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Microorganisms commonly inhabit energy-limited ecosystems
where cellular maintenance and reproduction is highly con-
strained. To gain insight into how individuals persist under such
conditions, we derived demographic parameters from a collection
of 21 heterotrophic bacterial taxa by censusing 100 populations
in an effectively closed system for 1,000 d. All but one taxon
survived prolonged resource scarcity, yielding estimated times
to extinction ranging over four orders of magnitude from 10°
to 10° y. Our findings corroborate reports of long-lived bacteria
recovered from ancient environmental samples, while providing
insight into mechanisms of persistence. As death rates declined
over time, lifespan was extended through the scavenging of dead
cells. Although reproduction was suppressed in the absence of
exogenous resources, populations continued to evolve. Hundreds
of mutations were acquired, contributing to genome-wide sig-
natures of purifying selection as well as molecular signals of
adaptation. Consistent ecological and evolutionary dynamics indi-
cate that distantly related bacteria respond to energy limitation in
a similar and predictable manner, which likely contributes to the
stability and robustness of microbial life.

longevity | microbial ecology | life history | necromass |
molecular evolution

M icroorganisms are the most abundant and diverse group of
organisms on the planet. Their metabolic repertoire and
capacity for rapid reproduction across environmental conditions
help catalyze and regulate the biogeochemical processes that sus-
tain life on Earth. Yet, microorganisms are often challenged by
energy supplies that barely meet their basal metabolic demands
(1-5). As a result, many microorganisms in nature rest on the
cusp of life and death (1, 6-9). For example, more than half
of the microbial cells in the global ocean reside in deep sedi-
ments or underneath continental plates where exploitable energy
is vanishingly small (10). In permafrost-dominated ecosystems,
which cover roughly 25% of Earth’s surface (11), microorgan-
isms must survive for extended periods of time between freeze-
thaw events before reproduction is favorable (12). Even in the
mammalian gut, which is commonly viewed as a resource-rich
environment, microorganisms must tolerate feast-or-famine con-
ditions if they are to survive passage and colonize new hosts (13).
Despite being recognized as a universal constraint, the ecological
and evolutionary dynamics that emerge under thermodynam-
ically unfavorable conditions are rarely examined. Identifying
the mechanisms by which energy limitation affects microbial
populations has the potential to reshape our understanding of
microbiomes in environmental, engineered, and host-associated
ecosystems.

Across the tree of life, organisms are confronted with how
to best allocate energy in order to maintain homeostasis when
resources are scarce. Microorganisms have evolved a wide array
of traits that can extend their lifespan and maximize fitness
in energy-limited environments (3, 14). While some taxa have
the flexibility to generate ATP using different combinations of
electron acceptors and electron donors, other organisms are
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specialized in the assimilation of unique substrates or the con-
servation of energy by temporarily suspending their metabolic
activities (15-19). Ultimately, variation in such strategies con-
tributes to the assembly of complex communities, but the degree
to which functional traits extend the lifespan of a typical microor-
ganism is relatively unknown, even though energy limitation has
important implications for the diversity, stability, and persistence
of microbial systems (17, 20-23).

When energy inputs approach zero, habitats can take on the
properties of a closed system (24). This limit occurs when the
residence time of a system is extremely long, a characteristic
that commonly arises in disparate environments, including lakes,
soils, and glaciers (25-28). Under such conditions, dispersal is
restricted and resource supply rates are governed by endoge-
nous dynamics that involve the internal recycling of materials
and energy (29-31). For example, dead cells can be scavenged
by surviving individuals to meet their maintenance requirements
and support limited cellular division (32). However, the extent

Significance

Energy limitation is a widespread phenomenon that gov-
erns microbial processes ranging from the metabolism of
individual cells to the functioning of the biosphere. By track-
ing the population dynamics of diverse bacterial taxa under
prolonged starvation, we identified common strategies that
sustain life. Although bacteria have the capacity to reproduce
on timescales of minutes to hours, we predict that populations
can persist for hundreds to thousands of years, placing upper
bounds on microbial lifespans. While the dynamics observed
in our long-term experiment were driven by a reduction in
death rates, cryptic birth events generated mutations that
fueled evolution. Our findings shed light on cellular longevity
with implications for biodiversity in extreme environments
that dominate vast expanses of Earth.

