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Abstract

Microorganisms have the unique ability to survive extended periods of time in environments with extremely low levels of
exploitable energy. To determine the extent that energy limitation affects microbial evolution, we examined the mo-
lecular evolutionary dynamics of a phylogenetically diverse set of taxa over the course of 1,000 days. We found that
periodic exposure to energy limitation affected the rate of molecular evolution, the accumulation of genetic diversity, and
the rate of extinction. We then determined the degree that energy limitation affected the spectrum of mutations as well
as the direction of evolution at the gene level. Our results suggest that the initial depletion of energy altered the direction
and rate of molecular evolution within each taxon, though after the initial depletion the rate and direction did not
substantially change. However, this consistent pattern became diminished when comparisons were performed across
phylogenetically distant taxa, suggesting that although the dynamics of molecular evolution under energy limitation are
highly generalizable across the microbial tree of life, the targets of adaptation are specific to a given taxon.
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Introduction
Organisms frequently encounter environments where growth
and reproduction cannot be maintained. This is particularly
true for microorganisms, where growth and reproduction are
often limited by the flux of exploitable energy (Hobbie and
Hobbie 2013; Hoehler and Jørgensen 2013; Lever et al. 2015).
The occurrence of microorganisms in these environments is
frequent enough that it has been argued that energy limita-
tion constitutes a general constraint on microbial metabolism
and growth (Morita 1988, 1993; Maitra and Dill 2015).
Because evolution is fundamentally a birth�death process
(Doebeli et al. 2017), if a microbial population does not go
extinct the extent that energy limitation constrains reproduc-
tion would in turn affect its subsequent evolution
(Shoemaker and Lennon 2018). However, the majority of
evolution experiments are performed in environments that
permit rapid growth and those that focus on energy limita-
tion are conducted with a single taxon (Ryan 1959; Finkel and
Kolter 1999; Avrani et al. 2017; Aouizerat et al. 2019; Gross et
al. 2020; Katz et al. 2021), limiting our ability to draw general
conclusions about the evolutionary effects of energy
limitation.

In order to understand how energy limitation alters mi-
crobial evolutionary dynamics it is necessary to first identify
patterns that consistently occur across taxa. These patterns
include the rate that de novo mutations accumulate, their
nucleotide spectra, and how they change in frequency over

time. Given that the majority of mutations are introduced
during genome replication (Kunkel 2004), once cells can no
longer reproduce the input of genetic variation should effec-
tively cease until environmental conditions improve and re-
production can resume. However, this prediction can be
violated if microorganisms in energy limited environments
continue to reproduce at an extremely low rate (Ryan
1959; Finkel and Kolter 1999), a phenomenon known as
“cryptic growth” (Banks and Bryers 1990), where genetic di-
versity can accumulate and environmental effects on the
nucleotide spectrum can occur (Saumaa et al. 2002;
Maharjan and Ferenci 2015, 2017, 2018; Chib et al. 2017;
Shoemaker and Lennon 2018).

However, the evolutionary effect of energy limitation is not
limited to the quantity and rate of change of genetic diversity.
Rather, certain genes repeatedly acquire mutations in energy
limited environments (Zambrano et al. 1993; Zambrano and
Kolter 1996; Finkel and Kolter 1999; Zinser and Kolter 2004;
Finkel 2006; Kram et al. 2017; Katz et al. 2021; Orsi et al. 2021).
These repeated evolutionary outcomes (i.e., parallel evolu-
tion) consistently occur across phylogenetically distant taxa
(Mart�ınez-Garc�ıa et al. 2003; Bacun-Druzina et al. 2007; Bruno
and Freitag 2011; Sewell et al. 2011; Helmus et al. 2012; Ratib
et al. 2021), suggesting that adaptation continues as the en-
vironment becomes increasingly depleted of exploitable en-
ergy. Though such studies rarely manipulate the degree of
energy limitation, contrast their observations to those from
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populations in energy-replete environments, or perform
comparisons across multiple taxa. These shortcomings pre-
vent us from determining whether the targets of molecular
evolution change as the environment transitions from an
energy replete to depleted state (i.e., divergent evolution) as
well as whether any such change in the direction of evolution
can be generalized across the microbial tree of life.

In this study, we examined the molecular evolutionary dy-
namics of energy limited microbial populations from six bac-
terial taxa that were propagated for �1,000 days, which were
chosen to maximize phylogenetic diversity subject to the con-
dition that they all grew in the same environmental conditions
(Bacillus, Caulobacter, Deinococcus, Janthinobacterium,
Pedobacter, and Pseudomonas). We manipulated energy lim-
itation by extending the time between transfer events, corre-
sponding to transfer times of 1, 10, and 100 days, which
allowed us to examine evolutionary outcomes across a range
of energy limitation regimes as well as taxa. We examined how
genetic diversity, the spectrum of mutations, and the distri-
bution of extinction events were affected by energy limitation.
We then examined the degree that energy limitation affected
the direction of molecular evolution across all taxa. Finally, we
determined whether phylogenetically diverse taxa converged
on similar molecular evolutionary outcomes within and across
energy limitation regimes.

Results
All 90 replicate populations from six phylogenetically diverse
taxa were transferred every 1, 10, or 100 days for 1,000 days

(fig. 1). Although extinction events occurred, we were able to
reconstruct the molecular fossil record of virtually all popu-
lations through pooled population sequencing, allowing us to
examine how mutations arose and changed in frequency over
time. We found that molecular evolutionary dynamics were
consistently affected by transfer time, our proxy for energy
limitation, across phylogenetically diverse taxa. In energy-de-
pleted environments, mutations accumulated at a faster rate
than expected based on the timescale of the experiment
across all taxa, though the molecular evolutionary dynamics
of 10- and 100-day regimes were more similar to one another
than either were to the 1-day regime. We found that the
spectrum of mutations was consistently affected by energy
limitation across all taxa, though the effect on the proportion
of nonsynonymous and synonymous polymorphisms (pN/
pS) was less consistent, suggesting that the strength of neg-
ative selection did not change as energy limitation increased.
By comparing the genes that acquired excess nonsynony-
mous mutations, we found a consistent pattern of divergent
evolution among all energy limitation regimes and taxa,
where, again, the 10- and 100-day transfer regimes had the
highest degree of similarity. However, this pattern of divergent
evolution was absent when comparisons were made at a
coarser phylogenetic scale, suggesting that it is unlikely that
the targets of molecular evolution under energy limitation
within a taxon can be generalized across the tree of life. The
recurrent patterns we observed within a given taxon leads us
to conclude that the rate and direction of molecular evolu-
tion consistently shifted across all taxa after energy depletion
occurred but remained relatively constant thereafter.

