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Experimental Tests of the Roles of Adaptation,
Chance, and History in Evolution

Michael Travisano, Judith A. Mongold, Albert F. Bennett,
Richard E. Lenski*

The contributions of adaptation, chance, and history to the evolution of fitness and cell
size were measured in two separate experiments using bacteria. In both experiments,
populations propagated in identical environments achieved similar fitnesses, regardless
of prior history or subsequent chance events. In contrast, the evolution of cell size, a trait
weakly correlated with fitness, was more strongly influenced by history and chance.

The diversity of organisms is the product of
three fundamental evolutionary influences:
adaptation, chance, and history. Their rel-
ative contributions to evolutionary change
have been the subject of intense debate (1).
Adaptation has sometimes been regarded as
the sole influence on evolution, and some
biologists have invoked natural selection to
explain almost any phenotypic difference.
Unsubstantiated claims that adaptation is
the cause of all biological diversity have
prompted critics to offer two alternative
causes, chance and history, that might ac-
count for any particular phenotypic differ-
ence. Chance effects include mutation and
genetic drift, which govern the stochastic
appearance and subsequent loss or fixation
of new traits. Chance is usually invoked in
the context of molecular genetic traits that
are selectively neutral; however, chance is
also important for phenotypic evolution,
because beneficial mutations arise at ran-
dom and may be lost soon-after they appear,
even in large populations. Other evolution-
ists have emphasized the effects of history,
which may constrain or promote particular
evolutionary outcomes according to the ge-
netic and developmental integration of the
ancestral phenotype. In this view, the set of
potential adaptations is severely limited by
inherited constitution, so that at every mo-
ment the course of evolution is contingent
on prior (historical) events.

S. J. Gould (2) has argued for the great
importance of historical contingency. He
has presented a gedanken experiment of
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“replaying life’s tape” to test the repeatabil-
ity of evolution and thereby evaluate the
roles of adaptation, chance, and history. Of
course, one cannot perform an actual exper-
iment on the grand scale envisioned by
Gould, but one can perform rigorous exper-
iments, of shorter duration and in simpler
environments, to quantify the roles of ad-
aptation, chance, and history in evolution.
Instead of replaying life’s tape sequentially,
one can achieve the same objective by do-
ing an experiment in which replicate pop-
ulations are propagated simultaneously.
Imagine, fitst, that a single ancestral
genotype is used to create a set of initially
ideritical populations that will be propagat-
ed in identical environments. If one mea-
sures the initial mean value of some trait for
each population, one should find that they
are identical within statistical limits of mea-
surement error. If one subsequently mea-
sures the mean value of this trait for each of
the derived populations, one may still find
that none of the derived populations has
changed significantly relative either to their
common ancestor or to one another (Fig.
1A). In that case, one would conclude that
the trait had not evolved. Alternatively,
one might find that, although there was no
significant change in the grand mean (over
all populations) from the ancestral value,
there was significant variation among the
derived populations (Fig. 1B). One would
attribute this among-population variation
to chance, because the derived populations
had identical ancestors and were subject to
identical environments. This chance diver-
gence might reflect mutation or drift or
their interactions with other evolutionary
processes; attributing this variation to
chance makes no specific claims in that
regard. A third possible outcome is that the
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grand mean of the derived populations
changed significantly from the value for the
ancestor but without significant variation
among the replicate populations (Fig. 1C).
One would attribute this systematic change
in mean value of a trait to adaptation. By
invoking adaptation, we do not necessarily
mean that the trait was the actual target of
selection; it might instead be correlated
with some other trait that was selected. Nor
do we mean that stochastic processes were
not involved; for example, adaptation may
depend on random mutations, but similar
mutations may be common enough to per-
mit parallel evolution in the replicate pop-
ulations. A fourth possibility is that both
chance and adaptation contribute signifi-
cantly to the trait’s evolution (Fig. 1D).
To visualize the effects of history, imag-
ine that a similar experiment is done using
several different ancestral genotypes. One
might observe that any initial variation in
the value of some trait among ancestral
genotypes was eliminated from the derived
populations because of the effects of adap-
tation or chance or both (Fig. 1E). That is,
the statistical contribution of initial genetic
composition to the value of the derived
trait was lost, so that one cannot recon-
struct a derived genotype’s ancestry using
that trait. Alternatively, one might observe
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Fig. 1. Schematic representation of effects due to
adaptation, chance, and history on evolutionary
change and diversification. (A) No initial variation
and no evolutionary change and hence no effects.
(B) An effect due to chance only. (C) An effect due
to adaptation only. (D) Effects due to both chance
and adaptation. (E) An initial effect due to history is
eliminated by subseqguent effects due to chance
and adaptation. (F) An initial effect due to history is
maintained, with subsequent effects due to
chance and adaptation superimposed. See text
for further explanation.
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that the variation among sets of derived
populations was statistically significant and
was similar in magnitude to the initial vari-
ation among the several ancestral genotypes
(Fig. 1F). Thus, although the value of the
trait in a derived population may have
changed, it still reflects some contribution
from its ancestral state. The effect of history
may also be amplified over time; that is,
genetic differences having no discernible
effect on the initial value of some trait may
constrain subsequent evolution so that the
effect of ancestry becomes evident only lat-
er. The effects of chance, history, and ad-
aptation are not mutually exclusive; all
three may simultaneously influence a par-
ticular lineage. As we will now show, one
can rigorously quantify the contributions of
these different influences.

