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Questions: when is invasion       optimal for population?6=
How far can populations “see” in fitness landscape?

themselves the product of evolution, and may therefore yield a biased
sample of trajectories. Whether the conclusions are general or not,
and whether they break down when the evolved feature becomes
more complex, can only be determined through future studies.

Enzyme evolution
When a well-adapted organism is challenged by a new environment,
an existing gene may perform suboptimally. One of the most basic
questions one may then ask is: when mutating step-by-step from the
suboptimal to an optimal allele, are all possible trajectories selectively
accessible? This question depends critically on the stepwise changes
in performance, or in fitness, which are governed by unknown phys-
ical and chemical properties at the molecular level. When all muta-
tions along all paths yield a fitness improvement, evolution can
rapidly proceed in a straightforward incremental darwinian fashion.
In this case, the fitness landscape can be portrayed by a single smooth
peak (Fig. 1a).

Whether this picture is realistic was investigated for the adaptation
of bacterial b-lactamase to the novel antibiotic cefotaxime14. The
central step was to reconstruct and measure all likely intermediates,
allowing a systematic study of all possible trajectories. The intermedi-
ate sequences can be easily identified, because the (five) mutations
that control the cefotaxime resistance phenotype are known, result-
ing in 25 5 32 possible mutants. The order in which the mutations are
fixed can of course be different, giving rise to 5! 5 120 possible direct
trajectories between the start and end sequences.

The trajectory analysis showed that the fitness landscape is not as
simple as depicted in Fig. 1a. A majority of the pathways towards
maximum cefotaxime resistance actually shows a dip in fitness (see
yellow path in Fig. 1b), or contain selectively neutral steps (as in
Fig. 1c), resulting in much smaller chances of being followed by
natural selection12,15. For 18 paths however, each step appeared to
confer a resistance increase, making these trajectories accessible to
darwinian selection. The part of the fitness landscape mapped out in
this manner therefore does appear to have a single peak, but one that
contains depressions and plateaus on its slopes. We stress that such
three-dimensional analogies, while useful for conveying basic char-
acteristics, do not rigorously represent the many direct trajectories

existing between two alleles. Also note that there may be additional
paths that contain detours, involving other mutations that are even-
tually reverted16 (Fig. 1d).

Interestingly, some mutations yielded either a resistance increase
or decrease, depending on the preceding mutations. This phenom-
enon, called sign epistasis13 (see Box), is both a necessary and suf-
ficient condition for the fitness landscape to contain inaccessible
paths to an optimum13. Some cases of sign epistasis could be under-
stood in terms of competing molecular mechanisms. For instance, a
first mutation in the wild-type enzyme increased the resistance by
enhancing the catalytic rate, even though it also lowered the ther-
modynamic stability. This loss of stability was repaired by a second
mutation, thereby further increasing the resistance. In contrast, when
this ‘stabilizing’ mutation occurred first in the wild-type enzyme, the
resistance was reduced. Such back and forth balancing between struc-
tural and functional benefits might well be a more general evolution-
ary mechanism17,18.

In a second study19, the connection between fitness landscape and
underlying molecular properties has been explored for the evolution
of isopropylmalate dehydrogenase (IMDH, Fig. 2a), an enzyme that
is involved in the biosynthesis of leucine. As in the previous study, a
set of mutational intermediates between different functions were
characterized. Here the mutations changed the cofactor binding
affinity of IMDH. In vitro measurements of enzyme activity did
not show epistasis: each mutation gave a fixed catalytic improve-
ment, which was independent of the order in which they occurred.
Thus, the ‘enzyme activity’ landscape is single-peaked.

The story becomes more complete with the following elements.
First, the study also considered evolutionary paths from the subop-
timal cofactor NADP to the normal cofactor NAD20. Second, selec-
tion does not act directly on enzyme activity, but rather on the fitness
of an organism. As fitness is typically nonlinear in enzyme activity,
epistasis is introduced. Therefore, the IMDH mutants were also eval-
uated in vivo, providing a direct measurement of the fitness effect of a
mutation. The resulting fitness landscape was shown to contain a
depression or valley, rendering the trajectories that pass through it
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Figure 1 | Schematic representations of fitness landscape features. Fitness
is shown as a function of sequence: the dotted lines are mutational paths to
higher fitness. a, Single smooth peak. All direct paths to the top are
increasing in fitness. b, Rugged landscape with multiple peaks. The yellow
path has a fitness decrease that drastically lowers its evolutionary
probability. Along the blue path selection leads in the wrong direction to an
evolutionary trap16. c, Neutral landscape. When neutral mutations are
essential, evolutionary probabilities are low12,15. d, Detour landscape. The
occurrence of paths where mutations are reverted16 shows that sequence
analysis may fail to show mutations that are essential to the evolutionary
history.

a

b

Figure 2 | Molecular structures in different evolutionary forms. Main
chains are shown in red, key residues in yellow, the DNA backbone in green,
key DNA bases or cofactor in blue, and hydrogen bonds as dashed lines.
a, The left panel shows wild-type E. coli isocitrate dehydrogenase34 (IDH),
which is structurally similar to IMDH, with NADP as cofactor. The right
panel shows an engineered IDH form with NAD as cofactor35. b, The left
panel shows a wild-type E. coli lac repressor and operator36. The right panel
shows a lac repressor and operator variant, with mutations mimicking the
gal system37. Binding is tight and specific (despite the absence of hydrogen
bonds): these variants bind wild-type partners poorly. Figures prepared with
MOLMOL38.
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fates of mutations are strongly influenced by dynamical processes, 
in addition to their inherent biological effects. U⇢(s)s
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suboptimal to an optimal allele, are all possible trajectories selectively
accessible? This question depends critically on the stepwise changes
in performance, or in fitness, which are governed by unknown phys-
ical and chemical properties at the molecular level. When all muta-
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characterized. Here the mutations changed the cofactor binding
affinity of IMDH. In vitro measurements of enzyme activity did
not show epistasis: each mutation gave a fixed catalytic improve-
ment, which was independent of the order in which they occurred.
Thus, the ‘enzyme activity’ landscape is single-peaked.

The story becomes more complete with the following elements.
First, the study also considered evolutionary paths from the subop-
timal cofactor NADP to the normal cofactor NAD20. Second, selec-
tion does not act directly on enzyme activity, but rather on the fitness
of an organism. As fitness is typically nonlinear in enzyme activity,
epistasis is introduced. Therefore, the IMDH mutants were also eval-
uated in vivo, providing a direct measurement of the fitness effect of a
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chains are shown in red, key residues in yellow, the DNA backbone in green,
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a, The left panel shows wild-type E. coli isocitrate dehydrogenase34 (IDH),
which is structurally similar to IMDH, with NADP as cofactor. The right
panel shows an engineered IDH form with NAD as cofactor35. b, The left
panel shows a wild-type E. coli lac repressor and operator36. The right panel
shows a lac repressor and operator variant, with mutations mimicking the
gal system37. Binding is tight and specific (despite the absence of hydrogen
bonds): these variants bind wild-type partners poorly. Figures prepared with
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E. coli

Population bottlenecks
Reductions in population size 
that typically also reduce 
genetic diversity. Bottlenecks 
can be deliberately imposed, 
such as in a mutation 
accumulation experiment. 
Cryptic bottlenecks also arise 
as a consequence of selective 
sweeps, especially in asexual 
populations, that drive out 
competing lineages and thus 
reduce genetic diversity.

Mutation rate
The rate at which new genetic 
mutations spontaneously occur 
during the replication and 
transmission of genetic 
information from parent to 
offspring.

some variants6 (FIG. 1a). Under these specific conditions, 
one can simply count the number of genetic changes that 
are present in independently evolved genomes after a 
known number of generations to estimate the sponta-
neous mutation rate (BOX 1). Recently, classic long-term 
mutation accumulation studies with model organisms 
— including Saccharomyces cerevisiae7, Arabidopsis 
thaliana8, Drosophila melanogaster9 and Caenorhabditis  
elegans10 — have been revisited using whole-genome 
sequencing to measure mutation rates. New mutation 
accumulation studies of microorganisms have also 
been carried out with the specific aim of estimating  
mutation rates11–13.