FIG. 1. A conceptual diagram illustrating the experimental protocol performed on each taxon. A single colony isolate was obtained from a given
taxon, grown overnight, and split into 15 flasks. Three sets of five flasks were transferred every 1, 10, or 100 days for�1,000 days, corresponding to
1,000, 100, and 10 transfers, respectively.
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Dynamics and Fates of Mutations under Energy
Limitation
Microbial populations continue to acquire genetic diversity
under energy limited conditions (Finkel and Kolter 1999),
though their quantitative dynamics are rarely examined. To
address this, we constructed a molecular fossil record for
�100 populations that evolved for�1,000 days (supplemen-
tary figs. S1�S6, Supplementary Material online). By examin-
ing the accumulation of mutations by time t as the sum of
derived allele frequencies (M(t)), we found that the accumu-
lation of mutations was fairly consistent across energy limi-
tation regimes, where M(t) typically saturated by day 500
(supplementary figs. S7�S12a�c, Supplementary Material
online). Although population genetic models have not been
proposed to describe the trajectory of M(t) over time, we can
provide an intuitive explanation for the saturating behavior
we observe. All populations were grown from single clonal
isolates, meaning that M(t) was initially zero and we would
expect it to rapidly increase as de novo mutations are ac-
quired. Because the population is finite, a finite number of
mutations can segregate at a given point in time, suggesting
that saturation occurs when the increase in M(t) due to mu-
tation and positive selection is roughly balanced by the de-
crease in M(t) due to negative selection and drift. A similar
consistency across treatments and taxa was found for the
change in M(t) between timepoints (DMðtÞ; supplementary
figs. S7�S12d�f, Supplementary Material online), suggesting
that these general molecular evolutionary patterns were not
affected by energy limitation.

By examining the relationship between M(t) and the de-
gree of energy limitation, we were able to determine the
degree that different taxa continued to acquire mutations
under energy limitation. If cell division completely stopped
once the environment was exhausted of energy and the ma-
jority of de novo mutations were acquired due to genome
replication errors, then the number of mutations M(t) should
decay as the time between transfers increased. All taxa devi-
ated from this prediction, where the slope was consistently
greater than the null expectation (b1 > �1; fig. 2a�f). This
deviation was extreme in certain cases, as the slopes of
Pseudomonas and Pedobacter were virtually zero, indicating
that the amount of accumulated genetic diversity remained
highly similar despite the wide range of energy limitation
regimes. Conversely, the slope of Bacillus was closest to the
null expectation.

Surprisingly, very few mutations appeared to fix over the
course of 1,000 days, even in populations that were trans-
ferred daily (supplementary figs. S1�S6, Supplementary
Material online). Using a previously developed Hidden
Markov Model-based approach (Good et al. 2017), we con-
firmed this observation by assigning each mutation a final
state (i.e., fixed, extinct, or polymorphic; fig. 2g and supple-
mentary figs. S7�S12, Supplementary Material online). The
comparative absence of fixations made it difficult to compare
substitution rates between treatments and taxa due to the
excess number of zeros. However, some general conclusions
could still be made. Beyond the low number of fixation

events, only Pedobacter and Bacillus experienced a sharp de-
cline in fixation events as the time between transfers in-
creased (fig. 2g). Although there is no obvious explanation
for the disparity in the former, the sharp decline in Bacillus
was likely driven, again, by its ability to form protective
endospores.

Despite the lack of fixations, it was clear that few muta-
tions reached frequencies � 0:4 in 10- and 100-day transfer
regimes, even if the change in M(t) remained constant (sup-
plementary figs. S7�S12, Supplementary Material online).
Leveraging this observation, we examined the distribution
of the maximum observed frequency of all mutations (fmax)
to infer whether the trajectories of mutations varied among
energy limitation regimes. We found that the distribution of
fmax in the 1-day transfer regime was clearly distinct from the
10- and 100-day regimes, whereas the latter two regimes
largely overlaped (fig. 2h). Direct comparison of fmax cumula-
tive distributions confirmed this, as the mean Kolmogorov–
Smirnov distance between all combinations of energy limita-
tion regimes was significant (permutational ANOVA:
F¼ 1.63, P¼ 0.0430). The mean distance remained high for
1 versus 10-days and 1 versus 100-days comparisons, but
notably dropped for 10 versus 100-days comparisons (fig.
2h). This drop in fmax suggests that the trajectory of de
novo mutations was altered after the initial depletion of ex-
ploitable energy, where nominally beneficial mutations could
not continue to increase in frequency.

We note the absence of any segregation of intermediate-
frequency mutations (i.e., clade formation) across all taxa and
transfer regimes. This observation seemingly contrasts with
the repeated emergence of quasi-stable clades in an experi-
ment with similar energy limitation regimes conducted over a
similar evolutionary timescale with Escherichia coli (Behringer
et al. 2018, 2019) as well as the proposal that the emergence
of clades is a general feature of microbial evolution (Good and
Hallatschek 2018). The lack of structure in our experiment
was likely caused by differences in experimental design, as our
experiment was performed in well-mixed flasks rather than
test tubes with a lack of headspace (Behringer et al. 2018,
2019), meaning that there was no spatial structure that could
promote the emergence of population genetic structure.
Though experimental design does not entirely account for
the lack of structure, as other evolution experiments using
well-mixed flasks have documented the emergence of coex-
isting clades, the Long-term Evolution Experiment (LTEE)
with E. coli being the most notable example (Good et al.
2017). However, the average timescale for the emergence of
new clades in the LTEE was �16,000 generations, far longer
than our longest experimental timescale of �3,000 genera-
tions. This disparity in evolutionary timescales suggests that
although energy limitation alone is insufficient to promote
the emergence of multiple clades on short-evolutionary time-
scales, we cannot rule out the possibility of clades eventually
emerging if the experiment had continued.

