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Abstract

Fluctuations in the availability of resources constrain the growth and reproduction of individuals, which subsequently affects the evolution
of their respective populations. Many organisms contend with such fluctuations by entering a reversible state of reduced metabolic activity,
a phenomenon known as dormancy. This pool of dormant individuals (i.e. a seed bank) does not reproduce and is expected to act as an
evolutionary buffer, though it is difficult to observe this effect directly over an extended evolutionary timescale. Through genetic manipula-
tion, we analyze the molecular evolutionary dynamics of Bacillus subtilis populations in the presence and absence of a seed bank over
700 days. The ability of these bacteria to enter a dormant state increased the accumulation of genetic diversity over time and altered the
trajectory of mutations, findings that were recapitulated using simulations based on a mathematical model of evolutionary dynamics. While
the ability to form a seed bank did not alter the degree of negative selection, we found that it consistently altered the direction of molecu-
lar evolution across genes. Together, these results show that the ability to form a seed bank can affect the direction and rate of molecular

evolution over an extended evolutionary timescale.
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Introduction

Nature is rarely static. Temporal fluctuations in abiotic and biotic
environmental factors often reduce the rate that an organism
can grow and reproduce. To contend with such fluctuations,
many species enter a reversible state of reduced metabolic activ-
ity, an adaptation known as dormancy (Lennon and Jones 2011).
In this state, individuals can endure environmental stressors un-
til they subside, a temporary cessation of short-term reproduc-
tive efforts to increase long-term reproductive gains. This
evolutionary trade-off, and the life-history strategies through
which it is implemented, has received substantial attention by
means of theoretical (Venable and Lawlor 1980; Venable and
Brown 1988; Jones and Lennon 2010; Vitalis et al. 2013; Buoro and
Carlson 2014; Rubio de Casas et al. 2015) and empirical investiga-
tions (Hairston et al. 1999; Huang et al. 2010; Tellier et al. 2011),
spurred in part by the observation that dormancy has indepen-
dently evolved multiple times across the tree of life (Guppy and
Withers 1999; Willis et al. 2014; Shoemaker and Lennon 2018).
While the trade-off aspect of dormancy has been of consider-
able historical interest, life-history traits do not operate in a pop-
ulation genetic vacuum. The fitness benefit of a life-history trait
is often a consequence of its effect on a given birth-death process
(Doebeli et al. 2017), population dynamics that sequentially alter
the dynamics and fates of genetic variants. The ability to enter a
dormant state is no exception. The accumulation of dormant

individuals within a system can result in the formation of seed
banks (Shoemaker and Lennon 2018), demographic structures
that can reshape the molecular evolutionary dynamics of a popu-
lation.

Seed banks primarily alter the molecular evolutionary dynam-
ics of a population through 2 means. First, the ability to enter a
dormant state dampens the accumulation of de novo genetic di-
versity as well as the fluctuations of variants over their sojourn
times, as dormant individuals do not reproduce and the vast ma-
jority of mutations are typically acquired during the process of
genome replication (Kunkel 2004; Lennon et al. 2021). Second,
seed banks can act as reservoirs of genetic and phenotypic diver-
sity. These reservoirs reduce the efficiency of natural selection
(Schoen et al. 1998; Blath et al. 2015; Koopmann et al. 2017),
dampen the loss of genetic diversity due to random genetic drift
(Kaj et al. 2001; Blath et al. 2015, 2016; Heinrich et al. 2018; Tellier
2019; van Gestel et al. 2019), and permit the retention of deleteri-
ous variants (Ellner and Hairston 1994; Nunney 2002). Together,
the presence of a seed bank reduces the rate of molecular evolu-
tion while increasing the maximum amount of genetic diversity
that can be retained. Furthermore, because the ability to form a
seed bank is the result of a life-history strategy maintained by
natural selection, it is possible that the formation of seed banks
restricts the targets of molecular evolution, constraining the di-
rection of evolution as well as its rate. While substantial progress
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has been made toward developing mathematical models that de-
scribe these patterns within the discipline of theoretical popula-
tion genetics (Kaj et al. 2001; Blath et al. 2015, 2016; Koopmann
et al. 2017; van Gestel et al. 2019), there remains a comparative
lack of experimental tests of central predictions.