The overarching conclusion of these experiments is 
that spontaneous mutation rates are usually very low. 
Mutation accumulation experiments with bacteria11–13 
and single-celled eukaryotes7,13 typically find that the rate 
of single base mutations is of the order of 10−10–10−9 per 
base pair per replication. Given that the typical genome 
sizes in these organisms are of the order of 106–107 base 
pairs, these rates correspond to only one point mutation 
in every few hundred to several thousand cell divisions, 

which is in reasonable agreement with earlier esti-
mates for DNA-based microorganisms from reporter-
gene assays14. Rates of point mutations in multicellular 
eukaryotes8–10 are of the order of 0.05–1.0 per genera-
tion across the entire protein-coding portions of these 
genomes13,15, which is still fairly low given the much 
longer generation times and the multiple cell divisions 
in the germ line between generations in these organisms. 
Some types of mutations, such as insertions and dele-
tions of one or a few bases, typically occur at a lower rate 
than single base changes but vary more between species 
and with sequence context7. Other types of mutations, 
such as insertions of mobile DNA elements and large-
scale chromosomal rearrangements, are more difficult 
to identify from short-read DNA sequencing data and 
have not yet been systematically examined in mutation 
accumulation experiments.

Mutation rates can change over evolutionary time, 
so it is instructive to understand how both genetic and 
environmental factors affect these rates. In particular, 
hypermutator lineages that have increased mutation 
rates and highly biased mutational spectra may arise 

Figure 1 | Types of evolution experiments. There are three main ways that populations are propagated in evolution 
experiments, and they all lead to different types of genetic dynamics. The mechanics of how populations are maintained 
in each set-up are illustrated for microorganisms (top panels), and representative changes in population sizes over time 
are also shown for each procedure (bottom panels). Analogous procedures exist for multicellular organisms, although 
population sizes are generally much smaller. a | In mutation accumulation experiments, frequent and deliberate population 
bottlenecks through one or a few randomly chosen breeding individuals are accomplished by picking colonies of 
microorganisms that grow from single cells on agar plates. These bottlenecks purge genetic diversity and lead to the 
fixation of arbitrary mutations without respect to their effects on fitness. b | In experiments using continuous culture, 
populations are maintained in conditions that consist of a constant inflow of nutrients and an outflow of random 
individuals and waste in a chemostat, which leads to adaptive evolution and genetic diversity in populations that 
typically maintain a nearly constant size. c | In serial transfer experiments, a proportion of the population is periodically 
transferred to fresh media and allowed to regrow until the limiting nutrient is exhausted. Such batch growth also leads 
to adaptive evolution because ample genetic diversity is maintained through each transfer. Alternatively, transfers can 
be made before nutrient depletion, thereby allowing perpetual population growth. A second, cryptic type of population 
bottleneck occurs during adaptive evolution experiments (parts b and c) as a consequence of selective sweeps, 
especially in asexual populations, that drive out competing lineages and thereby reduce genetic diversity.
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1. Previous data 3. Simulated sequence data

portion of the experiment actually contain evidence of mac-
roscopic epistasis, or are we simply extrapolating from the
strong deceleration in the early part of the fitness trajectory?

We can frame this statistical question as a model of
epistasis with two evolutionary epochs: an initial “poorly
adapted” phase in the first 10,000 generations followed by
a more “well-adapted” phase for the remaining 40,000 gen-
erations. We do not attempt to model the initial phase, but
instead simply assume that the population is subject to some
complicated and unspecified model of epistasis that generates
the observed data with probability one. This could account for
the fact that the large-effect mutations available at the begin-
ning of the experiment might depend on specific details of the
ancestral strain or other experimental details. After this initial
phase of adaptation is complete, the population enters a sec-
ond phase of evolution with negligible macroscopic epistasis.
In other words, rather than try to fit a single model of a chang-
ing DFE to the whole experiment, we neglect the first 10,000
generations and instead try to fit an evolutionary model with
a constant DFE to the last 40,000 generations of evolution.

Assuming a constant DFE implies that the fitness and
mutation trajectories after generation 10,000 are given by

XðtÞ ¼ v0t þ Xc   ; MðtÞ ¼ R0t þMc   : (25)

This fitness trajectory has the same number of nominal
parameters as the logarithmic curve in Equation 2, although
it is important to remember that Equation 2 carries an im-
plicit functional degree of freedom that was used to obtain
the logarithmic trajectory in the first place. Figure 4 shows
that even on a purely curve-fitting level, the nonepistatic
fitness trajectory is only marginally less accurate than its
epistatic counterpart. We infer an adaptation rate of v0 %
0.2% per 1000 generations and a substitution rate of R0 %
1.1 per 1000 generations. Although this adaptation rate
appears to overestimate the fitness gain after generation
40,000, the more precise fitness assays performed between
generations 40,000 and 50,000 corroborate the 2% increase
(Figure 4, inset). The fitted values of v0 and R0 can be used
to infer the typical fitness effect of a fixed mutation and a
corresponding effective mutation rate based on the relations

seff %
v0
R0

  ; v0 %
2log

!
2Nseff

"

log2
!
seff

#
Ueff

"; (26)

derived in previous theoretical work (Desai and Fisher
2007). For the values of v0 and R0 above, we find a typical
fixed fitness effect of order seff & 2 3 1023 and an effective
mutation rate of order Ueff & 2 3 1026.

However, this discussion has so far been based purely on
curve fitting and not on a specific generative model of the
dynamics. Using our computational framework, we can
evaluate the fit of the two-epoch model more rigorously. To
do so, we performed a grid search over combinations of U, s,
and Xc for a truncated exponential distribution (smax = 4s).
Recall that there is little power to infer the shape of the DFE

in this model; we chose the truncated exponential distribu-
tion because its parameters can be directly compared to the
best-fit diminishing-returns model in Equation 22. We find
that the best nonepistatic models are statistically consistent
with the observed fitness trajectory (P % 0.9; x2-test) and
provide only a marginally worse fit than the diminishing-
returns models above (D log L , 23). Moreover, this dif-
ference in likelihood vanishes completely if we restrict our
attention to the last 35,000 generations of the experiment
rather than the last 40,000. Together, these results suggest
that there is limited evidence for macroscopic epistasis in the
later portion of the LTEE based on the currently available
data.

Discussion

Genetic reconstructions provide numerous examples of
interactions between the fitness effects of individual muta-
tions. The existence of these interactions is hardly surpris-
ing, given the physiological and developmental complexity

Figure 4 Fitting a nonepistatic model to the last 40,000 generations of
evolution. (A) The average fitness and mutation trajectories from Figure 1B,
along with the predictions of the nonepistatic curve in Equation (25) (solid
lines). The estimated parameters are v0 % 1.9 3 1026 and R0 % 1.1 3
1023. For comparison, the best-fit logarithmic trajectory from Equation 2
is shown by the dashed line. Inset shows predictions for the average
change in fitness between generations 40,000 and 50,000 (lines) com-
pared to the independent measurement from the inset in Figure 1B
(square). (B) The likelihood of the fitness trajectory for a constant, expo-
nential DFE truncated at smax % 4s, with a y intercept fitted using max-
imum likelihood. We have included only parameters whose substitution
rates are consistent with the observed mutation trajectory ðR0 2Utot #
@tMb #R0Þ:
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2. Fit* to model

Good and Desai (Genetics, 2015)
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Dynamics of molecular evolution over 60,000 generations 
in 12 replicate populations

Good*, McDonald* et al (Nature, 2017)
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work3,4, Fig. 2 shows that the pace of molecular evolution has remained 
rapid throughout the experiment, even as the rate of fitness improve-
ment has declined17,18.

The high temporal resolution of the data reveals striking differences 
in the rate of molecular evolution over time and across replicate popu-
lations. Six populations evolved a mutator phenotype4,19, producing a 
sudden jump in total derived allele frequency (Fig. 2b). In some of these 
mutator populations, the rate of molecular evolution later declined  
(Fig. 2 inset), consistent with evidence from sequenced clones4. In 
Ara−1, previous work has shown that this deceleration is driven by 
‘antimutator’ alleles that arise after the fixation of the initial mutator20.  
Our results suggest that a similar process also occurs in other 
populations.

In contrast to the mutator lines, the six ‘nonmutator’ populations 
accumulate mutations at a steadier pace. Their average rate of mole-
cular evolution declines modestly over time, decreasing from about 
20 mutations in the first 10,000 generations to about 10 mutations in 
the last 10,000 (Fig. 2c). There are also systematic differences between 
popu lations that persist over 10,000-generation intervals, suggesting 
that the populations acquired mutations at slightly different rates 
(Extended Data Fig. 1).