The Molecular Spectra of De Novo Mutations
We determined the degree that energy limitation affected the
spectrum of mutations by examining the transition rates of all
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mutations at 4-fold redundant sites. By performing dimen-
sionality reduction on a population-by-spectra matrix (i.e.,
PCA), we found that replicate populations largely grouped
by their energy limitation regime (supplementary fig. S13,
Supplementary Material online). A permutational multivari-
ate analysis of variance (PERMANOVA) test using a permu-
tation structure that controlled for taxon identity confirmed
this observation (F¼ 5.77, P < 10�4). By examining the fac-
tor loadings, we found the nucleotide spectra that are corre-
lated with the first and second principal components
(supplementary table S1, Supplementary Material online).
The transversion A : T! C : G was highly correlated with
the first principle component (q2

Pearson ¼ 0:91; P < 10�4)
whereas the transition A : T! G : C was correlated with
the second (q2

Pearson ¼ 0:76, P¼ 0.002), suggesting that these
mutational spectra were affected by energy limitation.

Expanding our scope from synonymous mutations, we
examined the spectrum of nonsynonymous and synonymous
mutations to determine the degree that positive and negative
selection change as energy limitation increases. Given the lack

of fixation events within populations in 10- and 100-day
transfer regimes, our comparative analyses were limited to
polymorphic mutations. However, we were able to leverage
the large number of mutations we observed to compare the
ratio of nonsynonymous to synonymous polymorphisms
(pN/pS) between transfer regimes, which we examined as a
function of fmax rather than as a single snapshot so that we
could control for the qualitatively different mutation trajec-
tories found in each energy limitation regime. In general, we
found that pN/pS remained considerably less than 1 as fmax

increased, 1-day Janthinobacterium being the sole exception
and only for fmax > 0.4 (fig. 3e). This result is consistent with
the hypothesis that negative selection predominantly occurs
across microbial genomes (Hahn 2018; Garud et al. 2019). To
determine whether the relationship between fmax and pN/pS
varied by energy limitation regime, we calculated the mean
absolute deviation (MAD) for each taxon across all pairs of
energy limitation regimes. We found that the mean absolute
deviation (6 standard error) in pN/pS was greater between
the 1-day transfer regime and the 10- and 100-day transfer

FIG. 2. (a�f) The relationship between mutations and transfer time varied across taxa and deviated from the null expectation (gray dotted line).
However, the slope of Bacillus was the closest to the null expectation, consistent with the interpretation that dormancy acted as an evolutionary
buffer. A t-test was performed on Janthinobacterium instead of a regression due to the high extinction rate of populations in the 10-day energy
limitation regime. (g) The total number of fixation events was fairly low and highly variable regardless of treatment. (h) As an alternative analysis,
we examined the empirical cumulative distribution of the maximum frequency that mutations reached fmax for each taxon-treatment combi-
nation. To examine which energy limitation regimes were similar, we calculated the mean Kolmogorov�Smirnov distance among all taxa for a
given pair of energy limitation regimes (inset figure in (h), black bars represent the standard error of the mean). Samples from a Gaussian have been
added to the x-axes of (a�f) for visibility.
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regimes ( �MAD1;10 ¼ 0:13060:0262; �MAD1;100 ¼ 0:13360:0251)
than for the latter two regimes ( �MAD10;100 ¼
0:078560:0166). This pattern is consistent with the observa-
tion that the molecular evolutionary dynamics were affected
by the initial depletion of energy and remained relatively
constant as the degree of energy limitation increased.
However, through a permutational ANOVA, we found that
the difference in �MAD over our three treatment comparisons
was not significant (F¼ 1.12, P¼ 0.446), suggesting that any
change in the strength of negative selection as energy limita-
tion increased was weak relative to the overall strength of
negative selection operating across all regimes.

Although a complete explanation for the expected rela-
tionship between fmax and pN/pS is beyond the goals of this
study, it is worth discussing the notable “U” shape exhibited
by many taxon-treatment combinations (fig. 3). Assuming
that a typical nonsynonymous mutation confers a fitness
benefit, we would expect nonsynonymous mutations to
reach a higher frequency than those that are neutral.
Suppose that nonsynonymous mutations are primarily ben-
eficial. In this scenario, as we increase fmax, we would expect
pN/pS to also increase. Contrastingly, suppose instead that
nonsynonymous mutations are primarily deleterious. We
would then expect that the typical nonsynonymous muta-
tion would reach a lower frequency than the typical neutral
mutation, as it cannot reach a frequency greater than the

inverse of the population scaled strength of selection 1=Njsj
known as the drift barrier (Lynch et al. 2016; Cvijovi�c et al.
2018). In this scenario, as we increase fmax we expect pN/pS to
decrease. Putting these two pieces together, we have con-
structed a heuristic explanation for the U-shape of fmax versus
pN/pS, where the lower point of the curve reflects a transition
from deleterious to beneficial effects among nonsynonymous
mutations. A rigorous explanation for this empirical pattern is
a potential avenue of future research.

The majority of populations survived the experiment,
though many Caulobacter, Janthinobacterium, and
Pedobacter replicate populations repeatedly went extinct.
Because all replicate populations were initially genetically
identical, the dispersion of extinction events within a treat-
ment contained information about whether the rate of ex-
tinction was contingent on a population’s evolutionary
history. If the per-generation rate of extinction was sufficiently
rare and an independent process, we would expect that the
distribution of extinction events would follow a Poisson dis-
tribution. However, if mutations acquired by a given popula-
tion over the course of the experiment affected the
probability of extinction (i.e., historical contingency), the dis-
tribution should be overdispersed relative to a Poisson. By
comparing the coefficient of variation (CV) calculated from
empirical data (CV) to a null distribution generated from
Poisson sampling, we found that extinctions in the 10-day

FIG. 3. (a�f) We examined the ratio of the number of nonsynonymous to synonymous polymorphic mutations contingent on the maximum
frequency that a mutation reached (fmax). Generally, values of pN/pS remain less than one across all transfer-regimes and taxa, suggesting the
negative selection was highly prevalent.
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transfer regime was overdispersed for Pedobacter and
Janthinobacterium (table 1). This result suggests that muta-
tions acquired over the course of the experiment contributed
to repeated extinction events in at least two taxa. It is worth
noting that these two taxon-treatment combinations had the
highest mean number of extinction events (�next), suggesting
that historically contingent extinction events regularly oc-
curred under energy limitation across phylogenetically distant
taxa, but that an insufficient number of extinction events
occurred in our experiment to detect said signal in all
taxon-treatment combinations.