The role of seed banks as an evolutionary buffer means that
time is an essential factor when considering an appropriate em-
pirical system. Namely, if the per-generation rate of change of ge-
netic diversity is reduced by a given amount, it is often necessary
to observe an additional proportionate number of generations.
This constraint makes it challenging to directly observe seed
bank dynamics over extended evolutionary timescales. Given
their short generation times, large population sizes, propensity
for rapid adaptation, and the prevalence of dormancy among
their lineages (Lennon and Jones 2011), microorganisms are an
ideal group of organisms to characterize the extent that dor-
mancy alters molecular evolutionary dynamics. In addition, cer-
tain lineages of microorganisms have evolved the ability to form
complex protective structures (i.e. endospores) that allow them
to survive and form long-lasting seed banks (Weller and Wu
2015; Shoemaker, Jones et al. 2021). While these structures are
not the only means by which microorganisms can enter a dor-
mant state (Sachidanandham and Yew-Hoong Gin 2009), their
existence provides a means through which the formation of seed
banks can be genetically manipulated (Siebring et al. 2014).
Furthermore, while evolution experiments have been performed
using seed bank forming microorganisms (Zeigler and Nicholson
2017), questions pertaining to dormancy have primarily been re-
stricted to examining the phenotypic decay of endospore forma-
tion via the acquisition of de novo mutations under relaxed
selection (Maughan et al. 2006, 2007, 2009), whereas the effect of
endospore formation on the molecular evolutionary dynamics of
microorganisms has remained relatively unexplored. In this
study, we examined the molecular evolutionary dynamics of
Bacillus subtilis populations that differ in their ability to form pro-
tective endospores, a nonreproductive structure that is the pri-
mary mechanism through which this species enters a dormant
state to form a seed bank. To manipulate seed bank formation,
we replenished the resources of dormancy-capable and incapable
populations via serial dilution every 1, 10, and 100days, a set of
transfer regimes that allowed us to examine the effect of dor-
mancy across a range of energy availabilities. Replicate popula-
tions were maintained for over 700 days, generating a molecular
fossil record, which was reconstructed to determine how the
presence of a seed bank altered the trajectories of de novo muta-
tions. We then recapitulated the dynamics we observed using
simulations based on a stochastic model of molecular evolution
in dormancy-capable populations. Finally, we identified the sets
of genes that were enriched for mutations within each transfer
regime for dormancy-capable and incapable populations, allow-
ing us to quantify parallel evolution among replicate populations
as well as the degree of divergent evolution between dormancy-
capable and incapable populations.

Materials and methods
Mutant construction

To manipulate endospore formation we deleted spo0OA, the mas-
ter regulatory gene for sporulation pathways in B. subtilis. Gene
deletion was performed using Gibson assembly of PCR amplified
dsDNA fragments upstream and downstream of spoOA
(Supplementary Table 1). Purified ligated plasmid was trans-
formed into Escherichia coli DH5« and plasmid DNA was purified

from cultured positive transformants. Purified plasmid product
was transformed into E. coli TG1, positive transformants were se-
lected, and plasmid DNA was purified before a single B. subtilis
NCIB 3610 colony was grown in medium containing a purified
plasmid aliquot and identified using antibiotic plating.
Transformation was confirmed via Sanger sequencing of PCR
products and loss of antibiotic resistance was confirmed via anti-
biotic plating (see Supplementary Methods for additional detail).

Evolution experiment

Fitness assay

We performed fitness assays to determine the degree that the fit-
ness effect of endospore formation varied across transfer
regimes. At mid-exponential phase, equal ratio aliquots of B. sub-
tilis WT and B. subtilis AspoOA cultures were transferred to 3 repli-
cate flasks with fresh medium. Aliquots were frequently sampled
from each flask in a sterile biosafety cabinet over 100days.
Strains were distinguishable by the morphology of their colony
forming units (CFUs) on agar plates, which were used to obtain
estimates of the size of the population (N) in a flask via serial di-
lution. To make sure the CFU morphology of a given strain was
stable, we maintained 5 replicate populations of WT and AspoOA
strains in separate flasks for 100 days and plated each population
every 10days. We found zero evidence that WT CFUs converted
to AspoOA morphology or that AspoOA CFUs converted to WT
morphology, allowing us to use colony morphology to distinguish
between strains for a 100-day fitness assay. The relative log fit-
ness of AspoOA after t days was defined as

NAspoOA (t) NWT (O)

X(t) = IOg NWT(t) .NAspOOA(O) '

(1)

Because we were measuring populations that exited their ex-
ponential phase of growth, we do not know how many genera-
tions accrued over the course of the fitness assay. Therefore, we
chose to examine X at each given time point rather than attempt
the typical fitness per-generation estimate AX = £ - X(t).