Author contributions: W.R.S., S.E.J., B.K.L, and J.T.L. designed research; W.R.S.,
M.E.M., and B.K.L. performed research; W.R.S., M.G.B., and B.K.L. contributed new
reagents/analytic tools; W.R.S., S.E.J., and M.G.B. analyzed data; and W.R.S., S.E.J.,
M.E.M., M.G.B., B.K.L,, and J.T.L. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

See online for related content such as Commentaries.

"To whom correspondence may be addressed. Email: williamrshoemaker@gmail.com or
lennonj@iu.edu.

2present address: Institute of Arctic Biology, University of Alaska Fairbanks, Fairbanks,
AK 99775.

3Present address: Department of Biology and Wildlife, University of Alaska Fairbanks,
Fairbanks, AK 99775.

“Present address: Department of Biological Sciences, Vanderbilt University, Nashville, TN
37232.

This article contains supporting information online at https:/www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2101691118/-/DCSupplemental.

Published August 12, 2021.

https://doi.org/10.1073/pnas.2101691118 | 1of8

>
o
(=)
o}
=
o
(=]
[
=)
=



http://orcid.org/0000-0003-0111-4838
http://orcid.org/0000-0001-7036-6014
http://orcid.org/0000-0003-3126-6111
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1073/pnas.2101691118
mailto:williamrshoemaker@gmail.com
mailto:lennonj@iu.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101691118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101691118/-/DCSupplemental
https://doi.org/10.1073/pnas.2101691118
https://doi.org/10.1073/pnas.2101691118
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2101691118&domain=pdf

Downloaded at University of California Digital Library on August 12, 2021

to which necromass recycling can sustain biological systems is
unclear. Demographic properties such as population size, along
with birth and death processes, dictate the size and flux of the
necromass pool. Ultimately, this internally generated resource
will diminish over time because the amount of exploitable energy
released by a dead cell is less than the amount of energy
required to build a new cell (33). Fundamentally, these ther-
modynamic constraints place hard limits on the persistence and
evolution of populations in an effectively closed system. Never-
theless, genetic and phenotypic changes arise in model organisms
when they are exposed to prolonged starvation under labo-
ratory conditions, a phenomenon known as growth advantage
in stationary phase (34-40). Similar observations have been
made in natural environments. Selection at the molecular level
has been documented in the deep biosphere where microbial
biomass in the marine subsurface turns over on a timescale
of hundreds to thousands of years, owing to extreme energy
limitation (41). Yet in other instances, energy-limited bacte-
ria have been reported to be evolutionarily static over geologic
timescales (42).

Using a combination of comparative and experimental
approaches, we characterized the ecological and evolutionary
dynamics of energy-limited bacteria. We conducted survival
analyses on 100 populations belonging to 21 bacterial taxa in an
effectively closed system with zero resource inputs over 1,000 d.
We assessed variation in key demographic parameters, with an
emphasis on how necromass recycling alters the net popula-
tion growth rate using metabolomics, functional traits, dynamical
models, single-cell metabolic assays, and estimates of cellular
division. Genetic manipulations allowed us to quantify how pro-
tective structures (endospores) affect cellular lifespan and the
time to extinction for energy-limited populations. Last, we evalu-
ated the extent to which bacteria evolve under energy limitation

A Micrococcus sp. KBS0714 B

Arthrobactersp. KBS0703 C

by quantifying the frequency of de novo mutations and the
strength of purifying selection while testing for signatures of
adaptation at the molecular level. Together, this multifaceted
approach allowed us to identify the predictable ways in which
phylogenetically diverse taxa survive and evolve in energy-limited
environments.

Results and Discussion

Over the course of 1,000 d, nearly all bacterial populations sur-
vived conditions of extreme energy limitation. Using the Weibull
distribution, we determined that the net population growth rate
(births — deaths) increased over time, a pattern exhibited by all
but one taxon (Fig. 1). We identified a strong inverse relation-
ship between the initial flux of cell death (do- N(0)) and the
change in the net population growth rate (k) (Fig. 2), consis-
tent with the interpretation that starved cells can meet their
maintenance energy requirements through necromass recycling.
Multiple lines of evidence support the view that these changes
in net population growth rate were driven by a decrease in
death rates. Based on this information, we derived estimates of
longevity as the mean time to death of a cell (T ~10° to 103
d) and the mean time to extinction of a population (T~
10° to 10° y) (Fig. 2), which we put into context with literature-
reported estimates for plant and animal species. Although
extreme energy limitation placed constraints on metabolism and
reproduction, pooled sequencing revealed signatures of puri-
fying selection and adaptation, which taken together provide
insight into the ecology and evolution of populations in a closed
system.