The rates at which mutations accumulate in nonmutator lineages are 
comparable to previous estimates of bacterial mutation rates21. However, 
they are incompatible with the timescale of neutral evolution. With 
an effective population size of Ne ∼ 107, new mutations would require 
∆t ∼ 0.1Ne ∼ 106 generations to reach the 10% detection threshold  
by genetic drift alone22. Thus, the mutations in Fig. 1 must have reached 
observable frequencies through the direct or indirect action of natural 
selection.

Emergence of quasi-stable coexistence
Once a mutation reaches detectable frequencies, the shape of its allele 
frequency trajectory contains information about selective forces. The 
trajectories in Fig. 1 are inconsistent with a ‘periodic selection’ model in 
which individual driver mutations fix in a sequence of discrete selective  
sweeps. This model predicts that a driver mutation with fitness  
benefit s (along with any nearly-neutral hitchhikers) should quickly and 
deterministically fix after reaching observable frequency, which greatly 
exceeds the drift barrier 1/Nes. By contrast, many mutations in Fig. 1 
persist at intermediate frequencies for long periods, often undergoing 
reversals in frequency that sometimes result in extinction.

Part of this complexity is driven by clonal interference. When bene-
ficial mutations are common, mutations that would otherwise drive 
selective sweeps can be outcompeted by other lineages carrying supe-
rior beneficial mutations23. Further beneficial mutations can draw 
out this battle, resulting in allele-frequency trajectories with multiple 
inflection points12,24,25. But models of clonal interference predict that 
one lineage must eventually win, and so on long timescales the num-
ber of fixed mutations should grow at the same rate as the total allele 
frequency Mp(t).

To test this expectation, we developed a hidden Markov model 
(HMM; Supplementary Information 5.2) to estimate the ‘fixation time’ 
of each mutation from its allele frequency trajectory, allowing us to 
estimate the number of fixed mutations through time (Fig. 2d). The 
number of fixed mutations closely tracks Mp(t) in some populations 
(for example, Ara+2 and Ara+4), but there is a marked deficit of fix-
ations in others (for example, Ara−6). Instead of fixing, the ‘missing’ 
mutations segregate into at least two intermediate-frequency clades 
that coexist for long periods (Fig. 1).

To investigate these clades, we extended our mutation-trajectory 
HMM to assign mutations to basal, major or minor clades, and to infer 
the frequencies of these clades through time (Fig. 3a, Supplementary 
Information 5.3). This approach leverages correlations in the trajec-
tories of many independent mutations, while accounting for noise in 
each sample. The results confirm that long-lived clades are common 
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work3,4, Fig. 2 shows that the pace of molecular evolution has remained 
rapid throughout the experiment, even as the rate of fitness improve-
ment has declined17,18.

The high temporal resolution of the data reveals striking differences 
in the rate of molecular evolution over time and across replicate popu-
lations. Six populations evolved a mutator phenotype4,19, producing a 
sudden jump in total derived allele frequency (Fig. 2b). In some of these 
mutator populations, the rate of molecular evolution later declined  
(Fig. 2 inset), consistent with evidence from sequenced clones4. In 
Ara−1, previous work has shown that this deceleration is driven by 
‘antimutator’ alleles that arise after the fixation of the initial mutator20.  
Our results suggest that a similar process also occurs in other 
populations.

In contrast to the mutator lines, the six ‘nonmutator’ populations 
accumulate mutations at a steadier pace. Their average rate of mole-
cular evolution declines modestly over time, decreasing from about 
20 mutations in the first 10,000 generations to about 10 mutations in 
the last 10,000 (Fig. 2c). There are also systematic differences between 
popu lations that persist over 10,000-generation intervals, suggesting 
that the populations acquired mutations at slightly different rates 
(Extended Data Fig. 1).

The rates at which mutations accumulate in nonmutator lineages are 
comparable to previous estimates of bacterial mutation rates21. However, 
they are incompatible with the timescale of neutral evolution. With 
an effective population size of Ne ∼ 107, new mutations would require 
∆t ∼ 0.1Ne ∼ 106 generations to reach the 10% detection threshold  
by genetic drift alone22. Thus, the mutations in Fig. 1 must have reached 
observable frequencies through the direct or indirect action of natural 
selection.

Emergence of quasi-stable coexistence
Once a mutation reaches detectable frequencies, the shape of its allele 
frequency trajectory contains information about selective forces. The 
trajectories in Fig. 1 are inconsistent with a ‘periodic selection’ model in 
which individual driver mutations fix in a sequence of discrete selective  
sweeps. This model predicts that a driver mutation with fitness  
benefit s (along with any nearly-neutral hitchhikers) should quickly and 
deterministically fix after reaching observable frequency, which greatly 
exceeds the drift barrier 1/Nes. By contrast, many mutations in Fig. 1 
persist at intermediate frequencies for long periods, often undergoing 
reversals in frequency that sometimes result in extinction.

Part of this complexity is driven by clonal interference. When bene-
ficial mutations are common, mutations that would otherwise drive 
selective sweeps can be outcompeted by other lineages carrying supe-
rior beneficial mutations23. Further beneficial mutations can draw 
out this battle, resulting in allele-frequency trajectories with multiple 
inflection points12,24,25. But models of clonal interference predict that 
one lineage must eventually win, and so on long timescales the num-
ber of fixed mutations should grow at the same rate as the total allele 
frequency Mp(t).

To test this expectation, we developed a hidden Markov model 
(HMM; Supplementary Information 5.2) to estimate the ‘fixation time’ 
of each mutation from its allele frequency trajectory, allowing us to 
estimate the number of fixed mutations through time (Fig. 2d). The 
number of fixed mutations closely tracks Mp(t) in some populations 
(for example, Ara+2 and Ara+4), but there is a marked deficit of fix-
ations in others (for example, Ara−6). Instead of fixing, the ‘missing’ 
mutations segregate into at least two intermediate-frequency clades 
that coexist for long periods (Fig. 1).

To investigate these clades, we extended our mutation-trajectory 
HMM to assign mutations to basal, major or minor clades, and to infer 
the frequencies of these clades through time (Fig. 3a, Supplementary 
Information 5.3). This approach leverages correlations in the trajec-
tories of many independent mutations, while accounting for noise in 
each sample. The results confirm that long-lived clades are common 
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work3,4, Fig. 2 shows that the pace of molecular evolution has remained 
rapid throughout the experiment, even as the rate of fitness improve-
ment has declined17,18.

The high temporal resolution of the data reveals striking differences 
in the rate of molecular evolution over time and across replicate popu-
lations. Six populations evolved a mutator phenotype4,19, producing a 
sudden jump in total derived allele frequency (Fig. 2b). In some of these 
mutator populations, the rate of molecular evolution later declined  
(Fig. 2 inset), consistent with evidence from sequenced clones4. In 
Ara−1, previous work has shown that this deceleration is driven by 
‘antimutator’ alleles that arise after the fixation of the initial mutator20.  
Our results suggest that a similar process also occurs in other 
populations.

In contrast to the mutator lines, the six ‘nonmutator’ populations 
accumulate mutations at a steadier pace. Their average rate of mole-
cular evolution declines modestly over time, decreasing from about 
20 mutations in the first 10,000 generations to about 10 mutations in 
the last 10,000 (Fig. 2c). There are also systematic differences between 
popu lations that persist over 10,000-generation intervals, suggesting 
that the populations acquired mutations at slightly different rates 
(Extended Data Fig. 1).

The rates at which mutations accumulate in nonmutator lineages are 
comparable to previous estimates of bacterial mutation rates21. However, 
they are incompatible with the timescale of neutral evolution. With 
an effective population size of Ne ∼ 107, new mutations would require 
∆t ∼ 0.1Ne ∼ 106 generations to reach the 10% detection threshold  
by genetic drift alone22. Thus, the mutations in Fig. 1 must have reached 
observable frequencies through the direct or indirect action of natural 
selection.

Emergence of quasi-stable coexistence
Once a mutation reaches detectable frequencies, the shape of its allele 
frequency trajectory contains information about selective forces. The 
trajectories in Fig. 1 are inconsistent with a ‘periodic selection’ model in 
which individual driver mutations fix in a sequence of discrete selective  
sweeps. This model predicts that a driver mutation with fitness  
benefit s (along with any nearly-neutral hitchhikers) should quickly and 
deterministically fix after reaching observable frequency, which greatly 
exceeds the drift barrier 1/Nes. By contrast, many mutations in Fig. 1 
persist at intermediate frequencies for long periods, often undergoing 
reversals in frequency that sometimes result in extinction.