Transfer protocol, sequencing, and variant calling

To evaluate how environmental conditions interacted with the
ability to form seed banks, we manipulated energy limitation by
extending the time between transfers for microbial populations.
We performed our energy-limited evolution experiments using B.
subtilis NCIB 3610 AspoOA (ASM205596v1) using a previously de-
scribed methodology (Shoemaker, Jones et al. 2021). To briefly
summarize, a single colony was isolated from each strain and
grown overnight in 10mL of PYE medium with 0.2% glucose and
0.1% casamino acids in a 50-mL Erlenmeyer flask and split into
replicate populations. Five replicates were transferred as 1 mL ali-
quots into 9mL of medium every 1, 10, or 100 days for 700 days at
25°C and 250 RPM. All replicate populations were cryopreserved
every 100days by mixing biomass with 20% glycerol solution.
These samples were flash-frozen in liquid nitrogen and stored at
—80°C. Biomass for DNA extraction was collected from all repli-
cate populations every 100days (Supplementary Fig. 1).
Populations were regularly plated to test for contamination. An
identical experiment was concurrently run with the WT strain,
which was previously described (Shoemaker, Polezhaeva et al.
2021). To estimate the number of endospore CFUs, we performed
heat treatment at 65°C on aliquots of cultures to kill vegetative
cells. CFU counts of vegetative cells were then back-calculated
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using total CFU counts from nonheat-treated culture (i.e.
CFUyeg = CFUqy — CFUspore).

In order to compare quantities that contain time as a unit be-
tween treatments, it is necessary to first identify an appropriate
unit of time. For evolution, the generation is the fundamental
unit of time. In a serially transferred batch culture experiment,
the vast majority of cellular divisions, and, as a consequence,
generations, accrue while the population is in its exponential
phase of growth. Thus, starting with an initial size N;, a popula-
tion will reach the final size Nyover a window of time At with per-
unit time growth rate r as Ny = N; exp[rAt]. By setting r = log(2),
we have defined growth as a process of binary cellular division, a
per-generation growth rate that, consequently, redefines our
length of arbitrary time At as the number of generations that
have surpassed (Ar). After exchanging these variables, the growth
of the population can be described as Ny = N;2**. Using this re-
sult, we can define the number of generations that surpassed
within a given transfer cycle as At = log,(N;/N;), a standard
formula for calculating the number of generations in microbial
evolution experiments (Powell 1958; Lenski 2017; Cooper 2018).

If a population remains in its exponential phase of growth at
the end of a transfer cycle or if the decline in population size is
negligible once exponential growth has halted, then the ratio of
the final and the initial size of the population is approximately
equal to the serial transfer dilution factor (ﬁ—f(z dilutionfactor).
Using this approximation, the 1:10 dilution ratio used in this ex-
periment suggests that Ar = log,(dilutionfactor) = log,(10) =~
3.3 accrued over a transfer cycle. However, a substantial number
of cells died in the 10- and 100-day transfer regimes over a trans-
fer cycle for both WT and AspoOA strains, meaning that the final
size of a population (Nj) relative to its initial size immediately af-
ter a transfer (N;) was less than a dilution factor of 10
log»(Ns/N;) > log,(dilutionfactor). Thus, estimates of At
obtained using the dilution factor will underestimate the true
number of generations. To account for this discrepancy, we cal-
culated the number of generations per-transfer using estimates
of Ny and N; (Table 2). Estimates of N were obtained via CFU
counts. These estimates were used for calculating all quantities
that contain “generations” as a unit (Equations 3 and 4b).

While this estimate is more accurate than the one based on dilu-
tion factors, it does not account for the number of generations that
accrued between transfers after a population exited its exponential
phase of growth. This unknown number of generations likely occurs
as a result of living cells using dead cells as a resource for reproduc-
tion. While there is no reliable approach to calculate the number of
generations once a population has exited exponential growth,
known as “cryptic growth” (Mason and Hamer 1987; Banks and
Bryers 1990; Shoemaker, Polezhaeva et al. 2021), evidence suggests
that this number is likely low (Bradley et al. 2018; Shoemaker, Jones
et al. 2021) and can be safely neglected for the purpose of this study.

DNA extraction, library preparation, and pooled population se-
quencing were performed on all AspoOa and WT timepoints for all
replicate populations as previously described (Shoemaker,
Polezhaeva et al. 2021). The first 20bp of all reads were trimmed and
all read pairs where at least 1 pair had a mean Phred quality score
(= —10log 1oP; P = probability of an incorrect base call) less than 20
were removed via cutadept v1.9.1 (Martin 2011). Candidate variants
were identified using a previously published approach (Good et al.
2017) that relied on alignments generated from breseq v0.32.0
(Deatherage and Barrick 2014), which was modified as previously
described (Shoemaker, Polezhaeva et al. 2021).

Table 1. We performed Wright-Fisher simulations to validate
empirical distributions of measures calculated from mutation
trajectories.