Net Population Growth Rates Increase over Time under Energy Limi-

tation. We tracked the density of nearly 100 populations belong-
ing to a diverse collection of chemoorganoheterotrophic bacteria

Bacillus sp. KBS0812
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Fig. 1. The shape of the survival curves was highly variable among energy-limited bacterial taxa maintained in an effectively closed system. The rate
of decay for Micrococcus sp. KBS0714 (A) was near-linear on a semilog scale, indicating that the net population growth rate did not change with time
(k=0.96 = 1). In contrast, the survival curves of Arthrobacter sp. KBS0703 (B) and Bacillus sp. KBS0812 (C) exhibited clear curvature, meaning that the
net population growth rate increased over time (D). We used maximum likelihood while correcting for false discovery rate (o« = 0.05) to formally compare
survivorship with (Weibull) and without (exponential) curvature. With the exception of Micrococcus sp. KBS0714, the survival curves for all taxa were best
fit by the Weibull distribution. Across taxa, there was no phylogenetic signal associated with the survival-curve parameters (Materials and Methods and

SI Appendix, Fig. $10) (LR =7.6, Apage =0, P=10.009).
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Fig. 2. (A) Populations with more deaths [larger dj - N(0)] had a larger increase in the net population growth rate over time (smaller k), a finding that
is consistent with predictions based on the necromass recycling hypothesis (Eqg. 2), illustrated in B. (C and D) Using these demographic parameters, we
examined the mean time to death (T,) and the time to extinction (Tex). In A, long-dashed black and gray lines represent predicted values from the fixed
effect and phylogenetic regressions, respectively. The dotted black lines represent 95% confidence hulls, while the horizontal dotted gray line represents the
value of k if the net population growth rate did not change over time, which would be expected if the survivorship curves followed a negative exponential
relationship. Black bars in C represent twice the SE, and the gray vertical dashed line represents the mean across all taxa.

(SI Appendix, Table S1) that were maintained under controlled  ecological and evolutionary dynamics as having emerged in an
conditions in a pH-buffered solution without an external supply effectively closed system.

of electron donors. Although samples were taken over time for With the resulting time series, we performed survival analyses
population censusing via colony-forming unit (CFU) counts, this  using the Weibull distribution (Eq. 1). This model is commonly
had minimal effect on the volume and headspace of the experi- used in engineering, sociology, and manufacturing to charac-
mental units (Materials and Methods). As such, we interpret the  terize the reliability of a system by estimating the amount of
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time until an event takes place (43). Demographers also use
the Weibull distribution to describe patterns and elucidate the
underlying processes that contribute to population dynamics. In
addition to the scale parameter dp, which estimates the initial
per-capita death rate, the Weibull generates a shape parame-
ter k that characterizes how populations change over time. For
example, when k£ =1, a constant fraction of individuals is lost at
each time step, resulting in a first-order survivorship curve that
appears linear on a semilogarithmic plot. When & > 1, the sur-
vivorship curve accelerates, a phenomenon this often associated
with the wear-out of a device or the senescence of aging individ-
uals. Last, survivorship curves can take on a decelerating form
(k < 1), indicating that the net population growth rate increases
over time, due to either more births or fewer deaths.

Nearly all of the survival curves deviated from first-order
decay. Although a deceleration in survivorship has previously
been observed (44-46), a comparative investigation of this pat-
tern with diverse taxa over an extended period of time has not
been conducted. For more than 90% of the energy-limited pop-
ulations, we observed that k£ < 1, meaning that net population
growth rates (births — deaths) increased over time (Fig. 1 and S/
Appendix, Figs. S1-S3). Model comparison based on likelihood
ratios confirmed that the Weibull distribution best explained the
survival curves for all except one taxon. In contrast to other
bacteria, survivorship for Micrococcus sp. KBS0714 was best
explained by an exponential model (k = 1). It is worth noting that
all replicate populations belonging to this taxon went extinct by
day 300 (Fig. 1D).