Part of this complexity is driven by clonal interference. When bene-
ficial mutations are common, mutations that would otherwise drive 
selective sweeps can be outcompeted by other lineages carrying supe-
rior beneficial mutations23. Further beneficial mutations can draw 
out this battle, resulting in allele-frequency trajectories with multiple 
inflection points12,24,25. But models of clonal interference predict that 
one lineage must eventually win, and so on long timescales the num-
ber of fixed mutations should grow at the same rate as the total allele 
frequency Mp(t).

To test this expectation, we developed a hidden Markov model 
(HMM; Supplementary Information 5.2) to estimate the ‘fixation time’ 
of each mutation from its allele frequency trajectory, allowing us to 
estimate the number of fixed mutations through time (Fig. 2d). The 
number of fixed mutations closely tracks Mp(t) in some populations 
(for example, Ara+2 and Ara+4), but there is a marked deficit of fix-
ations in others (for example, Ara−6). Instead of fixing, the ‘missing’ 
mutations segregate into at least two intermediate-frequency clades 
that coexist for long periods (Fig. 1).

To investigate these clades, we extended our mutation-trajectory 
HMM to assign mutations to basal, major or minor clades, and to infer 
the frequencies of these clades through time (Fig. 3a, Supplementary 
Information 5.3). This approach leverages correlations in the trajec-
tories of many independent mutations, while accounting for noise in 
each sample. The results confirm that long-lived clades are common 
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.

0
0.2
0.4
0.6
0.8
1.0

a Ara–6 basal clade

0
0.2
0.4
0.6
0.8
1.0

Ara–6 major clade

0
0.2
0.4
0.6
0.8
1.0

A
lle

le
 fr

eq
ue

nc
y,

 f(
t)

Ara–6 minor clade

0 5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 45,000 50,000 55,000 60,000

Generation, t

0
0.2
0.4
0.6
0.8
1.0

Ara–6 extinct

A
–5

b

A
–6

A
+1

A
+2

A
+4

A
+5

A
–1

A
–2

A
–3

A
–4

A
+3

A
+6

Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Coupled ecological and evolutionary processes

+ 
other laboratory  

systems…



ARTICLE RESEARCH

2  N O V E M B E R  2 0 1 7  |  V O L  5 5 1  |  N A T U R E  |  4 7

in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Coupled ecological and evolutionary processes

1. What explains common emergence , but varied outcomes? 
Niche-specific adaptation? 
More general coupling between fitness and stable freq?

Easy to reject “no ecology”, but not sure what to expect instead.

+ 
other laboratory  

systems…

Problem: most population genetic models neglect ecology.

3. What can we hope to infer about underlying 
    eco/evo processes from this kind of sequence data?

2. Do ecological interactions accelerate evolution? 

Many open questions:



ARTICLE RESEARCH

2  N O V E M B E R  2 0 1 7  |  V O L  5 5 1  |  N A T U R E  |  4 7

in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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Coupled ecological and evolutionary processes

1. What explains common emergence , but varied outcomes? 
Niche-specific adaptation? 
More general coupling between fitness and stable freq?

Easy to reject “no ecology”, but not sure what to expect instead.

+ 
other laboratory  

systems…

e.g. are these trajectories surprising? or not? 

Problem: most population genetic models neglect ecology.

3. What can we hope to infer about underlying 
    eco/evo processes from this kind of sequence data?

2. Do ecological interactions accelerate evolution? 

Many open questions:
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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the clade-aware HMM for population Ara−6. Major and minor clades 
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clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
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of each window is in grey. c, Fixation probability as a function of current 
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Coupled ecological and evolutionary processes

1. What explains common emergence , but varied outcomes? 
Niche-specific adaptation? 
More general coupling between fitness and stable freq?

Easy to reject “no ecology”, but not sure what to expect instead.

+ 
other laboratory  

systems…

Need quantitative theory

e.g. are these trajectories surprising? or not? 

Problem: most population genetic models neglect ecology.

3. What can we hope to infer about underlying 
    eco/evo processes from this kind of sequence data?

2. Do ecological interactions accelerate evolution? 

Many open questions:
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What are the important parameters (“knobs”)
that control these different behaviors?

Question:
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How do fitness mutations change this picture?
Question:



In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

Diversification-selection balance

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ



In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

Diversification-selection balance

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ



In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

Diversification-selection balance

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

1. Fitness differences perturb equilibria:

“Evolutionary
robustness”�f ⇡ �X

X⇤ ; X⇤ ⇡ �↵2

�(1� �)



In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

Diversification-selection balance

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

1. Fitness differences perturb equilibria:

“Evolutionary
robustness”�f ⇡ �X

X⇤ ; X⇤ ⇡ �↵2

�(1� �)



In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

Diversification-selection balance

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

1. Fitness differences perturb equilibria:

“Evolutionary
robustness”�f ⇡ �X

X⇤ ; X⇤ ⇡ �↵2

�(1� �)



In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s@�X

@t
= NUXs2 [2f⇤(�X)� 1] +

p
NUXs3⌘(t)

2. Fitness “race” between clades (weak mutation limit)

Diversification-selection balance

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

1. Fitness differences perturb equilibria:

“Evolutionary
robustness”�f ⇡ �X

X⇤ ; X⇤ ⇡ �↵2

�(1� �)



In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s@�X

@t
= NUXs2 [2f⇤(�X)� 1] +

p
NUXs3⌘(t)

2. Fitness “race” between clades (weak mutation limit)

Diversification-selection balance

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

e.g., Lenski lines

1. Fitness differences perturb equilibria:

“Evolutionary
robustness”�f ⇡ �X

X⇤ ; X⇤ ⇡ �↵2

�(1� �)



In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s@�X

@t
= NUXs2 [2f⇤(�X)� 1] +

p
NUXs3⌘(t)

2. Fitness “race” between clades (weak mutation limit)

Diversification-selection balance

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

1. Fitness differences perturb equilibria:

“Evolutionary
robustness”�f ⇡ �X

X⇤ ; X⇤ ⇡ �↵2

�(1� �)



In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s@�X

@t
= NUXs2 [2f⇤(�X)� 1] +

p
NUXs3⌘(t)

2. Fitness “race” between clades (weak mutation limit)

Diversification-selection balance

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

1. Fitness differences perturb equilibria:

“Evolutionary
robustness”�f ⇡ �X

X⇤ ; X⇤ ⇡ �↵2

�(1� �)



In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s@�X

@t
= NUXs2 [2f⇤(�X)� 1] +

p
NUXs3⌘(t)

2. Fitness “race” between clades (weak mutation limit)

Diversification-selection balance

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

1. Fitness differences perturb equilibria:

“Evolutionary
robustness”�f ⇡ �X

X⇤ ; X⇤ ⇡ �↵2

�(1� �)



In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s@�X

@t
= NUXs2 [2f⇤(�X)� 1] +

p
NUXs3⌘(t)

2. Fitness “race” between clades (weak mutation limit)

⌧
collapse

Diversification-selection balance

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

1. Fitness differences perturb equilibria:

“Evolutionary
robustness”�f ⇡ �X

X⇤ ; X⇤ ⇡ �↵2

�(1� �)



In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s@�X

@t
= NUXs2 [2f⇤(�X)� 1] +

p
NUXs3⌘(t)

2. Fitness “race” between clades (weak mutation limit)

⌧
collapse

⌧diversify

Diversification-selection balance

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

1. Fitness differences perturb equilibria:

“Evolutionary
robustness”�f ⇡ �X

X⇤ ; X⇤ ⇡ �↵2

�(1� �)



In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s@�X

@t
= NUXs2 [2f⇤(�X)� 1] +

p
NUXs3⌘(t)

2. Fitness “race” between clades (weak mutation limit)

⌧
collapse

⌧diversify

Diversification-selection balance

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

1. Fitness differences perturb equilibria:

“Evolutionary
robustness”�f ⇡ �X

X⇤ ; X⇤ ⇡ �↵2

�(1� �)

Diversification-selection balance

Pr[S = 2]

Pr[S = 1]
⇠ ⌧

collapse

⌧
diversify

S = 1 S = 1S = 2 S = 2



In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s@�X

@t
= NUXs2 [2f⇤(�X)� 1] +

p
NUXs3⌘(t)

2. Fitness “race” between clades (weak mutation limit)

⌧
collapse

⌧diversify

Diversification-selection balance

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

1. Fitness differences perturb equilibria:

“Evolutionary
robustness”�f ⇡ �X

X⇤ ; X⇤ ⇡ �↵2

�(1� �)

Diversification-selection balance

Pr[S = 2]

Pr[S = 1]
⇠ ⌧

collapse

⌧
diversify

S = 1 S = 1S = 2 S = 2

⇠ U↵

UX

✓
X⇤

s

◆2

log

✓
X⇤

s

◆
E.g., 



Emergent selection for further ecological tuning

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

↵3

What about add’l strategy mutations?