Event Metabolic state Prievent|

(1) Change of metabolic state Active c/A
Dormant ¢/D

(2) Mutation Active 1/LgenomeUp
Dormant ? A

(3) Reproduction Active e /3 e
Dormant ] j

Each generation consisted of 3 steps: (1) change of metabolic state, where
active individuals enter the seed bank with probability §£ and dormant
individuals are resuscitated with probability §, (2) mutation among active
individuals with a per-individual probability of Up, and (3) the reproduction of
active individuals. Reproduction was simulated as a multinomial sampling
process, where the probability that a given individual reproduces is the
exponential raised to the power of said individual’s selection coefficient at the
current generation (si(t) = X;(t) — X (1)).

Table 2. To manipulate energy-limitation, we extended the time
between resource replenishment via serial transfer, resulting in
transfer regimes of 1, 10, and 100 days.

Transfer Strain N¢/N;*S.E. Gens. Total gens.,
regime per-transfer, T
At*+S.E.

1day WT 10.0 3.33 3,300
AspoOA 10.0 3.33 2,330

10days WT 210.0 = 48.6 7.61+0.313 761
AspoOA  20.0 +1.80 4.31+0.138 302

100 days WT 425+ 104 8.55+0.458 85.5
AspoOA 17,100%6,110 13.6+0.764 81.6

The decline in population size over a single transfer cycle was inconsequential
for the 1-day transfer regime, allowing us to use the dilution factor to estimate
the number of generations. However, this approximation could not be
extended to the 10- and 100-day transfer regimes for both the WT and Aspo0A
strains, implying that the ratio of final and initial population sizes (N¢/N;) was
greater than the dilution factor by a varying degree across strain-transfer
regime combinations. Under a standard serial dilution regime, the number of
generations was estimated as the binary logarithm of N /N;. By obtaining
estimates of N; for the 10- and 100-day transfer regimes, we obtained
appropriate estimate of the number of generations that accrued per-transfer
(At). Using these per-generation estimates, we calculated the total number of
generations (r), a quantity that represents the evolutionary timescale of a
given strain/transfer regime combination.

Mutation trajectory analyses

We estimated the frequency of the mth mutation candidate in the
pth population at the tth timepoint using the naive estimator
f omt = Fpmt/Gpmt, where Fpye and Gy, are the total number of reads
containing the alternate allele and the total depth of coverage,
respectively. We examined the accumulation of mutations by time
tin the pth population as the sum of derived allele frequencies

M(t) = prmt' (2)

Given that the log of M(t) over time often appeared to saturate
in this study as well as in previous studies (Good et al. 2017;
Shoemaker, Polezhaeva et al. 2021), we modeled the relationship
between M(t) and t using the following equation:
t*

log1oM(t*) = log10M(t* = 0) + [log 10M]maxm7 (3)
1/2

where [1og 10M] ;5 is the maximum value of log1oM(t*) and t} , is
the value of t* where logioM(t*) is half of [logioM],.,. The
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variable t* represents the shift in time so that Equation (3)
reduces to the intercept parameter (log1oM(0)) at the first tempo-
ral sample, in this case, t* =t — 100days. We then multiplied t; ,
by the estimated minimum number of per-day generations, the
product of which we define as 71/,. While this model is phenome-
nological in that we do not posit a microscopic mechanism,
much like the Michaelis-Menten kinetic model from which it is
derived (Transtrum and Qiu 2016), it effectively captures the hy-
perbolic pattern. Numerical optimization was performed over 54
initial conditions using the Broyden-Fletcher-Goldfarb—Shanno
(BFGS) algorithm in Python using statsmodels (Seabold and
Perktold 2010). Estimates of the probability of extinction of alleles
that were detected Pr[Extinct|Detected] for a given strain-transfer
regime combination were calculated as the number of mutations
where an extinct state was inferred by the end of the experiment
divided by the total number of detected mutations.

We examined 3 different measures to determine how the abil-
ity to enter a dormant state affected molecular evolutionary dy-
namics, defined as

fmax = max({f(t) t=1,... ,T}) (4a)
IAf] _ [f(r+ A7) —f(0)]
At T At (4b)
f(t+Av)
@ o

First, fmax is the maximum estimated frequency of a given mu-
tation over T observations. The majority of replicate populations
had T=7 observations. Because certain 100-day transfer regime
replicates populations had T=6 observations, we only used these
6 observations for estimates of fmax for all replicate populations.
Second, |Af|/Az is the magnitude of change in f between 2 obser-
vations. Finally, f(z + At)/f (1) is the direction of change for f be-
tween 2 observations. Given the absence of information about
physical linkage between mutations in pooled data, we calcu-
lated a measure of statistical dependence based on a previously
described implementation (McDonald et al. 2016). As a measure
reflective of the rate of recombination, we calculated the Pearson
correlation coefficient between all pairs of mutations that were
simultaneously segregating (i.e. 0 < f < 1) for at least 3 time-
points for each replicate population.