Although the Weibull was generally very effective at fitting our
survivorship data, we explored other models that might provide
insight into the population dynamics of energy-limited microor-
ganisms. For example, the Gompertz model has been used to
describe the dynamics of plant and animal populations (47), but
it performed poorly with our data. We also considered that a
decelerating survivorship might reflect phenotypic heterogeneity
within a bacterial population. However, the Weibull consis-
tently outperformed a biexponential model that incorporated
mortality rates for different cell types (SI Appendix, Fig. S4).
Therefore, in the following sections, we explore how an internally
generated resource (necromass) contributed to changes in the
net population growth rates of bacteria in an effectively closed
system.

Cellular Recycling Likely Sustained Energy-Limited Populations.
Given the prevalence of the demographic pattern across taxa,
we sought a common explanation for the curved form (k
<1) of the survivorship data. In an effectively closed system,
we hypothesized that microorganisms meet their maintenance
energy requirements and generate new biomass by consuming
the one resource that can accumulate over time: necromass.
We assumed that the initial flux of necromass (R) into the sys-
tem was proportional to the initial number of cellular deaths,
defined here as the initial number of cells times the initial per-
capita death rate [OR; « do - N(0)]. Based on this logic, if an
increase in the net population growth rate was due to viable
cells scavenging dead cells for energy, then we would expect & to
decrease as the initial number of dead cells increased. We found
that this was the case, based on the strong inverse relationshisp
between the two variables (tig=—7.85, 2 =0.67, P <107°)
(Fig. 2A4), which was also robust at the taxon level based on
the results from a mixed model analysis. The linear relation-
ship also provides a compelling explanation for why Micrococcus
sp. KBS0714, the taxon with smallest do- N(0), consistently
went extinct.

To further investigate the necromass recycling hypothesis, we
characterized the fate of dead cells in our populations. Based on
single-cell metabolic assays, the change in the proportion of dead
cells varied across taxa, but it was nowhere near the expected
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value of ~ 1 if dead cells had accumulated over 1,000 d (Mate-
rials and Methods and SI Appendix, Fig. S5). The lack of dead
cells suggested that substantial decomposition occurred over the
course of the experiment. As expected, concentrations of cellu-
lar components in the dissolved fraction of the populations were
very low. Metabolites at day 1,000 were undetectable for all five
taxa examined (S Appendix, Fig. S6), and amino acid levels were
below the mass spectrometer detection limits for Bacillus (SI
Appendix, Fig. ST). Given that the number of cell deaths after
1,000 d exceeded 10° (~ 10%/mL), our data are consistent with
the interpretation that the surviving cells consumed appreciable
quantities of necromass.

Other lines of evidence lend additional support to the necro-
mass recycling hypothesis. We documented a strong relation-
ship between k and lag time, which reflects the amount of
time it takes for a population to enter an exponential growth
phase under energy-replete conditions (t19 =3.38, 72 =0.37,
P =0.0.0013) (SI Appendix, Fig. S8). This pattern suggests that
populations benefiting from necromass consumption also have
a shorter lag time. Such an outcome is predicted by kinetic
models of cellular reproduction, where lag time increases if
cells lack sufficient resources to maintain autocatalytic pro-
cesses (48-50). Last, we were able to reproduce empirical trends
from our survival analysis using a simple dynamical model that
allowed for changes in the net population growth rate as a
consequence of necromass uptake according to Monod kinetics
(Eq. 2 and Fig. 2B).

Reduced Death Rates Likely Increased Net Population Growth.
While massive cell die-off dominated the early phase of our
experiment, survival curves alone cannot determine whether
demographic changes over time were due to a decrease in death
rate or an increase in birth rate. It is very difficult to quantify
birth rates in energy-limited populations that are out of equi-
librium with a low net population growth rate. Therefore, we
used the index of replication (iRep), a sequence-based proxy
of birth rate where a value of 1 indicates that no cells were
reproducing, whereas a value of 2 indicates that all cells were
dividing (51). This approach revealed that on average, 50%
(iRep = 1.49) of the energy-limited bacteria were reproducing
on day 1,000. However, there was no statistically significant rela-
tionshig between iRep values and & (SI Appendix, Fig. S9) (t13 =
0.69, 7* =0.036, P =0.500), suggesting that birth rate alone was
insufficient to drive the increase in the net population growth
rate. Moreover, there was no relationship between k£ and the
maximum growth rate (max, approximately equal to the maxi-
mum birth rate) in energy-replete environments, which we would
expect if an increase in the net population growth rate was pri-
marily driven by a large increase in birth rate. Last, the fact that
no de novo mutations fixed over 1,000 d in any population indi-
cates that very few generations occurred during our experiment.
Taken together, the number of estimated birth events was insuf-
ficient to explain the observed increase in the net population
growth over time.