Bacteria have several properties that
make them well suited for evolution exper-
iments (3). Their rapid growth allows
evolving populations to be tracked for hun-
dreds of generations. They can be frozen
indefinitely and then revived, which allows
ancestral and derived genotypes to be com-
pared directly, including measurement of
their relative fitness in competition. Be-
cause bacteria reproduce asexually, one can
initiate replicated populations that are
identical, consisting of a single genotype;
evolutionary change in these populations
thus depends entirely on mutations that
occur during the course of the experiment.
Hence, experiments may encompass the or-
igin, as well as the fate, of genetic variation
and phenotypic novelties.

We analyzed the contributions of adap-
tation, chance, and history in two experi-
ments with Escherichia coli. The first exam-
ined evolution in a novel nutrient environ-
ment, and the second examined evolution
in a novel thermal environment. In each
experiment, we measured (with indepen-
dent replication to permit estimation of the
pure measurement error) the mean value of
two traits in each population. One of these
traits was fitness, which is the most impor-
tant trait in evolutionary theory (4). Mean
fitness of a derived population was assayed
by allowing it fto compete against its ances-
tor in the same environment used for the
experimental evolution; relative fitness is
expressed as the ratio of Malthusian param-
eters (5). We also measured average cell size
for each population (6). Size is a morpho-
logical characteristic that influences almost
all functional processes (7), and the sizes of
whole organisms and their component parts
are widely used in paleontological (as well
as neontological) research, where other
traits are difficult or impossible to measure.
An increment in fitness might be achieved
by many different phenotypic changes.
Therefore, we expect that fitness, as a trait,
is likely to exhibit parallel and even con-
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vergent evolution. In contrast, we expect
traits that are only weakly correlated with
fitness to be more prone to chance diver-
gence as well as to retention of ancestral
differences.

In the first experiment, 36 populations
were derived from a common ancestor as
follows: A single genotype of E. coli strain
B was cloned and used to found 12 repli-
cate populations (8), which were serially
propagated for 2000 generations at 37°C
in glucose-limited medium (5). The 12
derived populations had similar fitnesses
to one another when glucose was the car-
bon source, but they were very heteroge-
neous when their fitnesses were assayed in
a maltose-limited environment (9). One
genotype from each of the 12 replicate
populations was cloned and used to found
3 new replicate populations. These 36
populations were then propagated for an-
other 1000 generations under the ances-
tral conditions, except that an equal con-
centration (m/v) of maltose replaced glu-
cose. Thus, the experiment began with
replicated ‘points in genotypic space that
subsequently experienced identical envi-
ronments. We could therefore assess the
extent to which the populations’ final
phenotypic states (after 1000 generations
in maltose) depended on their unique his-
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Fig. 2. Evolution of fitness during 1000 genera-
tions in maltose. (A) Derived versus ancestral
values for mean fitness in the 36 experimental
populations. Symbols A to L indicate 12 different
progenitor genotypes. (B) Relative contributions
of adaptation, chance, and history to mean fit-
ness before (A) and after (@) 1000 generations in
maltose. Error bars represent 95% confidence
intervals.
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tory (differences that arose during the pre-
ceding 2000 generations in glucose).
Moreover, we could quantitatively com-
pare the historical effect with the effects
due to chance (divergence among lines
with the same initial genotype) and adap-
tation (systematic changes in mean value
irrespective of initial genotype). Thus, we
could determine whether evolution fol-
lowed the pattern in Fig. 1E or Fig. 1F or
some other variant.