We compared the empirical cumulative distribution functions
of WT and AspoOA for all measures for each transfer regime using
the Kolmogorov-Smirnov (KS) test. To identify fixed mutations,
we used a previously published hidden Markov model (Good et al.
2017) to infer whether a given mutation eventually became fixed
within a replicate population over the course of the experiment.
The ratio of nonsynonymous to synonymous polymorphic muta-
tions pN/pS was calculated in each population, where the total
number of observed mutations of each class was weighted by the
relative frequency of nonsynonymous and synonymous sites in
all genes in the genome.

Parallelism at the gene level

We identified potential targets of selection by examining the dis-
tribution of nonsynonymous mutations across genes using a pre-
viously published approach (Good et al. 2017). To briefly
summarize, gene-level parallelism was assessed by calculating
the excess number of nonsynonymous mutations acquired at a
given gene, relative to the expectation if mutation accumulation
was primarily driven by gene size. This quantity, known as multi-
plicity, is defined as

L
miE”i'L—7 (5)

where n; is the number of mutations observed in the ith gene
across all 5 replicate populations for a given strain-transfer re-
gime combination. The term L; is the effective number of nonsy-
nonymous bases in the gene and L is the mean number of
nonsynonymous bases of all genes. Under this definition, the null
hypothesis is that all genes have the same multiplicity
M = Nior /Ngenes. Using the observed and expected values, we quan-
tified the net increase of the log-likelihood of the alternative hy-
pothesis relative to the null

A= Z n; log <%>, (6)

where significance was assessed using permutation. The null hy-
pothesis that genes acquired a random number of nonsynony-
mous mutations can be captured through the Poisson
distribution (Good et al. 2017). Using Equation (5), we defined the
single parameter of the Poisson null as 2=k To identify specific
genes that are enriched for mutations, we calculated the P-value

of each gene using the Poisson distribution as

(j’ltoer )Yl niotls
Pl‘ _ Z L Ngenes eiiNgewEg (7)

n!

n>n;

where false discovery rate correction was performed by defining
a critical P-value (P*) based on the survival curve of a null Poisson
distribution. To increase statistical power, we only examined a
gene within a given strain-transfer regime combination if it ac-
crued at least 3 mutations across all replicate populations n; > 3.

We then defined the set of significant genes for each strain-
transfer combination for « = 0.05 as:

I={i:P; < P"(0)}. ®)

To determine whether genes associated with the spoOA regu-
lon were enriched for nonsynonymous mutations, we used an ap-
proach similar to Equation (7). The question of whether a set of
genes acquired more mutations than expected by chance can be
modeled as a binomial process, where the probability that a given
region acquires a mutation is equal its fraction of the genome
(1= Liegion/Lgenome). For spoOA, Ispeos ~ 0.03. Using this model, we
define the following P-value.

=Y ( Mot )1"(1 — Iyl )

n=n;

(Con/di)vergence at the gene level

We tested for convergent vs divergent evolution by identifying
the set of genes that were enriched within a given combination of
2 strain-transfer regimes (I; NI). The null distribution for the
size of I NI, can be modeled as the process of sampling a given
number of genes out of Ny, in the genome without replacement
2 times, a sampling process that is captured by the hypergeomet-
ric distribution (Grimmett and Stirzaker 2001). By extending this
distribution to the multivariate case (Shoemaker, Polezhaeva
et al. 2021), we obtained a null probability distribution for the
number of genes that are enriched in a given pair of strain-
transfer regimes:
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Ngenes .
Y min{|l4 .|z [} -k (N —k
P(Hl . 12‘ _ k) _ (71)}< genes >

Ngenes Ngenes J:ZO J
|1 L2
% (Ngenes _} _k> <Ngenes _)_k>
| —-j—k Ll -j—k

Using this distribution, we determined whether the number of
intersecting enriched genes is greater than (convergence) or less
than (divergence) our null expectation.

