, thereby making replication a bit more
efficient. Others may enable the performance of one of the logic functions rewarded with

additional energy. No single instruction is sufficient to perform any of the rewarded
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functions. However, a single mutation of just the right type may produce a new function

in the right genetic background.

The user-defined environment determines whether performance of a particular
function is rewarded; this situation is analogous to the choice of which resources are
provided in an evolution experiment with bacteria or yeast. In Avida, the environments are
defined by two- and three-input Boolean logic functions. If an organism performs a
rewarded function while executing its genomic program, then it will receive a reward in
the form of additional energy (in the form of CPU cycles) to execute those instructions.
All else equal, this additional energy will allow it to reproduce faster, thereby providing an
evolutionary advantage. An organism is rewarded for a given function if it outputs a 32-
bit string that precisely matches the string that would be expected if it performed the

associated bit-wise logic function on specific input strings.

The three environments used in our study reward different subsets of 9 two-input
and 68 three-input Boolean logic functions. We excluded the most difficult two-input
function (known as “equals” or EQU), leaving a total of 76 other functions. Following
Wagenaar and Adami [33], we ordered this set of 76 functions and split it into two halves,
called “even” and “odd”, in which adjacent pairs of functions tend to be of similar difficulty
given the genomic instructions available in Avida [33]. The Phase | environment rewarded
the 38 even functions. In Phase I, the “Overlapping” environment rewarded the same 38
even functions along with the 38 odd functions. The Orthogonal environment, by contrast,

rewarded only the 38 odd functions, which were not rewarded during Phase |. The
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rewards for an organism that can perform two or more logic functions are multiplicative.
The specific multipliers for each function, along with other experimental settings, are
provided in the configuration and README files at the github repository for this paper:

https:// https://github.com/bundyjay/Avida_footprint_of history.

Analysis

In nested experimental designs like the one that we employed, the contributions of chance
and history to the evolution of a trait are estimated using variance components [3,33]. The
contribution of chance reflects the variance among Phase Il replicate populations derived
from the same Phase | progenitor, whereas the contribution of history reflects the
additional variation (above that due to chance) associated with the different Phase |
progenitors. Both chance and history reflect random, as opposed to fixed, sources of
variation. We then constructed 95% confidence intervals around the point estimates using
the chi-square distribution [64]. We transformed the variance estimates and their
confidence limits by taking the square root of the values, so that the scaling is directly
comparable to adaptation [3,33]. We estimated the contribution of adaptation as the mean
difference in trait values between each set of 100 Phase Il populations and their
corresponding progenitors [3,33]. We constructed 95% confidence intervals using the t
distribution with 99 degrees of freedom (based on the number of Phase Il populations).
We measured the contributions of adaptation, chance, and history separately for the sets
of populations founded from progenitors sampled at three points during Phase | (20,000,

100,000, and 500,000 updates), along with their confidence limits. This approach allowed
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us to examine how the footprint of history from Phase | affected evolution in both Phase
Il environments (Figs. 7 & 8). We also measured the contributions of adaptation, chance,
and history throughout Phase I, and we show these complete trajectories without their

associated confidence limits for visual clarity (Fig. 9 and S8 Fig.).

Owing to the several order-of-magnitude changes in fithess over time, we log1o-
transformed fitness values prior to all analyses. For consistency, we similarly transformed
genome lengths, although they varied much less. We performed all data analyses using

Python (version 3).
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S1 Fig. Population averages for fitness and genome length during Phase Il in the
Orthogonal environment for populations with a shallow history. Average fitness
(top) and genome length (bottom) measured every 1,000 updates for 10 replicate
populations derived from a single founder from each Phase | population, as they
evolved for 100,000 updates in the new Phase Il environment. These populations have
a shallow history, as their founders evolved for only 20,000 updates in the ancestral
environment. The new environment rewarded performance of a set of 38 logic functions
that do not overlap with those rewarded in the ancestral environment.
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S2 Fig. End-of-experiment effects of adaptation, chance, and history in the
Orthogonal environment with shallow history. Contributions of adaptation, chance,
and history to the evolution of fitness (top) and genome length (bottom) based on end-
of-experiment average values for populations with a shallow history in Phase | that
evolved in the Orthogonal environment during Phase Il. Error bars show 95%
confidence limits for the associated contributions, along with the ancestral variation at
the start of Phase II.
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S3 Fig. Trajectories of adaptation, chance, and history in the Orthogonal
environment with shallow history. Contributions of adaptation (solid line), chance
(dashed line), and history (dash-dotted line) to the evolution of fitness (top) and genome
length (bottom) measured every 1,000 updates during Phase Il. This plot shows the
ancestral variance (dotted line) for comparison.
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S4 Fig. Population averages for fithess during Phase Il with intermediate history.
Average fitness in the Overlapping (top) and Orthogonal (bottom) environments
measured every 1,000 updates for 10 replicate populations derived from a single
founder from each Phase | population, as they evolved for 100,000 updates in the new
Phase Il environment. These populations have an intermediate history, as their founders
evolved for 100,000 updates in the ancestral environment.
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S5 Fig. Population averages for genome length during Phase Il with intermediate
history. Average genome length in the Overlapping (top) and Orthogonal (bottom)
environments measured every 1,000 updates for 10 replicate populations derived from
a single founder from each Phase | population, as they evolved for 100,000 updates in
the new Phase Il environment. These populations have an intermediate history, as their
founders evolved for 100,000 updates in the ancestral environment.
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S6 Fig. Population averages for fitness during Phase Il with deep history. Average
fitness in the Overlapping (top) and Orthogonal (bottom) environments measured every
1,000 updates for 10 replicate populations derived from a single founder from each
Phase | population, as they evolved for 100,000 updates in the new Phase II
environment. These populations have a deep history, as their founders evolved for
500,000 updates in the ancestral environment.
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S7 Fig. Population averages for genome length during Phase Il with deep history.
Average genome length in the Overlapping (top) and Orthogonal (bottom) environments
measured every 1,000 updates for 10 replicate populations derived from a single
founder from each Phase | population, as they evolved for 100,000 updates in the new

Phase Il environment. These populations have a deep history, as their founders evolved
for 500,000 updates in the ancestral environment.
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S8 Fig. Trajectories for the contributions of adaptation, chance, and history to
genome length during Phase Il. Contributions of adaptation (solid lines), chance
(dashed lines), and history (dash-dotted lines) to the evolution of genome length in the
Overlapping (top) and Orthogonal (bottom) environments measured every 1,000 updates
during Phase Il for populations with shallow (red), intermediate (green), and deep (blue)
Phase | histories. This plot shows the ancestral variances (dotted lines) for comparison.
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