The mean fitnesses, obtained before and
after 1000 generations in maltose, are
shown in Fig. 2A for each of the popula-
tions (10). The pattern is similar to that in
Fig. 1E, in which the effect of history is
diminished (shown by compression of the
variance along the ordinate relative to the
abscissa) whereas the effect of adaptation is
pronounced (shown by elevation of points
above the isocline). We can formalize the
contributions of adaptation, chance, and
history to fitness by estimating the change
in grand mean, which reflects adaptation,
and by doing a nested analysis of variance
(ANOVA) to estimate variance compo-
nents corresponding to chance and history
(11). Figure 2B shows the relative contri-
butions of adaptation, chance, and history
to fitness before and after evolution in mal-
tose. By design, the initial effects of adap-
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Fig. 3. Evolution of cell size during 1000 genera-
tions in maltose. (A) Derived versus ancestral val-
ues for average cell volume in the 36 experimental
populations. Symbols A to L indicate the 12 pro-
genitor genotypes from Fig. 2; fl, femtoliters. (B)
Relative contributions of adaptation, chance, and
history to average cell volume before (A) and after
(®) 1000 generations in maltose. Error bars repre-
sent 95% confidence intervals.
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tation and chance were zero, as there had
not yet been any time to adapt or diverge;
the differences among starting genotypes
reflect the historical effect of independent
phylogeny. An ANOVA indicates that the
initial contribution of history (starting gen-
otype) was highly significant (12). After
1000 generations in maltose, the grand
mean fitness of the 36 populations had sig-
nificantly increased (13). The effect of his-
tory was still significant (14); however, its
magnitude was reduced to only ~25% of its
initial value, which indicates convergence
(Fig. 2B). This remaining historical contri-
bution was much smaller than that of ad-
aptation. Thus, adaptation that occurred
during 1000 generations in identical envi-
ronments largely, but not entirely, eliminat-

ed the historical effect on fitness of contin= "~

gencies during the preceding 2000 genera-
tions. Chance divergence was not signifi-
cant (15).

During evolution in maltose, changes in
cell size (Fig. 3A) (16) were not significant-
ly correlated with changes in fitness, which
indicates that size was effectively an inde-
pendent trait (17). Cell size showed no
significant overall change (18), as shown by
the confidence limits for the contribution
of adaptation (Fig. 3B). However, chance
(shown by divergence among populations
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Fig. 4. Evolution of fitness during 1000 genera-
tions at 20°C. (A) Derived versus ancestral values
for mean fitness in the 24 experimental popula-
tions. Symbols indicate four different ancestral se-
lection regimes: 32°C (¥), 37°C (W), 42°C (A),
alternating 32° and 42°C (#). (B) Relative contri-
butions of adaptation and chance-plus-history
before (A) and after (@) 1000 generations at 20°C.
Error bars represent 95% confidence intervals.

with the same starting genotype) contribut-
ed significantly to the final distribution of
cell size (19). The effect of history (starting
genotype) was highly significant at both the
beginning (20) and end (21) of the 1000
generations in maltose. In fact, a large frac-
tion of the initial contribution of history to
cell size was maintained, and the final his-
torical contribution was at least comparable
to that of adaptation (Fig. 3B).

In the second experiment, a single geno-
type from 1 of the 12 populations propagat-
ed for 2000 generations in glucose at 37°C
became the common ancestor (and compet-
itor). This genotype was cloned to found 24
populations, 6 of which were propagated in
the same glucose medium under each of
four thermal regimes (22): constant 32°,
37°, and 42°C and daily alternation be-
tween 32° and 42°C. After 2000 genera-
tions, fitnesses at the temperatures at which
each group had evolved were systematically
greater than fitnesses at the other experi-
mental temperatures, which indicates tem-
perature-specific genetic adaptation (22).
One genotype from each of these 24 popu-
lations was then used to found a new pop-
ulation, which was propagated in the same
medium at 20°C for an additional 1000
generations. Thus, this experiment exam-
ined evolution at a novel temperature of
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Fig. 5. Evolution of cell size during 1000 genera-
tions at 20°C. (A) Derived versus ancestral values
for average cell volume in the 24 experimental
populations. Symbols indicate the four ancestral
selection regimes from Fig. 4; fl, femtoliters. (B)
Relative contributions of adaptation and chance-
plus-history before (A) and after (@) 1000 genera-
tions at 20°C. Error bars represent 95% confi-
dence intervals.
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populations adapted to an array of other
thermal regimes. The beginning and end of
the 1000 generations at 20°C provide the
initial and final time points of our analysis
of changes in fitness and cell size. The
effects of adaptation are again defined by
changes in mean value for a trait. The
effects of chance and history are estimated
by ANOVA, but are confounded because
genotypes were not replicated at the start of
the period at 20°C; we therefore estimate
their combined effects in this experiment.