To examine convergent/divergent evolution among enriched
genes, we calculated the vector of relative multiplicities
(M; =m;/ Y- m;) and compared the mean absolute difference be-
tween I genes for a given pair of transfer regimes or strains as

1 )
(AM) =2 D7 IME - M. (10
i=1

Null distributions of (AM) were generated by constructing a
gene-by-strain mutation count matrix for each transfer regime
and randomizing combinations of mutation counts, constrained
on the total number of mutations acquired within each gene
across strains and the number of mutations acquired within
each strain. Randomization was performed for 10,000 iterations
using a Python implementation of the ASA159 algorithm. A null
distribution was obtained using this approach, from which ob-
served values of (AM) were standardized (Z) (Patefield 1981,
Baak et al. 2019). To determine whether spore-forming genes and
the spoOA regulon were enriched, we calculated the difference in
the fraction of nonsynonymous mutations between the WT and
AspoOA strains for a given transfer regime, where the null was
obtained using the binomial distribution in Equation (9). Genes in
the spoOA regulon were identified using a published database
(Arrieta-Ortiz et al. 2015) and genes associated with endospore
formation were identified by annotation. Finally, we identified
genes that were preferentially enriched in one background or
transfer regime over the other using the Skellam distribution as
previously described (Shoemaker and Lennon 2020).

Wright-Fisher simulations of evolution with a
seed bank

To determine whether the empirical patterns of genetic diversity,
we observed were consistent with the outcomes predicted by seed
bank effects, we performed forward-time Wright-Fisher simula-
tions following a previously described approach (Good et al. 2012).
Each simulated generation consisted of 3 steps: (1) change of met-
abolic state, (2), mutation, and (3) reproduction. Dormancy was
incorporated in a way similar to previous research efforts (Blath
et al. 2015, 2016; Blath, Buzzoni, Casanova et al. 2019; Blath,
Buzzoni, Koskela et al. 2019). In a population consisting of A active
and D dormant individuals, we modeled dormancy by considering
the number of individuals that entered or exited a dormant state
each generation, ¢, chosen so that the number of individuals in a
given metabolic state remained constant over time. Given c, an
active individual enters a dormant state with probability £ and
remains in an active state with probability 1 — £. A given dormant
individual resuscitates with probability § and remains in the seed
bank with probability 1 — §. The length of time that an individual
remains in a dormant state is a geometrically distributed random
variable, where the probability of resuscitation (i.e. success proba-
bility) is the inverse of the per-individual probability of resuscita-
tion (Table 1). Using this distribution, the impact of dormancy is

captured by the mean number of generations that an individual
spends in a dormant state, (T4) = D/c and the ratio of active and
dormantindividuals K = A/D.

We focused on the acquisition of de novo mutations among
active individuals, as the rate of mutation per-unit time is far
higher among individuals that are actively undergoing genome
replication (Ryan 1955; Maki 2002; Gangloff et al. 2017). Given that
the rapid increase in the allele frequencies we could observe was
likely predominantly driven by positive selection, we focused on
a distribution of fitness effects of beneficial mutations (p(s)) that
are acquired at a per-individual per-base pair rate of U,. While
the true value of U, is unknown, we elected for a value that was
on the order of magnitude of 10% of the total mutation rate (all
nonlethal mutations) obtained from a previously published mu-
tation accumulation experiment U, = 3.28 « 10~!! per-individual
per-bp (Sung et al. 2015). Using this quantity and a known genome
size Of Lgenome = 4.29 * 106bp, a total of AUpLgenome beneficial
mutations were drawn from a Poisson distribution and acquired
in the active portion of the population each generation, so that
an active individual acquired a beneficial mutation with probabil-
ity = UpLgenome. The fitness effect s was drawn from p(s)
and the fitness of a given lineage X; was updated at generation ©
as Xi(r) — Xi(r) +s. The form and parameters of p(s) are virtually
never known a priori and are difficult to infer in evolve-and-
resequence evolution experiments (Good and Desai 2015). In light
of this fact, we elected to model p(s) as an exponential distribu-
tion with a scale parameter of 1072

Finally, selection was simulated as a multinomial sampling
process. We modeled the selection coefficient of a given individ-
ual at a given generation (si(r)) as a measure that is relative to
the mean fitness of the population at the current generation
(X (t)). After mutations were acquired, the strength of selection on
the ith individual was calculated as s;i(r) = X;(r) — X (7). Then, A
individuals were drawn from a multinomial distribution after the
mutation step, where the ith individual was sampled with proba-

AUpLgenome
A

A
bility 59/ 3¢5, Simulations were run for 3,300 generations
J

with A = 10° for ¢ = 10~° and values of D ranging from 10 — 10°,
Only values of D were manipulated as the same transition rates
can be obtained by manipulating c. Ten replicate simulations
were performed for each value of D. All simulations are in the
Python script run_simulations.py.