Emergent selection for further ecological tuning

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

↵3

What about add’l strategy mutations?

In
di
vi
du
al
s

Time

α1

In
di
vi
du
al
s

Time

α1

α2

a

b

α2

(resident)

(mutant)

f *
2

f *
1

Recall neutral case: (Posfai et al 2017)

se↵(↵3) ⇠ O(1/N)



Emergent selection for further ecological tuning

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

↵3

What about add’l strategy mutations?

In
di
vi
du
al
s

Time

α1

In
di
vi
du
al
s

Time

α1

α2

a

b

α2

(resident)

(mutant)

f *
2

f *
1

Recall neutral case: (Posfai et al 2017)

se↵(↵3) ⇠ O(1/N)Induced ecological selection pressure:

se↵(↵1 ! ↵3) ⇡
↵3 � ↵1

↵2 � ↵1
· (X1 �X2)



Emergent selection for further ecological tuning

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

↵3

What about add’l strategy mutations?

In
di
vi
du
al
s

Time

α1

In
di
vi
du
al
s

Time

α1

α2

a

b

α2

(resident)

(mutant)

f *
2

f *
1

Recall neutral case: (Posfai et al 2017)

se↵(↵3) ⇠ O(1/N)Induced ecological selection pressure:

se↵(↵1 ! ↵3) ⇡
↵3 � ↵1

↵2 � ↵1
· (X1 �X2)

Effective
“mean
fitness”

New strategy, ↵0

X

i

↵0
iXi

X1

X2

↵1

↵2

�

Graphical picture



Emergent selection for further ecological tuning

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

↵3

What about add’l strategy mutations?

Selected against

In
di
vi
du
al
s

Time

α1

In
di
vi
du
al
s

Time

α1

α2

a

b

α2

(resident)

(mutant)

f *
2

f *
1

Recall neutral case: (Posfai et al 2017)

se↵(↵3) ⇠ O(1/N)Induced ecological selection pressure:

se↵(↵1 ! ↵3) ⇡
↵3 � ↵1

↵2 � ↵1
· (X1 �X2)

Effective
“mean
fitness”

New strategy, ↵0

X

i

↵0
iXi

X1

X2

↵1

↵2

�

Graphical picture



Emergent selection for further ecological tuning

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

↵3

What about add’l strategy mutations?

Selected against
Sweeps

out
parent

In
di
vi
du
al
s

Time

α1

In
di
vi
du
al
s

Time

α1

α2

a

b

α2

(resident)

(mutant)

f *
2

f *
1

Recall neutral case: (Posfai et al 2017)

se↵(↵3) ⇠ O(1/N)Induced ecological selection pressure:

se↵(↵1 ! ↵3) ⇡
↵3 � ↵1

↵2 � ↵1
· (X1 �X2)

Effective
“mean
fitness”

New strategy, ↵0

X

i

↵0
iXi

X1

X2

↵1

↵2

�

Graphical picture



Emergent selection for further ecological tuning

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

↵3

What about add’l strategy mutations?

Sweeps out other niche,
coexists w/ parent

Selected against
Sweeps

out
parent

In
di
vi
du
al
s

Time

α1

In
di
vi
du
al
s

Time

α1

α2

a

b

α2

(resident)

(mutant)

f *
2

f *
1

Recall neutral case: (Posfai et al 2017)

se↵(↵3) ⇠ O(1/N)Induced ecological selection pressure:

se↵(↵1 ! ↵3) ⇡
↵3 � ↵1

↵2 � ↵1
· (X1 �X2)

Effective
“mean
fitness”

New strategy, ↵0

X

i

↵0
iXi

X1

X2

↵1

↵2

�

Graphical picture



Emergent selection for further ecological tuning

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

↵3

What about add’l strategy mutations?

Sweeps out other niche,
coexists w/ parent

Selected against
Sweeps

out
parent

Full sweep

In
di
vi
du
al
s

Time

α1

In
di
vi
du
al
s

Time

α1

α2

a

b

α2

(resident)

(mutant)

f *
2

f *
1

Recall neutral case: (Posfai et al 2017)

se↵(↵3) ⇠ O(1/N)Induced ecological selection pressure:

se↵(↵1 ! ↵3) ⇡
↵3 � ↵1

↵2 � ↵1
· (X1 �X2)

Effective
“mean
fitness”

New strategy, ↵0

X

i

↵0
iXi

X1

X2

↵1

↵2

�

Graphical picture



Emergent selection for further ecological tuning

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

↵3

What about add’l strategy mutations?

Sweeps out other niche,
coexists w/ parent

Selected against
Sweeps

out
parent

Selected againstSweeps out 
parent

Full sweep

In
di
vi
du
al
s

Time

α1

In
di
vi
du
al
s

Time

α1

α2

a

b

α2

(resident)

(mutant)

f *
2

f *
1

Recall neutral case: (Posfai et al 2017)

se↵(↵3) ⇠ O(1/N)Induced ecological selection pressure:

se↵(↵1 ! ↵3) ⇡
↵3 � ↵1

↵2 � ↵1
· (X1 �X2)

Effective
“mean
fitness”

New strategy, ↵0

X

i

↵0
iXi

X1

X2

↵1

↵2

�

Graphical picture



Emergent selection for further ecological tuning

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

↵3

What about add’l strategy mutations?

Sweeps out other niche,
coexists w/ parent

Selected against
Sweeps

out
parent

Selected againstSweeps out 
parent

Full sweep

Selection for fit “generalists” 
and less-fit “specialists”

In
di
vi
du
al
s

Time

α1

In
di
vi
du
al
s

Time

α1

α2

a

b

α2

(resident)

(mutant)

f *
2

f *
1

Recall neutral case: (Posfai et al 2017)

se↵(↵3) ⇠ O(1/N)Induced ecological selection pressure:

se↵(↵1 ! ↵3) ⇡
↵3 � ↵1

↵2 � ↵1
· (X1 �X2)

Effective
“mean
fitness”

New strategy, ↵0

X

i

↵0
iXi

X1

X2

↵1

↵2

�

Graphical picture



Emergent selection for further ecological tuning

Xµ= % biomass supplied by resource 1 = % energy strain     spends to import resource 1    = max growth rate of strain     µ µ

“Environmental supply vector” “Resource strategy” “General fitness”

� ↵µ

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

↵3

What about add’l strategy mutations?

Sweeps out other niche,
coexists w/ parent

Selected against
Sweeps

out
parent

Selected againstSweeps out 
parent

Full sweep

Selection for fit “generalists” 
and less-fit “specialists”

In
di
vi
du
al
s

Time

α1

In
di
vi
du
al
s

Time

α1

α2

a

b

α2

(resident)

(mutant)

f *
2

f *
1

Recall neutral case: (Posfai et al 2017)

se↵(↵3) ⇠ O(1/N)Induced ecological selection pressure:

se↵(↵1 ! ↵3) ⇡
↵3 � ↵1

↵2 � ↵1
· (X1 �X2)

Effective
“mean
fitness”

New strategy, ↵0

X

i

↵0
iXi

X1

X2

↵1

↵2

�

Graphical picture

Test in laboratory experiments?



Human gut microbiome (stool)

Future directions: evolution in highly diverse ecosystems
ARTICLE RESEARCH

2  N O V E M B E R  2 0 1 7  |  V O L  5 5 1  |  N A T U R E  |  4 7

in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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Preliminary findings and future questions

1. Across-host genealogical signatures challenge existing pop gen models

What models can produce these patterns? 

Global signatures of adaptation? or stasis?