Parallel, Divergent, and Convergent Evolution within
Each Taxon
To identify potential targets of adaptation, we examined the
set of genes that acquired more nonsynonymous mutations
than expected based on gene size within each energy limita-
tion regime for each taxon (i.e., genes that contributed to
parallel evolution). We first calculated the number of non-
synonymous mutations pooled across replicate populations
at each gene after adjusting for gene size (i.e., multiplicity;
Good et al. 2017) and tested whether nonsynonymous muta-
tions were nonrandomly distributed across genes (supple-
mentary information, Supplementary Material online). We
easily rejected this null hypothesis for all taxon-treatment
combinations (P < 10�4; supplementary figs. S15�S20a,
Supplementary Material online). We note the presence of a
small cluster of genes where the mean maximum observed
allele frequency was fairly high (�f max > 0:5), but multiplicity
was low (supplementary figs. S14�S19b, Supplementary
Material online). The formation of this cluster was likely
driven by the fact that few mutations reached appreciable
frequencies, which would decrease multiplicity given that it is
weighted by total number of mutations in the population
(supplementary information, Supplementary Material on-
line). However, few genes acquired more than one high fre-
quency mutation, meaning that we were unable to identify
the set of significantly enriched genes conditioned on a min-
imum fmax. Instead, we determined whether parallelism at the
gene level was dependent on allele frequency by selecting for
mutations with a minimum value of fmax and calculating the

likelihood difference of the enrichment of nonsynonymous
mutations at certain genes across the genome versus no such
enrichment (D‘). We found that D‘ typically increased with
fmax across energy limitation regimes for the majority of taxa
(supplementary fig. S14, Supplementary Material online),
which is consistent with the hypothesis that higher frequency
mutations were primarily driven by positive selection across
energy limitation regimes. A list of genes with at least one
fixed mutation and the number of mutations with fmax � 0:8
(excluding synonymous mutations) for each taxon-treatment
combination is provided in supplementary table S2,
Supplementary Material online.

Using the set of genes that contributed to parallel evolu-
tion within each energy limitation regime for each taxon, for a
given pair of energy limitation regimes we asked whether the
evolved features of these genes were more similar or different
than expected by chance. Operating under this broad defini-
tion of convergent and divergent evolution at the molecular
level, we first examined whether the same genes were con-
sistently enriched. Across taxa, the vast majority of genes that
were enriched within a given treatment were enriched across
all treatments (supplementary figs. S21�S25, Supplementary
Material online), which would suggest that convergent rather
than divergent evolution occurred. Simulations modeled on
the probability distribution describing the null expectation
(eq. 1) confirmed this observation, as the proportion of genes
that were enriched within both energy limitation regimes
for a given pair was consistently greater than expected by
chance for all pairwise combinations of energy limitation
regimes across all taxa (fig. 4a; supplementary table S3,
Supplementary Material online). However, the degree of con-
vergent evolution across pairs of energy limitation regimes
was not equal, as the 10-day versus 100-day comparison had a
stronger degree of convergence than all other comparisons
(fig. 4a). This result builds on our above observations, provid-
ing evidence that the largest shift in the direction of evolution
occurred shortly after the environment was depleted of ex-
ploitable energy.

Although our definition of convergent/divergent evolution
as the proportion of genes that were enriched across energy
limitation regimes provided insight, it was likely too coarse an
approach as it only considered gene identity. Assuming that
each energy limitation manipulation acted as a slight pertur-
bation on the rate of molecular evolution at each gene, gene
identity alone would likely be insufficient to detect divergent
evolution and would generally suggest convergent evolution
of varying degrees. A direct comparison of mutation counts
supports this claim, as the set of genes that were enriched
across multiple energy limitation regimes consistently differed
in the number of mutations acquired (supplementary figs.
S15�S20d�f, Supplementary Material online). To quantify
this potential divergence, we defined convergent and diver-
gent evolution as the degree that the correlation of mutation
counts between energy limitation regimes (q) was greater or
less than expected by chance. To determine whether a given
value of q constituted convergent or divergent evolution, we
generated a null distribution by randomizing combinations of
mutation counts while controlling for the total number of

Table 1. The Distribution of Extinction Events among Replicate
Populations Suggest Historical Contingency due to the Acquisition
of De Novo Mutations in Certain Taxa Within the 10-Day Transfer
Regime.

Taxon Transfer (d.) �next CV PBH

Caulobacter 10 1.2 0.97 0.409
100 0.6 0.82 0.837

Pedobacter 10 5.4 0.74 0.03
100 3.2 0.31 0.837

Janthinobacterium 10 7.6 0.75 0.005
100 1.0 1.1 0.409

NOTE.—By comparing the coefficient of variation (CV) of the number of extinction
events to a null distribution calculated from simulations from a Poisson distribu-
tion generated using the mean number of extinction events (�next), we determined
whether historical contingency occurred within a given taxon-treatment combi-
nation. All taxon-treatment combinations where at least three replicate popula-
tions went extinct were examined.
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mutations acquired within each treatment and gene. By ex-
amining the standardized q (Zq) of each taxon, we found that
divergent evolution consistently occurred across all combina-
tions of energy limitation regimes (fig. 4a and b). Similar to
our analysis on gene identity, we found that the mean Zq

across taxa was closest to the null expectation for compar-
isons between 10- and 100-day transfers (fig. 4c). The differ-
ence in the degree of divergent evolution was statistically
significant (F¼ 3.13, P¼ 0.0439; fig. 4d) and what we

observed was consistent with the reoccurring pattern of
the evolutionary dynamics in the 10- and 100-day energy
limitation regimes having greater similarity to one another
than either one did to the 1-day regime.