Results and discussion

By reconstructing the molecular fossil record of our experiment,
we examined the trajectories of de novo mutations for all repli-
cate populations (Fig. 1). The molecular evolutionary dynamics of
B. subtilis largely followed our predictions, as the presence of a
seed bank increased the maximum amount of genetic diversity
retained by a population and decreased its per-generation rate of
accumulation (Fig. 2; Table 2). Measures that capture distinct fea-
tures of mutation trajectories were also largely consistent with
our predictions (Fig. 3), results that were validated with forward-
time population genetic simulations (Fig. 4). By comparing gene
mutation counts between strain-transfer combinations (Figs. 5
and 6; Table 3), we determined that the ability to enter a dormant
state radically altered the targets of molecular evolution, though
the strength and direction of the effect were environment-
dependent. The results of this long-term experiment test,
confirm, and challenge long-standing hypotheses regarding the
effect of seed banks on the dynamics of molecular evolution.
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Fig. 1. The allele frequency trajectories of B. subtilis populations that were unable to form seed banks (Aspo0A) exhibited qualitatively different
dynamics across transfer regimes. Typically, a lower number of mutations and fixation events accumulated in the 10-day regime relative to the 1-day
regime. There were even fewer detectable mutations in the 100-day regime, a likely consequence of the low number of generations that occurred over

700days. All AspoOA replicate populations are included on this plot.

The demographic effect of seed banks in rapidly
evolving populations

While AspoOA populations were unable to form endospores, the
fraction of endospores varied across transfer regimes for WT
lines, providing the mean to assess the impact of seed bank for-
mation on molecular evolutionary dynamics. Endospores were
not detected in the 1-day transfer regime for the WT; though by
the end of 10days, the proportion of spores reached 0.65 + 0.062
(mean = standard error). This estimate of the fraction of spores
was consistent with prior energy-limitation experiments with B.
subtilis (Shoemaker, Jones et al. 2021).

Despite the inability to form protective structures, all replicate
populations of AspoOA from all transfer regimes survived the ex-
periment. This pattern of consistent demographic survival is a
marked difference from a previous experiment that used an iden-
tical energy-limitation design, where bacterial taxa from diverse
phyla (Bacteroidetes, Proteobacteria, and Deinococcus-Thermus)
frequently underwent demographic extinction (i.e. N=0) in 10-
and 100-day transfer regimes (Shoemaker, Polezhaeva et al. 2021),
whereas Bacillus WT never went extinct. This comparative result
suggests that Bacillus is exceptionally capable of surviving and
evolving in harsh environments, even without access to what is
generally considered its primary survival strategy of endospore
formation.

Seed banks altered the accumulation, but not the
fates, of de novo mutations

Through pooled population sequencing, we reconstructed the
trajectories of de novo mutations for all 5 replicate populations
from each transfer regimes (Fig. 1; Supplementary Fig. 2). By ex-
amining the sum of derived allele frequencies at a point in time
(M(t)), we were able to examine how de novo mutations accumu-
lated over the course of the experiment for all replicate

populations (Fig. 2, a-c, Supplementary Fig. 3). Populations capa-
ble of forming seed banks tended to have higher value of M(t) in
the 1 and 100-day transfer regimes, though this difference is not
as apparent for the 10-day regime.

These patterns spurred the development of a novel mathe-
matical model. Intuitively, seed banks can affect the accumula-
tion of de novo genetic diversity over time through 2 means: (1)
increasing the maximum amount of diversity that a populating
can retain and (2) reducing the rate that diversity accumulates.
Building off of this assessment, we developed a phenomenologi-
cal model with 2 intuitive parameters (Equation 3) that can be
used to test our predictions, the maximum value of the logarithm
of M(t) ([log10M],.x) and the number of generations required for
log10M to reach half of its maximum value (r1,). Estimates of
these parameters obtained through numerical optimization and
estimates of the number of generations that accrued within each
treatment (Table 2) revealed that [logioM],,, remained fairly
constant as energy-limitation (i.e. time between transfers) in-
creased for the WT, but sharply decreased for AspoOA (Fig. 2d). In
contrast, 71/, remained constant for AspoOA, but decreased as
transfer time increased (Fig. 2e). This pattern was consistent with
our prediction that the rate of accumulation of genetic diversity
will be higher in populations that cannot form a seed bank.

While the trends we observed were generally robust, the error
in our estimates for the 100-day transfer regime was considerable
(Supplementary Table 2). This error was likely a result of the
small number of mutations acquired among populations in the
100-day treatment as well as their small population sizes, in-
creasing the variance in our estimates of M(t). Regardless, param-
eter estimates consistently change in directions predicted by the
seed bank effect.