Although variation in k£ was primarily due to decreasing death
rates, our study provides insight into the birth dynamics of
populations in an effectively closed system. When biomass was
sufficient, we performed pooled population sequencing to obtain
estimates for the maximum size of a mutant lineage [fmax -
N(1,000) ~ Ny ; Table 1] by multiplying the maximum fre-
quency of all de novo mutations by the final population size at
day 1,000. Because 2> 95% of mutations were unique to a given
population, we can safely assume that the majority of mutant
lineages within a population arose after the initial culture was
split into replicates (Materials and Methods). If lineages subse-
quently increased in size according to a pure birth branching
process, the number of generations required to create a lineage
of size Ny iS logs(Nmu). Accordingly, we calculated a mean
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Table 1. Demographic estimates inferred from sequence data across taxa

Taxon Nmut f fmax brmin T, days bmin/N(1,000)
Pseudomonas sp. ATCC13985 208 0.14 0.64 7.30 x 10° 50 0.30
Arthrobacter sp. KBS0702 359 0.078 0.34 1.30 x 10° 65 0.12
Curtobacterium sp. KBS0715 79.3 0.14 0.56 1.20 x 10° 66 0.20
Flavobacterium sp. KBS0721 53.2 0.13 0.40 4.90 x 10* 75 0.14
Oerskovia sp. KBS0722 79.3 0.098 0.45 1.60 x 10° 53 0.17
Rhodococcus sp. KBS0724 53.0 0.1 0.32 8.90 x 10* 69 0.088
Burkholderia sp. KBS0801 29.0 0.14 0.41 5.50 x 10° 55 0.15

The terms f and fnax represent the mean and maximum observed mutation frequency calculated from a
mean of npyy: mutations in a population, respectively. The term by, is the minimum number of cell divisions as a
binary branching process calculated from fmax. T; is the mean time to cell division using bmin, and bmin /N(1, 000)
is the percent that birth events contributed to the curvature at day 1,000.

generation time of (logy(Nyu)/1,000 d)~' 260 — 75 d, which
is three orders of magnitude larger than the doubling time mea-
sured under energy-replete conditions (52). Continuing with the
branching process assumption, we calculated the minimum num-
ber of birth events (bmin ) necessary to generate Ny, individuals
and compared that estimate to N(1,000) with and without the
survivorship curvature (%), which allowed us to arrive at an esti-
mate for the contribution of birth events to the increase in N (¢)
over time. Because virtually all populations declined by several
orders of magnitude in the first 100 d, the number of individ-
uals at day 1,000 would be zero if the net population growth
rate did not increase over time. This observation allowed us to
estimate the minimum contribution of births to the difference
in N (1,000) if the net population growth rate did not increase

over time, resulting in a range of % ~0.08 to 0.3 (Table 1).
While this calculation is admittedly coarse, it bolsters the claim
that births cannot be the dominant demographic force in our

study.

Longevity and Extinction Were Taxon Specific. Given that energy-
limited population dynamics were driven by a decrease in death
rates, we were able to use the Weibull parameters to esti-
mate the lifespan of a cell. We found that the mean time
until death T, ranged from ~ 10° to 10° d (Fig. 2C), with a
mean T, among all taxa of ~17 d and clear taxon-specific
lifespans (Fao,73 =41.97, P < 10~ '°). These results suggest that
increases in the net population growth rate over time (¢ <
1) resulted in a substantial, but variable, extension of lifes-
pan across phylogenetically diverse taxa. Such findings have
the potential to inform biospherics research, which focuses on
the dynamics of material cycling and energy flow in closed
ecosystems (24).