2. Gut bacteria can evolve within hosts on human-relevant timescales

Is linkage as important as in experimental evolution? 

Correlations w/ changes in species abundance? w/ evolution in co-colonizing species? 

3. Bacterial recombination plays greater role

Will require new theoretical models of selection + linkage + recombination / HGT
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are strongly influenced by dynamical processes, 
in addition to their inherent biological effects.
          

In simple ecological settings, rapid evolution 
can also play a important role in determining 
the structure of the community, and vice versa. 
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Summary

Integrated approach of empirically-guided theory 
and theoretically-motivated data analysis and 
experimental design is a promising path toward 
understanding these processes. 
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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Figure 3 | Long-term coexistence of competing clades. a, Output of 
the clade-aware HMM for population Ara−6. Major and minor clades 
(solid black lines) are defined by the clade frequencies at the final time 
point, and the basal clade contains mutations shared by major and minor 

clades. Coloured lines indicate mutations within the corresponding clade 
in each panel; all other mutations are shown in grey. b, Estimated clade 
frequencies for all twelve populations (major clade in purple, minor clade 
in pink). Individual mutations are shown in grey.
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Figure 4 | Evolutionary dynamics within clades. a, Number of mutations 
fixed within the basal or major clade through time in the nonmutator 
populations. Colours are the same as in Fig. 2, and the ensemble average 
is in white. b, The transit time of each mutation in a as a function of its 
appearance time. White line shows the median across the six populations 
in non-overlapping five-percentile windows, and the interquartile range 
of each window is in grey. c, Fixation probability as a function of current 
mutation frequency within its parent clade, along with expectations under 
quasi-neutral and hitchhiking models. Fixation probabilities are estimated 
using sliding frequency windows (Supplementary Information 5.3.2). 
d, Pooled version of c for mutator and nonmutator populations. Lighter 
lines include only time points from generation 20,000 onwards.
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In rapidly evolving populations, fates of mutations 
are strongly influenced by dynamical processes, 
in addition to their inherent biological effects.
          

In simple ecological settings, rapid evolution 
can also play a important role in determining 
the structure of the community, and vice versa. 
          

In
di
vi
du
al
s

Time

α1

x

+s

+s
+s +s

+s
α2

α2
Δf

In
di
vi
du
al
s

Time

α1

+s

+s
+s

α2

α2

a

b

+s

U⇢(s)s



Thanks!
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Good et al, (in prep) Garud*, Good*, et al 
Evolutionary dynamics of bacteria in the 
gut microbiome within and across hosts

(biorXiv 210955)

Good*, McDonald* et al 
(Nature, 2017)



Inferring clade dynamics with hidden Markov models

        Basic idea: individual mutations noisy         avg together to measure clade freq
Problem: which mutations to average, which times to average?

don’t  
avg  
yet

don’t avg 
(goes extinct)

don’t avg (in basal clade) avg away!

Solution: infer with custom hidden Markov model (cladeHMM)
like clustering, but phylogenetically-aware

ancestral
state

mutation
in major clade

(not fixed)

fixed in
major clade

extinct

E.g. + etc. 

Good*, McDonald* et al (Nature, 2017)



Rapid adaption and clonal interference within clades

Good*, McDonald* et al (Nature, 2017)
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in the LTEE. Figure 3b shows that nine of the twelve populations 
have clades that coexist for more than 10,000 generations, often per-
sisting through to generation 60,000. By partitioning the mutations 
into clades (Fig. 3a), we also see that fixations continue to accumulate 
within each clade, even when population-wide fixation events have  
ceased.

This striking separation of timescales between inter-clade and intra-
clade fixations cannot be explained by clonal interference26. Instead, 
long-term coexistence is likely to be maintained by negative frequency- 
dependent selection, as has been demonstrated in Ara−227,28. It is not 
known whether these additional examples of coexistence revealed by 
our data involve the same glucose/acetate cross-feeding interaction as 
was seen in Ara−2, or whether these populations have exploited other 
opportunities for ecological diversification.

Regardless of the mechanism of coexistence, the metagenomic data 
show that the balance between the two clades does not remain con-
stant over long timescales. Instead, their relative abundance can shift 
by at least an order of magnitude during their coexistence. The timing 
and magnitudes of these shifts vary from population to population; 
they could reflect ongoing selection on the mechanism of coexistence 
or a general coupling between the ecologically divergent phenotypes 
and ordinary fitness gains28–30. Further work is needed to distinguish 
between these scenarios.

Dynamics and fates of new mutations
Most models of molecular evolution do not account for frequency- 
dependent selection, which complicates efforts to understand the 
evolutionary dynamics using population-wide data. To overcome this 
problem, we focused on the dynamics within each clade.

First, using the clade-aware HMM, we estimated the appearance and 
fixation times of all mutations that fixed in basal or majority clades 
in the nonmutator populations (Supplementary Information 5.3.1). 
These are upper and lower bounds, respectively, as they exclude time 
outside the observable frequency range. From these measurements, 
we calculated the number of fixed mutations in the basal or majority 
clade through time (Fig. 4a). These data show that within-clade fixa-
tions continue at a steady pace, consistent with the Mp(t) trajectories in  
Fig. 2b. Although the average rate of fixations declines only modestly 
during the experiment, there is noticeable temporal variability as muta-
tions often fix in cohorts of multiple linked mutations. These cohorts 

have been observed previously1,29 and are expected in models of clonal 
interference31,32. However, they could also reflect transiently stable  
frequency-dependent interactions, as previously observed in Ara−129.

The difference between the appearance and fixation times of each 
successful mutation (the transit time) is a proxy for the strength of 
selection acting on a lineage. Despite the declining rate of fitness gain 
(Fig. 2a), we observe a broad distribution of transit times throughout 
the experiment (Fig. 4b). Even after 50,000 generations, some muta-
tions appear to fix nearly as rapidly as those that occurred in the first 
5,000 generations of evolution. This observation suggests that fitness 
differences between cohorts of mutations can remain high, with selec-
tion coefficients s > 2log|1 − ∆f|/∆t ∼1%, even after many beneficial 
mutations have fixed.
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In addition to mutations that fix, many others reach substantial fre-
quencies before going extinct, consistent with clonal interference. To 
quantify this effect, we estimated the fixation probability of a mutation 
as a function of its (within-clade) frequency (Fig. 4c, d). As explained 
above, a mutation can reach observable frequencies only if it is linked 
to a beneficial driver mutation or is a driver itself. Thus, without clonal 
interference, all observed mutations should fix in their clade with nearly 
100% probability. By contrast, the fixation probabilities in Fig. 4c, d 
are substantially lower, even when restricted to mutations that arose 
in later generations. Instead, the observed fixation probabilities are 
more consistent with the quasi-neutral limit, pfix(f) ≈ f, which arises 
when clonal interference is strong13,25 (Supplementary Information 
5.3.2). This quasi-neutrality implies that adaptation in the LTEE is not 
mutation-limited; instead, clonal interference and hitchhiking remain 
important even after tens of thousands of generations in the same 
environment.

Parallelism at the genetic level
Allele frequency trajectories provide evidence for pervasive adaptation 
in the LTEE, but the dynamics alone provide limited information about 
which mutations are beneficial drivers and which are neutral or delete-
rious passengers. However, we can leverage the identities of mutations 
to learn about the targets of selection, and to investigate whether these 
targets change through time or differ across populations.

Figure 5a, b shows the cumulative distribution of all detected  
variant types through time. In the mutator populations, this distribu-
tion reflects the mutational biases and appearance times of mutator 
phenotypes. By contrast, we see few temporal changes in the types of 
mutations in nonmutators, apart from a slight early enrichment of 
missense mutations (Fig. 5c). Consistent with previous studies3,4, we 
observe an excess of nonsynonymous relative to synonymous muta-
tions in nonmutators (dN/dS > 1; Extended Data Fig. 2), indicating 
that many observed mutations are adaptive (even those driven extinct 

by clonal interference). By contrast, dN/dS ≤ 1 in mutators, reflecting 
a higher proportion of passenger mutations.