Mean fitnesses before and after 1000
generations at 20°C are shown in Fig. 4A
for each of the 24 populations (23). The
predominant effect on fitness at 20°C was
adaptation (Fig. 4B), which went from non-
existent (by design) at the start of the 20°C
experiment to highly significant after 1000
generations (24). The effect of chance plus
history also went from statistically insignif-
icant (25) to highly significant (26). We
asked whether populations whose ancestors
had adapted to lower temperatures (32°C
and alternating between 32° and 42°C)
eventually became more fit at 20°C than
did populations whose ancestors had adapt-
ed to higher temperatures (37° and 42°C).
In fact, this effect of ancestral selection
history on fitness was significant (27). Even
so, the effect of adaptation on fitness was
significantly greater than that of chance
plus history (28).

As in the previous experiment, changes
in cell size (Fig. 5A) (29) were not signifi-
cantly correlated with changes in fitness, so
that size is considered an independent trait
(30). The effects of chance plus history
were highly significant at both the begin-
ning (31) and end (32) of 1000 generations
at 20°C; the magnitude of these effects was
essentially unchanged (Fig. 5B). Moreover,
although adaptation had a significant effect
on cell size at the experiment’s end (33), its
magnitude was significantly less than that
of chance plus history.

We have shown that the contributions
of adaptation, chance, and even history to
phenotypic evolution can be disentangled
and rigorously quantified by appropriately
designed experiments. Bacterial popula-
tions showed parallel and even convergent
evolution in fitness. In contrast, the ef-
fects of chance and history were more
important for the evolution of cell size, a
trait only weakly correlated with fitness.
These results are consistent with the view
that the footprint of history may be oblit-
erated for traits that are subject to strong
selection, whereas the effect of history is
preserved in traits that are less important.
However, experiments can span only short
stretches of time. Over much longer peri-
ods, the footprint of history might even-
tually become too deep to be obscured
even by intense selection (2).
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A Proficient Enzyme

Anna Radzicka and Richard Wolfenden

Orotic acid is decarboxylated with a half-time (t, ,,) of 78 million years in neutral aqueous
solution at room temperature, as indicated by reactions in quartz tubes at elevated
temperatures. Spontaneous hydrolysis of phosphodiester bonds, such as those
present in the backbone of DNA, proceeds even more slowly at high temperatures, but
the heat of activation is less positive, so that dimethyl phosphate is hydrolyzed with a
t,,» of 130,000 years in neutral solution at room temperature. These values extend the
known range of spontaneous rate constants for reactions that are also susceptible to
catalysis by enzymes to more than 14 orders of magnitude. Values of the second-order
rate constant k__/K,,, for the corresponding enzyme reactions are confined to a range
of only 600-fold, in contrast. Orotidine 5'-phosphate decarboxylase, an extremely
proficient enzyme, enhances the rate of reaction by a factor of 10'7 and is estimated
to bind the altered substrate in the transition state with a dissociation constant of less

than 5 X 10724 M.

Many enzymes act on substrates at rates
that approach the rate of encounter be-
tween enzyme and substrate in solution (I).
Biological reactions vary greatly, however,
in their spontaneous rates and in the con-
sequent burden that they place on an effi-
cient catalyst. For example, carbon dioxide
is hydrated nonenzymatically within several
seconds in nelitral aqueous solution at room
temperatare (2); peptide bonds undergo cis/
trans isomerization within a few minutes
(3); chorismic acid is converted to prephen-
ic acid over a period of several hours (4);
and the hydrolytic deamination of cytidine
or adenosine approaches completion only
after several centuries (5). Observations of
reactions in sealed quartz tubes at elevated
temperatures, described below, indicate
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that under physiological conditions in the
absence of enzymes, the decarboxylation of
orotic acid and the hydrolysis of phosphodi-
esters proceed on a time scale that dwarfs
the life-span of living organisms. Enzymes
catalyzing these reactions are correspond-
ingly proficient at lowering the activation
barrier for reaction and exhibit a high de-
gree of discrimination between the sub-
strates in the ground state and in the altered
form that is present in the transition state,
binding the latter species very tightly. En-
zymes of this type are expected to be espe-
cially sensitive to inhibition by stable ana-
logs of the altered substrate in the transition
state.

1,3-Dimethylorotic acid has been shown
to undergo decarboxylation slowly in sulfo-
lane at 206°C (6). In order to compare this
reaction with the enzymatic decarboxyl-
ation of orotidine 5’-phosphate (OMP) by