Divergent and Convergent Evolution across Taxa
Although divergent and convergent evolution could readily
be examined among populations within the same taxon, a
similar analysis could not be performed among all

FIG. 4. (a) By defining convergent/divergent evolution as the degree that the proportion of genes that are enriched across treatments is greater or
less than expected by chance, we find evidence of convergent evolution across the genome for all pairwise treatment combinations across taxa. (b)
A permutational ANOVA indicates that the degree of convergent evolution varied across treatments, the 10- and 100-day energy limitation
regimes being the most similar. (c) By examining the number of mutations within each gene, we can determine whether convergent or divergent
evolution occurred within genes that were enriched for mutations by calculating the correlation coefficient between each pair of energy limitation
regimes and standardizing it to a null distribution for each taxon. Here, standardized correlations less than zero correspond to divergent evolution
whereas the opposite suggests convergence. In general, divergent evolution consistently occurred between all pairs of energy limitation regimes.
Although 10- and 100-day transfer regimes are more similar to each other than either are to the 1-day regime, the difference is borderline
significant using a permutational ANOVA (d) controlling for taxon identity. Black bars in both plots represent standard errors and each color
scheme represents a given pair of energy limitation regimes.
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phylogenetically diverse taxa due to the lack of shared gene
content. Instead, it was necessary to map genes that were
enriched for mutations to higher levels of biological organi-
zation that were present in all taxa. Therefore, we mapped
genes to their functional modules using the Metabolic And
Physiological potentiaL Evaluator (MAPLE) (Arai et al. 2018),
where we found several modules that were consistently hit
across three or more taxa. To test whether this observation
was significant, we simulated random draws of genes that
were then mapped to their respective modules, from which
we generated null rank curves for the number of modules
that were hit across all possible combinations of taxa. We
found that the observed decay curve deviated from our null
expectation (fig. 5a), but only up until four taxa for 1- and
100-day transfers. This pattern suggests that convergent evo-
lution did occur among taxa within the limits of energy re-
pletion (1-day) and depletion (100-days), though the ability
to detect this convergence dissipated as additional taxa were
included. This reduced rate of decay was driven, at least in-
part, by shared evolutionary history, as the similarity in

enriched MAPLE modules decays with phylogenetic distance
for 1- and 100-day transfer regimes (fig. 5d). We note that
although this trend was only significant for 1-day transfers,
the slope for the 10-day treatment was virtually zero and the
lack of a significant slope in the 100-day treatment can be
explained by the low number of nonsynonymous mutations
acquired by populations within that treatment, limiting our
ability to identify enriched MAPLE modules and inflating the
number of observations with zero overlap.

Although there were consistent patterns of convergent
evolution across phylogenetically diverse taxa within the 1-
day and 100-day energy limitation regimes, there remained
the question of whether each regime acquired nonsynony-
mous mutations in a distinct set of modules. In other words,
it was necessary to determine whether energy limitation con-
tinued to affect the direction of molecular evolution when all
taxa are examined together instead of on an individual basis.
By constructing a module-by-taxon/treatment matrix and
performing PCA, we found that taxon-treatment combina-
tions tended to cluster together by taxon identity rather than

FIG. 5. (a�c) By comparing the observed decay of the number of MAPLE modules as the number of taxa increases to the null expectation, we can
see that observed curve tended to decay at a slower rate than the null for 1- and 100-day transfer regimes, suggesting that convergent evolution
occurred in those treatments. (d) By examining the relationship between the degree of overlap in the set of enriched MAPLE modules (i.e., the
Jaccard index) and the phylogenetic distance of a given pair of taxa, we then examined whether the degree of molecular convergent evolution was
correlated with the amount of shared evolutionary history. The distance–decay relationship was significant for the 1-day transfer regime and was
quite strong, though ultimately not significant for the 100-day regime, whereas the slope was virtually zero for the 10-regimes. This result suggests
that the convergent evolution illustrated in a and c was driven by shared evolutionary history, where convergent evolution was more likely among
phylogenetically similar taxa. (e) PCA was performed to determine whether different MAPLE modules were enriched across different treatment
groups (i.e., divergent evolution). Generally, data points tended to cluster together by taxon identity rather than treatment. This result suggests
that the signal of divergent evolution between energy limitation regimes that we observed in figure 4 did not persist at a coarse-grained functional
level, a conclusion that is supported by the fact that effect of treatment was not significant via PERMANOVA.
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their energy limitation regime (fig. 5e). A PERMANOVA test
supports this observation (fig. 5e). Although there was no
evidence of genome-wide divergent evolution between en-
ergy limitation regimes when comparisons were made at a
higher phylogenetic level, we identified individual modules
that may be of interest to future research efforts (table 2).
Overall, there was a high degree of overlap among energy
limitation regimes, where Coenzyme A biosynthesis was the
only module enriched in at least two taxa within a single
transfer regime. Iron complex transport systems also
appeared to be slightly more enriched in 100-day transfer
regimes, a micronutrient that has been shown to be essential
for the survival of microorganisms in energy limited condi-
tions (Lacour and Landini 2004; Helmus et al. 2012).

Discussion
We found that the molecular evolutionary dynamics of phy-
logenetically distant taxa were consistently altered as energy
limitation increased. In general, genetic diversity accumulated
to a higher level than what we would expect if cellular division
stopped after populations exited their exponential phase of
growth after a single day. This consistent deviation suggests
that some degree of cellular division continued while the
population remained in an energy limited state, as it is doubt-
ful that mutation alone would be capable of driving de novo
mutations to detectable frequencies. Although the biological
mechanism responsible for this continued reproduction can-
not be identified from mutation trajectory data, it is likely due
to surviving cells scavenging dead cells, the only available
resource, for energy (Bradley et al. 2018; Shoemaker et al.
2021). This hypothesis is supported by the observation that
the slope of Bacillus was closest to the null out of all taxa
examined, which was likely due to Bacillus being the only
taxon capable of forming nonreproductive endospores that
buffer the accumulation of de novo genetic diversity (Blath et
al. 2016; Shoemaker and Lennon 2018). Though Pseudomonas
and Pedobacter were noted outliers, where energy-limited
populations accumulated similar quantities of genetic diver-
sity as energy-replete populations. A prior study found evi-
dence that these taxa are capable of surviving energy-
limitation and reproducing by recycling dead cells, which

may explain how genetic diversity continued to be acquired
after the populations exited their exponential phase of
growth and the extreme values exhibited in Pseudomonas
and Pedobacter populations (Shoemaker et al. 2021). This
dynamic may be further compounded by the accumulation
of mutations between replication events (Gangloff et al. 2017;
Gangloff and Arcangioli 2017).