By specifying a lower observational threshold, we were also
able to calculate the expected time to extinction for energy-
limited populations (Materials and Methods and SI Appendix).
For the majority of taxa, Te. ranged from 10° to 10? y, with
Bacillus being an extreme case with a Tey of ~ 10° y (Fig. 2D).
While the timescales of these estimates extend far beyond what
can be observed, they provide valuable information that is oth-
erwise challenging to obtain. For example, estimates of T, can
inform ecological and evolutionary models that consider long-
lived individuals with low metabolic activities (seed banks) (17,
21, 23). Given that T,y can be viewed as the maximum lifespan
of a microbial cell since, by definition, extinction occurs when the
last individual has died, we can compare our estimates to values
reported for other groups of organisms. For example, the maxi-
mum lifespan of vertebrates is between ~ 10%° and 10> y (14,
53), a range that is nested within that of bacterial lifespans. Our
findings are also on par with microbial T inferred from phy-
logenetic analyses, where the range of T for birds was nested
within the range of bacteria (54).
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To further investigate the limits of longevity among diverse
taxa, we compared our estimates of T,y to those of seeds, adap-
tive structures that allow many plants to survive through unfavor-
able conditions. Typically, plant biologists report the longevity of
seeds based on their half-life (74 ,2), a quantity that can read-
ily be derived from our survival analyses. We estimated that the
half-life of an energy-limited bacterium is ~ 10™* to 10~ 2 y. This
range is lower than T/, values reported for 195 angiosperm
species (~ 1072 to 107%5 y) (55), suggesting that the lifespan
of a bacterial cell is shorter than that of a typical plant seed.
An exception to this generalization is Bacillus with an estimated
Tyjg~ 10** y. This estimate is two orders of magnitude greater
than the longest reported half-life of a seed at ~107%%* y and is
comparable to the T}, of seeds maintained in cold storage for
the express purpose of life extension (56).

Of the taxa included in our study, Bacillus was an outlier in
terms of its longevity. It would seem reasonable to attribute its
Teu to its ability to form protective endospores, which are some
of the most biologically inert forms of life. Even though its val-
ues of N - dp and & do not deviate from the relationship observed
among all other taxa (Fig. 24), this consistency could arise if
a large portion of the Bacillus populations remained in a veg-
etative state instead of forming endospores (~ 70% vegetative
cells) (57, 58). In any case, the degree to which endospore for-
mation affects Ty and Ty remains unknown. To address this, we
constructed a Bacillus mutant strain with a deletion of spollE,
a gene that is essential for the formation of endospores. We
then conducted an 80-d survivorship experiment with replicate
populations of the non-spore-forming mutant (AspollE) and
the spore-forming wild type under energy-limited conditions (S/
Appendix). Both strains exhibited qualitatively similar survival
curves, although k was consistently higher for AspollE. Despite
the similarity in shape (SI Appendix, Fig. S11), the disruption
of endospore formation had a strong effect on longevity, reduc-
ing Ty by 95% and T.. by 98%. Nevertheless, the longevity of
AspollE remained high in comparison to other taxa, suggesting
that this singular, yet complex, trait was not solely responsi-
ble for the longevity of Bacillus. Instead, our data suggest that
necromass recycling, and perhaps other persistence strategies,
contribute to the exceptional longevity of Bacillus and its close
relatives in energy-limited environments.

Evolutionary Dynamics over 1,000 d. While the number of birth
events was low, we investigated evolutionary dynamics from
pooled population sequencing. The distribution of mutation
frequencies (site frequency spectra) shared a qualitatively sim-
ilar form across taxa (SI Appendix, Fig. S12), consistent with
the similar population dynamics that arose across taxa under
energy limitation. Indeed, summary statistics revealed that site
frequency spectra were highly skewed, such that the differ-
ence between the mean number of pairwise differences and the
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number of segregating sites (Tajima’s D, Dr) was greater than
zero for all examined taxa (SI Appendix, Fig. S13). This pattern
is consistent with strong bottlenecking events that accompany
a rapid reduction in population size. Indeed, k¥ was marginally
correlated with D7 (81 = —3.10, P =0.052), suggesting that the
observed values of Dr were driven in part by the demographic
history of the system (SI Appendix, Fig. S14). However, since
all replicates of a given taxon started from a single clone and
very little standing genetic variation was shared across taxa, there
was initially very little diversity that could undergo a bottleneck
during the initial reduction in population size. This seemingly
contradictive result can be resolved by considering an alterna-
tive demographic model, one where mutations initially increased
in frequency, only to contract once necromass was depleted.
Despite the strong bottlenecking that likely occurred due to
the rapid decline in population size early in our experiment,
there was evidence that natural selection operated over the
course of 1,000 d. The ratio of genome-wide nonsynonymous
to synonymous polymorphic mutations (pN /pS) was less than
1 for the majority of taxa (Fig. 3), a signal of purifying selec-
tion that has been found in microbial populations in the deep
biosphere (59, 60). We then searched for potential targets of pos-
itive selection by identifying the set of genes that acquired more
nonsynonymous mutations than expected by chance. We found
that nonsynonymous mutations were nonrandomly distributed
across genes in all taxa examined, a potential signal of adaptive
evolution (Dataset S2 and SI Appendix, Fig. S15). By map-
ping genes to their higher-level functions, we identified cellular
features that contributed to adaptation across multiple taxa, sug-
gestive of convergent evolution. Three pathways were enriched
for nonsynonymous mutations in two out of seven taxa: lysine
biosynthesis (M00016), pyrimidine biosynthesis (M00053), and
branched-chain amino acid transport (M00237). The nonsynony-
mous mutations acquired in these pathways did not introduce
stop codons. Rather, the missense mutations point to path-
ways that likely contributed to adaptation through modification
and refinement, rather than loss of function. For example, the
enrichment of lysine and pyrimidine biosynthesis pathways may
be involved in more efficient necromass uptake, whereas the
enrichment of transporters has previously been documented in
populations of starving bacteria (36, 38, 61). While the lack of fix-
ation events was convenient for making demographic inference,
it ultimately limits our ability to make concrete claims about