Because we observe the fates of mutations through time, we can 
examine how the distribution of variant types differs between the entire 
pool of detected mutations and the subset that fixed in their respec-
tive clades (a generalization of the McDonald–Kreitman test33). This 
approach allows us to estimate a fixation probability for each class of 
mutations, conditioned on reaching detectable frequency (Fig. 5d). In 
nonmutator lines, synonymous mutations have a smaller conditional 
fixation probability than other variant types (Fig. 5d), as expected if 
the latter are more likely to be beneficial. Nevertheless, the ratio of 
conditional fixation probabilities is smaller than dN/dS, suggesting 
that mutations are strongly influenced by genetic draft (that is, linkage 
and associated hitchhiking) once they reach observable frequencies. 
Consistent with this interpretation, conditional fixation probabilities 
in mutator lines meet (or slightly exceed) the synonymous expectation, 
even though dN/dS ≤ 1.

Parallel genetic changes can reveal targets of selection on more finely 
resolved scales. Although we find some parallelism at the nucleotide 
level (Extended Data Fig. 3), more information is obtained by grouping 
mutations into genes and their respective promoter regions. We quan-
tified parallelism in a gene by its effective multiplicity, mi, defined as 
the observed number of non-synonymous changes ni (including indels 
and structural variants), normalized by gene length. Consistent with 
previous studies4,34, we find significantly more multi-hit mutations than 
expected by chance (Supplementary Information 6.3.1), though the 
excess is more pronounced in nonmutators (Fig. 5e, f).

This excess parallelism could be driven by natural selection or local 
increases in mutation rate (for example, due to a nearby insertion 
sequence element). However, we find that multiplicity is positively cor-
related with conditional fixation probability in nonmutators (P ≈ 0.001; 
logistic regression) and essentially uncorrelated in mutators (P ≈ 0.4), 
suggesting that much of the excess parallelism in nonmutators is driven 
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Figure 5 | Parallelism. a, b, Cumulative distribution of detected mutations 
of each type in nonmutator (a) and mutator (b) populations over time. 
The SV class denotes structural variants, including insertion sequence-
mediated mutations. Bars at right depict the distribution of mutations  
that fixed within their respective clades. c, Distribution of appearance 
times for each variant type in nonmutators. d, Fraction of detected 
mutations of each type that fixed in nonmutator and mutator populations 
(blue and red, respectively). Error bars denote the 16th and 84th 
percentiles of the beta posterior distribution; sample sizes are indicated 
by the final timepoint in a. e, f, Fraction of all mutations (excluding 

synonymous mutations) in nonmutator (e) and mutator (f) populations 
in genes with multiplicity mi ≥ m. The grey line is the null distribution, 
obtained by randomly distributing the mutations across genes. g, Average 
conditional fixation probability of a mutation as a function of its gene 
multiplicity (in sliding windows of 0.2 log10 units) in nonmutator (blue) 
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by selection (Fig. 5g). However, there is substantial variation around 
this trend, and even for the most recurrently mutated genes the fixa-
tion probability rarely rises above 80%. Thus, although selection plays 
a large role in driving mutations to detectable frequencies, stochastic 
forces and interactions among competing lineages also are important 
in determining the fates of mutations.

Signatures of epistasis and historical contingency
We next quantified how signatures of parallelism vary over time and 
across populations. We first focused on genes mutated three or more 
times in nonmutators with multiplicities that were significant at 5% 
false discovery rate (FDR) (Fig. 6a, Supplementary Information 6.3.1). 
These genes include many previously identified targets of parallel  
evolution3,4,34. By permuting the appearance times of mutations across 
these genes (Supplementary Information 6.3.2), we find that muta-
tions in many individual genes are distributed non-randomly (KS test, 
q < 0.05). Some genes (for example, hslU; Extended Data Fig. 4) are 
mutated early in the experiment but almost never late, whereas others 
(for example, atoS; Extended Data Fig. 5) show the opposite tendency. 
Moreover, there is a global enrichment of non-random appearance 
times, even after individually significant cases are removed (summed KS 
test, P < 0.001). This temporal bias is not restricted to high-multiplicity 
genes: mutations in two-hit genes also tend to happen closer together in 
time than mutations in different genes (P < 0.001; Extended Data Fig. 6).  
As a result, the observed repertoire of adaptive mutations changes over 
time (Extended Data Fig. 7, Supplementary Information 6.3.2).

Genes that accumulate mutations early are expected under a ‘coupon 
collecting’ model, in which genes with the most strongly beneficial 
mutations (or with higher mutation rates) are depleted once each popu-
lation has acquired that mutation. Preferentially late genes might also be 
consistent with this model in the presence of clonal interference: weakly 
beneficial mutations that are usually outcompeted early can become 
successful once their stronger counterparts have fixed (Supplementary 
Information 6.3.3).

Preferentially late mutations could also reflect global changes in 
selection pressures with increasing fitness, or new evolutionary paths 
opened up by earlier substitutions. An example of the latter scenario is 
the evolution of citrate utilization in Ara−3, in which key mutations 

became beneficial only after earlier mutations35–37. We lack the sta-
tistical power to scan for such interactions directly, but this signal of 
contingency might still be reflected in the distribution of mutations 
across nonmutator populations (Supplementary Information 6.3.3). 
Specifically, we expect mutations in a contingent gene to be clustered 
in a subset of the populations (that is, those that fixed an unknown 
potentiating mutation). By contrast, genes in the coupon-collecting 
model should be over-dispersed, as additional mutations in the same 
lineage are no longer beneficial33.

We find a few under-dispersed genes that are candidates for histo-
rical contingency (for example, argR has seven mutations clustered in 
three populations; Extended Data Fig. 8). However, these examples 
cannot reach genome-wide significance in our limited sample, so we 
instead focused on the global distribution of dispersion configura-
tions (Fig. 6b). We find a trend towards under-dispersion in genes that 
were mutated four times or fewer, and signatures of both under- and 
over-dispersion in genes mutated five or more times. This pattern sug-
gests a combination of historical contingency and coupon collecting, 
with the latter expected to decline over time as targets are depleted, 
and the former expected to increase as potentiating mutations arise. 
Consistent with this hypothesis, over-dispersion declines when we 
focus on genes with later appearance times, and under-dispersion 
becomes more pronounced (Fig. 6c, d). When summed across genes, 
this under-dispersion amounts to at least 16 ‘missed opportunities’ 
(populations that would be expected to have produced a mutation in 
a target gene but did not), more than expected by chance (P ≈ 0.003; 
Extended Data Fig. 9). Similar results are obtained after clustering genes 
into operons (Supplementary Information 6.4).

Together, these results support the hypothesis that new routes for 
adaptation are sometimes opened up by earlier mutations. Although 
purely statistical, this evidence implies that some adaptive mutations 
should be less beneficial (or even deleterious) when transplanted  
to genetic backgrounds without the corresponding potentiating  
mutations. This prediction might be tested directly in future work.

Discussion
The evolutionary dynamics that characterize long-term adaptation to 
a constant environment remain poorly documented empirically. Here, 
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Figure 6 | Epistasis and contingency. a, Genes mutated three or more 
times in nonmutators with multiplicities significant at 5% FDR. Circles 
indicate the appearance time of each mutation, connected by a vertical 
line for visualization. Each gene is coloured according to its median 
appearance time (hatch-mark). Genes with significantly non-random 
appearance times are marked by asterisks. b–d, The distribution of 

dispersion configurations of a gene (that is, the total number of mutations 
versus the number of different populations in which they appeared) for 
all genes (b) and those with median mutation appearance times before or 
after t* = 17,500 generations, which was chosen to maximize the number 
of ‘missed opportunities’ (c, d; Supplementary Information 6.3.3).
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Figure 1. Genetic diversity within hosts. (a-d) The distribution of major allele frequencies at synonymous
sites in the core genome of Bacteroides vulgatus for four di�erent samples, with the median core-genome-wide
coverage listed above each panel. The shaded region denotes major allele frequencies greater than 80%, and
the vertical axis is truncated for visibility. (e) The average fraction of synonymous sites in the core genome with
major allele frequencies f 80%, for di�erent samples of B. vulgatus. Vertical lines denote 95% posterior
con�dence intervals based on the observed number of counts (Appendix 8). For comparison, the samples in
panels (a-d) are indicated by the numbers (1-4). (f) The distribution of con�dently phaseable (CP) samples
among the 35 most-prevalent species, arranged by descending prevalence; the distribution across hosts is
shown in Fig. S4. For comparison, panels (c) and (d) are classi�ed as con�dently phaseable, while panels (a) and
(b) are not.

frequency estimates from a mixed-population sample. To measure genetic changes between140

lineages, we must �rst understand the lineage structure that is present in individual hosts, so that141

we may later associate allele frequencies with mutations on speci�c lineages.142

Several previous studies have investigated within-species diversity in human gut metagenomes143