Comparisons of the molecular dynamics of different en-
ergy limitation regimes revealed that the frequency trajecto-
ries of mutations and the spectrum of nonsynonymous and
synonymous polymorphic mutations pN/pS had higher sim-
ilarity between 10- and 100-day regimes than either one did
to the 1-day regime. A similar pattern was also found in our
analyses of the direction of molecular evolution at the gene
level, where the degree of divergent evolution was at its low-
est for comparisons made between 10- and 100-day regimes
across taxa. Furthermore, the nucleotide mutation spectra of
energy-limited populations were consistently altered across
taxa, suggesting that mutations acquired between transfer
events contributed toward the patterns of diversity we ob-
served. These altered dynamics are likely partially due to the
effects of stress in energy-depleted environments on the mu-
tation spectrum, which has been noted in prior studies
(Saumaa et al. 2002; Maharjan and Ferenci 2015, 2017, 2018;
Chib et al. 2017; Shoemaker and Lennon 2018). This recurring
pattern of populations in 10- and 100-day treatments being
more similar to one another than either were to the 1-day
treatment suggests that the main effect of energy limitation
on molecular evolution occurred shortly after the popula-
tions exited their exponential phase of growth, an observation
consistent with recent findings documenting the physiologi-
cal and cellular changes that microorganisms incur after en-
ergy depletion and may be relevant to clinical contexts (Kram
et al. 2020).

Despite the generality of the effect of energy limitation on
the molecular evolutionary dynamics within a given taxon,
the signal of this pattern dissipated when comparisons were
made between phylogenetically distant taxa. By coarse-
graining genes to a higher level of functional annotation,
we found that convergent evolution occurred among phylo-
genetically distant taxa within certain energy limitation
regimes. However, the same biological functions contributed

Table 2. The Number of Taxa with Genes within a MAPLE Module That Were Enriched for Nonsynonymous Mutations.

Number of Taxa Enriched/Total Number of Taxa

ModuleID Module Type Description 1-day 10-days 100-days

M00307 Pathway Pyruvate oxidation 2/6 1/5 1/6
M00360 FuncSet Aminoacyl-tRNA biosynthesis 3/6 1/5 3/6
M00258 Complex Putative ABC transport system 4/6 2/5 3/6
M00049 Pathway Adenine ribonucleotide biosynthesis 4/6 2/5 1/6
M00083 Pathway Fatty acid biosynthesis 3/6 2/5 3/6
M00125 Pathway Riboflavin biosynthesis 3/6 1/5 1/6
M00015 Pathway Proline biosynthesis 3/6 1/5 3/6
M00048 Pathway Inosine monophosphate biosynthesis 3/6 1/5 3/6
M00120 Pathway Coenzyme A biosynthesis 2/6 0/5 0/6
M00240 Complex Iron complex transport system 2/6 2/5 3/6

NOTE.—Only modules that were enriched in at least two taxa within a given treatment regime were included. There is a large amount of overlap between transfer-regimes,
suggesting that highly conserved genes contributed towards adaptation in similar ways in energy-deplete and -replete environments.
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to these signals of convergent evolution in energy repleted
and depleted environments. Alternatively stated, although
phylogenetically distant taxa acquired mutations at the
same molecular targets within certain energy limitation
regimes and divergent evolution occurred between energy
limitation regimes within each taxon, the statistical signal of
divergent evolution was lost when comparisons were made
among all taxa. This lack of signal suggests that although
energy limitation can consistently alter the rate and direction
of molecular evolution in predictable ways, the targets of
adaptation likely vary across phylogenetically distant taxa.

The lack of biological functions enriched for mutations
within a specific energy limitation regime casts doubt on
whether universal contributors towards adaptation can be
identified by comparing evolve-and-resequence experiments
from phylogenetically distant taxa. The absence of such con-
tributors contrasts with the consistent effect that energy lim-
itation has on evolutionary dynamics within a given taxon.
This supposed contradiction can be resolved by accounting
for the observation that energy limitation effects birth�death
dynamics in a consistent manner across the microbial tree of
life (Shoemaker et al. 2021), whereas proposing that different
cellular mechanisms contribute towards adaptation within a
given taxon. To compensate for this lack of signal, we argue
that future efforts to investigate adaptation in energy limited
environments should focus on characterizing the cellular
effects of mutations that reach high frequencies. This ap-
proach, redolent of the framework of evolutionary cell biology
(Lynch et al. 2014; Lynch and Trickovic 2020), would circum-
navigate the issue of annotation conservation and allow
researchers to instead examine conserved cellular features
that contribute to adaption across phylogenetically distant
taxa.

Materials and Methods

Long-Term Evolution under Energy Limitation
Energy limitation was manipulated by extending the time
between transfers for microbial populations. We performed
our energy limited evolution experiments using the following
microbial taxa: Bacillus subtilis NCIB 3610 (ASM205596v1),
Caulobacter crescentus NA1000 (ASM2200v1), Deinococcus
radiodurans BAA-816 (ASM856v1), Janthinobacterium sp.
KBS0711 (ASM593795v2), Pedobacter sp. KBS0701
(ASM593864v2), Pseudomonas sp. KBS0710
(ASM593804v2). A single colony was isolated from each
taxon and grown in 10 ml of PYE media with 0.2% glucose
and 0.1% casamino acids (2 g bactopeptone, 1 g yeast extract,
0.3 g MgSO4�7 H2O, 2 g dextrose, 1 g casamino acids in 1 l E-
Pure H2O with 50 ml of a 10 g/ml cycloheximide solution
added after autoclaving to prevent fungal contamination)
in a 50-ml Erlenmeyer flask. A cultured flask of each taxon
was transferred once a day for two days before being split
between 15 flasks. Five replicates of each taxon were trans-
ferred as 1-ml aliquots into 9 ml of medium every 1, 10, or
100 days for �1,000 days. All flasks were organized in a 25 �C
shaker at 250 RPM such that no two populations of the same

taxon were adjacent. One- and 10-day treatments were cry-
opreserved in 20% glycerol at�80 �C on days 30, 60, and 100
in 100-day increments, whereas 100-day treatments were
cryopreserved every 100 days. Every 100 days biomass was
cryopreserved for sequencing, where biomass was centri-
fuged, decanted, and flash frozen with liquid nitrogen and
placed into a �80 �C freezer until DNA extraction was per-
formed. We tested for contamination by plating media and
examining colonies every 100 days, as all taxa had distinct
colony coloration, colony morphology, and media coloration.
The sole contamination we found was the growth of airborne
fungi during the first 100 days of our experiment, which we
prevented by adding cycloheximide to the media and adding
a UV light to the air filter of the shaker.