Oerskoviasp. KBS0722 —_—
1
Arthrobactersp. KBS0702 .'-IP °
Curtobacterium sp. KBS0715 [ ) —;—00
Burkholderiasp. KBS0801 —;—
Flavobacterium sp. KBS0721

Rhodococcussp. KBS0724

Pseudomonas sp. ATCC13985 { ®ee2-®

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Ratio of nonsynonymous

) N
to synonymous mutations, %5

Fig. 3. The ratio of nonsynonymous to synonymous mutations (pN/pS)
within each taxon provides evidence for purifying selection under extreme
energy limitation. The expected value in the absence of positive or purifying
selection is represented by a dashed gray vertical line. The solid black sym-
bol represents the mean within a given taxon across replicate populations,
and the black bars represent twice the SE. Asterisks indicate that the mean is
significantly less than 1 according to a left-tailed one-sided t test after false
discovery rate correction.
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the contribution of mutations toward adaptation under energy
limitation.

Conclusion

In many habitats, the residence time of resources and individu-
als is long enough that they approach the limit of an effectively
closed state. Under such conditions, metabolism and demog-
raphy are governed by the internal dynamics of the system.
By tracking replicate populations of energy-limited bacteria for
an extended period of time under highly controlled conditions,
we demonstrated that the turnover of dead cells fueled the
population dynamics of diverse taxa and held important conse-
quences for persistence and longevity. Bacterial cells survived
for ~10° to 10® d in the absence of an external resource sup-
ply, contributing to a population-level extinction timescale of
~10° to 10° y. While bacteria have some of the shortest genera-
tion times among autonomous self-replicating organisms, at the
same time, we find that their lifespans are comparable to some
of the longest-lived plants and animals on the planet. Necromass
recycling not only contributed to the maintenance of energy-
limited cells but also allowed them to reproduce and evolve
through natural selection. We hypothesize that necromass recy-
cling has likely played a role in shaping the historical and ongoing
dynamics of natural populations in effectively closed ecosystems
that occupy vast expanses of Earth.

Materials and Methods

Constructing Survival Curves. We used a well-characterized collection of 21
bacterial taxa, the majority of which were isolated from soil ecosystems.
The collection included representatives from four phyla, seven classes, nine
orders, and 16 families and genera (S/ Appendix, Table S1) that exhib-
ited variation in a suite of functional traits, including biofilm production,
motility, desiccation tolerance, maximum growth rate, and respiration (52).
Before initiating the experiment, we inoculated single colony isolates of
each taxon into 50 mL Erlenmeyer flasks containing 20 mL of R2B medium.
The flasks were incubated at 25 °C and shaken at 150 rpm. Before reach-
ing stationary phase, cultures were split into 50 mL Falcon tubes and then
pelleted at 4,500 rpm. We discarded the supernatant and washed the cells
five times with pH 7.1 phosphate buffered saline (PBS) to remove resid-
ual medium. We began the survival-curve experiment by dispensing washed
cells from each taxon into replicate (n = 4 to 8) 50 mL Falcon tubes contain-
ing 25 mL of buffered PBS. The populations were maintained in the dark at
25 °C. We tracked cell densities over time by sampling 10 to 100 pL from
each population in a HEPA-equipped fume hood to reduce the risk of con-
tamination. Each sample removed 0.2% of the initial volume. By the end of
the experiment, the cumulative sampling amounted to 12% of the initial
volume, which led to a modest increase (6%) in the headspace. With each
sample, we plated dilutions onto R2A plates and counted the number of
CFUs. For most taxa, colonies formed within < 48 h, but we tracked plates
for up to 2 wk to allow for the emergence of slow-growing individuals. The
experiment was run until day 1,000 or until the population went extinct.