Schloissnig et al. (2013); Truong et al. (2017); Nayfach and Pollard (2015); Nayfach et al. (2016).144

These studies have found that (i) metagenomes from di�erent hosts harbor many �xed di�erences145

between them, (ii) species di�er in the average amount of polymorphism that is present within146

hosts, and (iii) hosts also vary widely in the amount of polymorphism that is present for a given147

species. Here, we show how these patterns emerge from the lineage structure that is set by the148

host colonization process, and how certain aspects of this lineage structure can be inferred from149

the statistics of within-host polymorphism.150

As an illustrative example, we �rst focus on the patterns of polymorphism in Bacteroides vulgatus,151

which is among the most abundant and prevalent species in the human gut. This ensures that the152

B. vulgatus genome has high-coverage in many samples, which enables more precise estimates of153

the allele frequencies in each sample (Fig. 1A-D). The overall levels of within-host diversity for this154

species are summarized in Fig. 1E, based on the fraction of synonymous sites in core genes with155

intermediate allele frequencies (0.2 f f f 0.8, i.e. major allele frequencies in the white region in156

Figs. 1A-D). The rate of intermediate-frequency polymorphism varies widely among the samples:157

some metagenomes have only a few variants per genome, while others have mutations at more158

than 1% of all synonymous sites, which is comparable to the di�erences between samples (Fig. S2).159

The simplest model of within-host polymorphism assumes that each host is colonized by a160

single bacterial clone, so that the intermediate variants represent mutations that have arisen161

since colonization. However, this model cannot quantitatively account for the hosts with higher162

rates of polymorphism in Fig. 1E. Given conservatively high estimates for per site mutation rates163
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Figure 3. Between-host divergence across prevalent bacterial species. (a) Distribution of nucleotide
divergence at all sites in the core genome between pairs of CP hosts (plotted in grey), across a panel of
prevalent species. Species are sorted according to their phylogenetic distances (Nayfach et al., 2016), with the
number of CP hosts indicated in parentheses; species were only included if they had at least 33 CP hosts (> 500
CP pairs). Symbols denote the median (dash), 1-percentile (small circle), and 0.1-percentile (large circle) of each
distribution, and are connected by a red line for visualization; for species with less than 1000 CP pairs, the
0.1-percentile is estimated by the second-lowest divergence value. The dashed line denotes our ad-hoc
de�nition of “closely related” divergence, d f 2 ù 10

*4 for a pair of CP hosts. Many species have some pairs of
closely related hosts. (b) The distribution of the number of closely related strains per pair of hosts (across
species). The null distribution is obtained by randomly permuting hosts independently within each species
(n = 1000 permutations, P ˘ 0.9). (c) The cumulative distribution of the number of gene content di�erences for
all pairs in panel A (black), i.e., all choices of species x host 1 x host 2. The red line shows the corresponding
distribution for the subset of closely related strains. For comparison, the grey line denotes a ‘clock-like’ null
distribution for the closely related strains, which assumes that genes and SNVs each accumulate at constant
rates. (d) Ratio of divergence at nondegenerate nonsynonymous sites (dN ) and fourfold degenerate
synonymous sites (dS ) as a function of synonymous divergence for all pairs in panel A (grey circles). Pairs from
B. vulgatus are highlighted in red for comparison. Crosses (x) denote species-wide estimates obtained from the
ratio of the median dN and dS within each species. The black line denotes the theoretical prediction from the
purifying selection null model in Appendix 5. (inset) Ratio between the cumulative dN and dS values for all CP
host pairs with core-genome-wide synonymous divergence less than dS . Shaded region denotes ±2 standard
deviation con�dence intervals estimated by Poisson resampling.
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Figure 6. Signatures of within-host changes across prevalent species of gut bacteria. (a) Within-host
nucleotide di�erences over Ì 6months. The blue line shows the distribution of the number of SNV di�erences
between consecutive timepoints for di�erent species and CP hosts; species are only included if they have at
least 5 consecutive CP timepoint pairs, and pairs with zero detected changes are assigned an arbitrary value < 1

so that they can be visualized on the logarithmic scale. For comparison, the distribution of the closest
between-host di�erences for each initial timepoint is shown in red. The grey region indicates an ad-hoc
threshhold used to de�ne replacement events in panels (b-e), chosen to be conservative in calling
non-replacements. (b) Within-host gene content di�erences (gains+losses) in non-replacement timepoints. The
blue line shows the distribution of the number of gene content di�erences between consecutive timepoints for
di�erent species and CP hosts; replacement timepoints (those with SNV di�erences in the grey region of panel
A) are excluded. The between-host expectation is the same as in (a). (c) The total number of nucleotide
di�erences at non-degenerate nonsynonymous sites (non) and fourfold degenerate synonymous sites (syn) for
the non-replacement species-host combinations in (a). The observed values are indicated in blue. For
comparison, we have also included the expected distribution of de novomutations (randomly selected sites,
grey) and between-host di�erences (red), conditioned on the same total number of events. (d) The total number
of nucleotide di�erences that transition away from the panel-wide consensus allele (mut) and back toward the
consensus allele (rev) for the non-replacement species-host combinations in (a). Between-host and de novo
expectations are the same as in (c). (e) The total number of gene loss and gain events among the gene content
di�erences in (b). The between-host expectation is the same as in (d), while the de novo expectation is 100%
losses.
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Figure 7. Putative model of within-host evolution. (a) A hypothetical introgression event, in which a new
gene (yfg2) and two SNVs (black lines) are transferred from a donor strain (red) into a single individual in the
focal population (blue, each individual is assigned a unique shade). In addition to the gene gain and SNV
substitutions, this introgression event also results in the loss of the existing gene yfg1 in the introgressed
individual. (b) An example of a clonal sweep, in which the initial recombinant in (a) sweeps to �xation in the
focal population, resulting in a within-host gene gain (yfg2), a gene loss (yfg1), and 3 SNV changes (2 on the
introgressed fragement, 1 de novo variant). (c) An example of a clonal sweep, in which the introgressed
fragment is able to recombine onto other genetic backgrounds before it reaches �xation. Note that the private
variant no longer hitchhikes to �xation.

uncovered evidence for additional genealogical processes operating at very short timescales, with514

altered signatures of selection (Fig. 3) and potentially recombination as well (Fig. S10). It is di�cult to515

produce such a broad range of core-genome-wide divergence in existing population genetic models,516

given the homogenizing e�ects of recombination, though recent hybrid models of vertical and517

horizontal inheritance may provide a potential explanation (Dixit et al., 2015, 2017). Our �ndings518

suggest that this may be an interesting signature to explore in future theoretical work, in addition519

to further empirical characterization in larger cohorts and over shorter genomic distances. In either520

case, the present �ndings suggest that the short-term dynamics of across-host evolution may not521

be easily extrapolated by comparing sequences of typical isolates.522

With quantitative estimates of the false positive rate, our approach is also capable of resolving523

a smaller number of SNV and gene changes that could accumulate within hosts over time. This524

allowed us to build on previous �ndings that personal microbiomes are largely stable over time525

(Schloissnig et al., 2013; Zhu et al., 2015; Voigt et al., 2015b; Nayfach et al., 2016; Truong et al.,526

2017; Lloyd-Price et al., 2017), to start to quantify the tempo andmode of evolution within individual527

hosts. Consistent with this earlier work, we only observe a few replacement events in which the528

dominant lineage is succeeded by a strain as distantly related as those in other hosts. Given529

the existing data, it is di�cult to tell whether these replacements are due to the invasion of a530

new lineage, or a sudden rise in frequency of an existing lineage. Deeper sequencing coverage531

could potentially show whether the new lineage was already present at the initial timepoint (as in532

Fig. S13A), though this could also be consistent with a slow sweep by an invading lineage. These533

scenarios could potentially be distinguished with additional time series data, since a preexisting534

lineage could re-emerge in later timepoints (Good et al., 2017). One such reversal occurred in one535

of the B. vulgatus individuals sampled at three timepoints (Fig. S13A).536

Although rare replacement events account for the bulk of all within-host SNV changes, we537

more commonly observed lineages that di�ered by only a handful of SNV and gene changes,538

suggestive of an evolutionary modi�cation (Fig. 6). This shows that it is important to consider539
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