Given that log 2ð10Þ � 3:3 generations per-transfer, over
a maximum of 1,000 days this experiment amounted to an
evolutionary timescale of 3,300, 330, and 33 generations for 1-,
10-, and 100-day transfers, respectively. Although we tested all
taxa to make sure that they could survive 10 and 100 days
without media replenishment, two 100-day Pedobacter pop-
ulations and four 10-day Janthinobacterium populations re-
peatedly went extinct starting at day 400. Because of this
reduction in temporal resolution we excluded 10-day
Janthinobacterium populations from our analyses.

Signals of Historical Contingency in the Distribution of
Extinction Events
We compared, the CV calculated from the observed distribu-
tion of extinction events to its null. Under a Poisson distribu-
tion, the CV is CVPois ¼

ffiffiffi
k
p

=k ¼ k�
1
2 and observed values of

CV greater than this null indicate that extinction events are
overdispersed. Using the mean number of extinction events
�next as an estimate of k for all taxon-treatment combinations
where at least three replicate populations went extinct, we
generated null Poisson distributed extinction events using
numpy v1.16.4. Multiple testing correction was performed
for the P-values using the Benjamini–Hochberg procedure
at a ¼ 0:05.

Phylogenetic Reconstruction
The 16S rRNA gene of each taxon was amplified via PCR using
8F and 1492R primers and reaction conditions previously
described (Lennon et al. 2012). PCR products were purified
using the QIAGEN QIAquick PCR Purification Kit and Sanger
sequenced at the Indiana Molecular Biology Institute (IMBI)
at Indiana University Bloomington (IUB). Sequences were
aligned using SILVA INcremental Aligner v1.2.11 (SINA)
(Pruesse et al. 2012). Phylogenetic reconstruction was per-
formed using Randomized Axelerated Maximum Likelihood
v8.2.11 (RAxML) (Stamatakis 2014) with the General Time
Reversible model, gamma distributed rate variation, and
bootstrap convergence criteria set to autoMRE. The 16S
rRNA sequence of Prochlorococcus marinus subsp. marinus
str. CCMP1375 (NC_005042) was used as an outgroup.
Phylogenetic distance was calculated using the ETE Toolkit
(Huerta-Cepas et al. 2016).
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Library Construction and Sequencing
Cryopreserved biomass samples were mixed with 1 ml of a
50 mg/ml lysozyme (Dot Scientific DSL38100-10) E-Pure H2O
solution and incubated at 37 �C for 60 min. DNA extractions
were performed using Qiagen DNeasy UltraClean Microbial
Kits. Libraries were constructed out of 1,337 samples.
Approximately 30% of Illumina libraries were constructed
in-house with the Nextera DNA Library Preparation Kit
(Illumina, FC-121-1030) using a protocol based off of previ-
ously published protocols (Picelli et al. 2014; Baym et al. 2015).
These libraries were sequenced as paired-end reads on an
Illumina HiSeq 2500 at the University of New Hampshire
Hubbard Center for Genome Studies. All remaining samples
were constructed as Illumina Nextera DNA paired-end
2�150 bp libraries by the Center for Genomics and
Bioinformatics at Indiana University and sequenced on a
Illumina NextSeq 300. A target depth of 100-fold coverage
was set for all libraries, though we ultimately obtained a mean
coverage of 195.0 6 6.67 across samples.

Variant Calling and Analysis
The first 20 bp of all reads were trimmed and all read pairs
where at least one pair had a mean Phred quality less than 20
were removed cutadept v1.9.1 (Martin 2011). Candidate var-
iants were identified using a previously published approach
(Good et al. 2017). We provide a brief summary of the
method in the supplement, including a high-level overview
of the procedure, modifications made to accommodate our
experimental design, and key parameter settings. To estimate
the frequency of the mth mutation in the pth population for
all significant candidates, we used the naive estimatorbf pmt ¼ Apmt=Dpmt, where A is the coverage of the alternative
allele and D is the total depth of coverage. We examined the
accumulation of mutations by time t as the sum of derived
allele frequencies MðtÞ �

P
m
bf mt for each population. The

change in M(t) between two timepoints was defined as
DMðtÞ � log 10½MðtÞ=Mðt� 1Þ	. The maximum observed
frequency of a given mutation over T observations was de-
fined as fmax � max

�
ffðtÞ : t ¼ 1; . . . ; Tg

�
, where f(t) is

the mutation frequency at time t. Nucleotide transitions for
all six spectra were counted at all mutations that occurred at
4-fold redundant sites. The ratio of nonsynonymous to syn-
onymous polymorphic mutations pN/pS was corrected by
the number of nonsynonymous and synonymous sites within
a genome. We examined pN/pS for values of fmax that were
found across all taxa and treatments.

Principal component analysis was performed on the n� p
matrix X containing p relativized nucleotide transitions for all
n populations using scikit-learn v0.23.1 (Pedregosa et al.
2011). Significant factor loadings were determined by creating
permutation arrays p ¼ ðp1;p2; . . . ; ppÞ, where pj is a per-
mutation of the n populations for the jth transition. This
permutation array generates the permuted data matrix Xp,
on which PCA was performed and null factor loadings were
calculated. We performed 10,000 iterations and P-values were
calculated by comparing observed factor loadings to their null
distribution. A permutational multivariate ANOVA

(PERMANOVA) was performed using a modified pseudo-F
statistic to account for unequal covariance (Anderson et al.
2017). We used a permutation matrix that permuted treat-
ment labels within each taxon, allowing us to control for
taxon identity.