Performing Survival Analysis. We statistically modeled the survival of each
population over time using the Weibull distribution:

S(t) = exp {7(do - t)k}, [

where dj is a scale parameter that represents the initial per-capita death
rate, k is a shape parameter that describes how the death rate of the sys-
tem changes over time, and 5(t) is the proportion of surviving individuals
at time t. Because all populations were in environments with no exogenous
resource supply, we interpret initial changes in N(t) to be the result of death
events. We compared models (k=1 vs. k# 1) using the form of the like-
lihood ratio test provided by Wilks’ theorem. Using the estimated Weibull
parameters, we calculated the mean time to death (lifespan) of a cell as
Ty =d;11"(1 + 1/k), where T is the gamma function. The statistical rela-
tionship between k and dj - N(0) was examined using a mixed-effects linear
model via the Imer function (S/ Appendix) (62). We estimated the marginal
coefficient of determination r2, using the r.squaredGLMM function from the
MuMiIn package (63). We estimated the confidence hull with a semipara-
metric bootstrapping approach using the bootMer function from Imer and
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phylogenetic linear regression using phylolm (64). All survival analyses were
conducted in R v3.5.0 (65).

Necromass Recycling Model. To explore potential mechanisms underlying
the observed survival curves, we examined the dynamics of a system where
viable cells (N) die at an initial death rate (dp) and enter a pool of dead cells
(Ng) (66). In this model, dead cells decay into a necromass resource pool (R)
at rate (5) with a given amount of resources per cell (c). Viable cells con-
sume necromass according to Monod kinetics, where V. is the maximum
uptake rate of necromass and K is the half-velocity constant. Together, we
used the following system of equations to model the change in net popu-
lation growth rate (m) when maintenance energy costs can be met via the
consumption of necromass:

ON 1 VmaxR

— =N — —do |, 2a
ot (m Kz LR °> [2a]
AN
NI _ o — SNy, 2b
ot o o [2b]
OR VmaxR

— =cdgNg — N——. 2c
5t oNg ket R [2c]

Mutation Calling. To characterize the molecular evolution of bacteria under
extreme energy limitation, we performed pooled population sequencing on
all replicate populations with sufficient biomass after 1,000 d. We concen-
trated biomass using MilliporeSigmaAmiconUltra Centrifugal Filter Units.
The resulting pellets were resuspended in 1 mL of PBS, centrifuged, and
decanted before DNA was extracted using a MoBio UltraClean Microbial
DNA lIsolation Kit. We prepared libraries using the NEXTflexRapid DNA-Seq
Kit (Bioo Scientific) and conducted paired-end sequencing with an Illu-
mina NextSeq 500 High Output for 150 cycles. Raw reads were cleaned
and trimmed using cutadapt (67). Mutations were then mapped to hybrid
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de novo assembled Nanopore and lllumina genomes (see SI Appendix
for additional details) and called with breseq v0.32.0 (68). We examined
mutations in taxa with at least three replicates with a minimum mean
genome-wide coverage of 50. Genome-wide likelihood ratios, pN/pS, and
gene-specific multiplicity scores were calculated using publicly licensed code
(69). We tested whether pN/pS was less than 1 in each taxon using a
left-tailed one-sided t test and corrected for multiple testing using the
Benjamini-Hochberg procedure from statsmodels (70). The same test was
used to determine whether Tajima’s D Dy was greater than 1 (S/ Appendix).
Additional information on genetic diversity calculations can be found in
SI Appendix.

Data Availability. We used open-source computing code and custom
scripts to complete our analyses. Raw reads used for assembly are
available on the Sequence Read Archive, and assemblies are available
through the National Center for Biotechnology Information, with acces-
sion numbers listed in Dataset S4. The raw reads from evolved lines are
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