Within-Taxon Parallel and Convergent/Divergent
Evolution
For the purpose of this analysis, genetic parallelism is defined
as the degree that the distribution of observed nonsynony-
mous mutation counts across genes deviates from the null
expectation account based on gene size (i.e., multiplicity).
Genes with significant multiplicity were identified using a
previously published approach (Good et al. 2017). To briefly
summarize, we begin by calculating the multiplicity of a gene
of size Li with ni mutations of size as mi ¼ ni 
 �L

Li
, where �L is

the mean gene size in the genome. Under our null hypothesis,
all genes have the same multiplicity �m ¼ ntot=Ngenes. We then
quantify the net increase of the log-likelihood of the alterna-
tive hypothesis relative to the null across the genome as
D‘ ¼

P
i ni log ðmi=�mÞ. Additional details regarding this ap-

proach and how significant genes are identified can be found
in its original publication (Good et al. 2017) and in the
Supplementary Material online.

Divergence and convergence as the presence or the ab-
sence of enriched genes across energy limitation regimes
within a given taxon was tested by determining whether
the size of the intersection of the set of genes with significant
multiplicity across treatments within a taxon was greater
than (convergence) or less than (divergence) expected by
chance. This can be performed by extending the hypergeo-
metric distribution to the multivariate case, where the prob-
ability that m treatments have k intersecting genes is

PðjI1 \ I2 \ 
 
 
 \ Imj ¼ kÞ ¼

Ngenes

k

0
@

1
A

Ym
i¼1

Ngenes

jIij

0
@

1
A

�
XminfjI1j;jI2j


jImjg�k

j¼0

ð�1Þj
Ngenes � k

j

0
@

1
A

�
Ym
l¼1

Ngenes � j� k

jIlj � j� k

0
@

1
A

(1)

where Il represents the set of genes that are significantly
enriched for nonsynonymous mutations in the lth treatment
and j 
 j represents its cardinality. However, given that
Ngenes � Oð103Þ, it can be prohibitive to calculate and mul-
tiply all binomial coefficients inside the sum and the fact that
the cardinality varied across treatments prevented us from
approximating the sum as a Gaussian distribution. Instead, we
simulated the process described by equation (1) to determine
whether the Jaccard similarity of gene content between two
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treatments (JðIi; IjÞ ¼ jIi \ Ijj=jIi [ Ijj) was greater or less
than expected by chance.

Building off of prior results (Shoemaker and Lennon 2020),
the degree of divergent versus convergent evolution among
enriched genes was determined using the squared Pearson’s
correlation of relative multiplicities (li ¼ mi=

P
mi) for

each pair of energy limitation regimes. Null correlation coef-
ficients were calculated by constructing a gene-by-regime
mutation count matrix for each pair of energy limitation
regimes within each taxon and randomizing combinations
of mutation counts constrained on the total number of
mutations acquired within each gene across treatments
and the number of mutations acquired within each treat-
ment (i.e., the row and column sums of the matrix). This
randomization was performed using a Python implementa-
tion (Baak et al. 2020) of the ASA159 algorithm (Patefield
1981). Correlation coefficients were calculated from the ran-
domized matrices 10,000 times and the observed coefficients
were standardized relative to their respective null distribu-
tions (Zq).

Among-Taxa Convergent Evolution
Because few genes are present among all of the taxa we chose,
it is difficult to determine whether the same gene acquired
more mutations than expected by chance across multiple
taxa (i.e., evolutionary convergence among taxa within the
same energy limitation regime). To determine whether evo-
lutionarily distant taxa acquired similar mutations, we
grouped genes at higher levels of biological organization. To
do this, we first inferred the metabolic pathway composition
of all taxa using the Metabolic And Physiological potentiaL
Evaluator (MAPLE v2.3.1; Arai et al. 2018). MAPLE was run
using bi-directional best hit with NCBI BLAST on KEGG genes
and modules version 20190318 using all bacteria and archaea
in the database. MAPLE output files for the module pathways,
signatures, and complexes present in all six taxa were filtered
for query coverage values of 100% and merged into a single
file for each taxon. A map was created using RefSeq protein
IDs and KEGG annotations for each taxon and KEGG anno-
tations were obtained for each gene with significant multi-
plicity. These KEGG annotations were mapped to the subset
of MAPLE modules that passed our filtering criteria, where we
finally generate a MAPLE module-by-taxon presence absence
matrix. PERMANOVA was performed using the same ap-
proach, but with a modified permutation matrix that only
permuted treatment labels within a given taxon.

Mapping the enriched genes to a higher level of biological
organization required our null statistical model to be more
complex than what was described in equation (1). First, not
all genes in all genomes are able to be annotated by KEGG.
Second, KEGG annotated genes can be part of multiple
MAPLE modules. That is, the relationship between the set
of KEGG genes and MAPLE modules is not, strictly speaking, a
mathematical function. However, because we are only inter-
ested in the degree of overlap in MAPLE modules across taxa
within a given treatment we do not need to define the map
between KEGG and MAPLE annotations. Rather, we can gen-
erate a null distribution for the size of intersecting sets of

MAPLE modules by randomly sampling KEGG genes, map-
ping them to MAPLE pathways, and generating null MAPLE
pathway-by-taxon matrices. Because each taxon has a distinct
annotation, we set the number of significant genes that also
had KEGG annotations as the sample size. Significance of a
given intersection set size was established by comparing ob-
served data to the null distributions, where for set intersec-

tions with multiple combinations we summed over the n
k

� �
possible combinations for k intersections among n total taxa.
Significance of the relationship between phylogenetic dis-
tance and the Jaccard index of MAPLE modules was assessed
by comparing the slope obtained by ordinary least squares
regression to a null distribution generated by calculating the
OLS slope of the permuted variables for 10,000 iterations.
Slope significance of distance–decay relationships was done
as previously described (Nekola and White 1999), where the
absolute difference in slope values between a given pair of

transfer regimes (bi;j
1 ) was compared with a null distribution

generated by randomly permuting treatment labels and cal-
culating the difference in slopes.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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