Given that seed banks altered the accumulation of genetic di-
versity, we then examined how the presence of a seed bank
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Fig. 2. The presence of a seed bank altered the accumulation of genetic diversity. a—c) By examining the sum of derived allele frequencies (M(t),
Equation 2), we were able to summarize the accumulation of de novo mutations over time for all strains and transfer regimes. The WT strain had
higher a mean logoM(t) than AspoOA and the relationship between t and log;oM(t) became noticeably more linear as transfer time increased for the
WT strain. Shaded areas represent the standard error of mean log19M(t). d, e) To quantify the effect of seed bank formation on this empirical
relationship, we formulated a phenomenological model that allowed us to summarize the curve through 2 parameters: the maximum amount of
genetic diversity that could accumulate ([1og 10M],,,,) and the number of generations until half of the maximum is reached (t1/,; Equation 3). Values of

[log10M]

max

for the WT strain steadily increased with transfer time while AspoOA remained consistent with the prediction that the presence of a seed

bank increases the amount of genetic diversity that a population can maintain. Conversely, 11/, decreased for AspoOA but remained constant for the
WT, consistent with the prediction that the rate of molecular evolution would increase in the absence of a seed bank. f, g) However, the effect of seed
banks on the final states of alleles was less straightforward. While fixation events occurred across transfer regimes and strains, there was substantial
variation across replicate populations that made it difficult to determine whether the presence of a seed bank affected the probability of ixation or the

rate of molecular evolution (per-generation number of substitutions).

altered the fate of a given mutation. The presence of seed banks
reduced the efficiency of selection and retain genetic diversity
(Schoen et al. 1998), suggesting that a given mutation would have
a lower probability of extinction as well as a lower substitution
rate (Blath et al. 2015; Koopmann et al. 2017). Our estimates of the
probability of extinction for a given mutation provide little evi-
dence to support this claim, as there was substantial variation
across replicate populations for a given strain-transfer combina-
tion (Fig. 2f). This result suggests that seed banks primarily al-
tered the accumulation of genetic diversity by buffering the
dynamics of segregating mutations rather than reducing their
rate of extinction. However, we note that this study, as is typical
of microbial pooled sequencing studies, has a lower frequency
resolution O(107?). Given the large empirical sizes of our experi-
mental populations, we were unable to evaluate the effect of dor-
mancy on the evolutionary fates of mutations across a wide
range of frequency values (1/N < f<1072).

While the rate of fixation was similar for WT and AspoOA in
the 1-day regime, as expected given that the ability to form a
seed bank does not contribute to survival on that time scale, few
fixation events occurred within replicate populations in the 10-
and 100-day transfer regimes (Fig. 2g). This paucity of fixations

meant that the substitution rate could not be estimated for cer-
tain transfer regimes, preventing comparisons from being per-
formed. While the strength and direction of selection could be
evaluated by examining the proportion of nonsynonymous to
synonymous mutations (pN/pS), estimates of pN/pS were consis-
tently less than one across transfer regimes and there was no dif-
ference in pN/pS values between WT and AspoOA populations
within a given transfer regime (Supplementary Fig. 4). This lack
of difference suggests that purifying selection was predominant
regardless of whether a population could enter the seed bank or
in environments where the ability to enter a dormant state would
be favorable. This consistent lack of difference is unlikely to be
the result of our choice of knockout gene, as genome-wide signals
of pN/pS were not affected by the exclusion of genes in the spo0A
regulon (Supplementary Table 3).

Seed banks altered the dynamics of segregating
mutations

While seed banks had a clear effect on the accumulation of de
novo genetic diversity, they did not substantially alter the evolu-
tionary fates of mutations. In addition, few if any fixation events
were inferred for 10- and 100-day transfer regimes. These 2
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Fig. 3. Due to the low number of fixation events, we devised alternative
measures of molecular evolution to evaluate the effect of seed banks.
We examined 3 measures: (a) the maximum frequency realized by an
allele, (b) the per-generation magnitude of change in allele frequency,
and (c) the change in the direction of allele frequencies between time
points (Equation 4). These measures were examined by calculating the
empirical survival distribution (the complement of the empirical
cumulative distribution function) for a given strain-transfer
combination. The typical value of all 3 measures was higher for AspoOa
than the WT across transfer regimes, consistent with the predicted
effect of a seed bank. The difference we observed between strains was
confirmed via KS tests for all transfer regimes (Benjamini-Hochberg
corrected P-values <0.05 marked by an asterisk).

results indicate that the substitution rate and the probability of
extinction of a mutation are uninformative for this particular
study. Such quantities are useful in that their value in the pres-
ence of a seed bank can be compared to predictions from existing
mathematical models (Blath et al. 2015, 2016; Koopmann et al.
2017). However, their emphasis on the final state of a given muta-
tion (i.e. fixation or extinction) means that these quantities do
not necessarily capture the dynamics that mutations exhibit over
their sojourn times. Therefore, we leveraged the temporal struc-
ture of the data by examining mutation trajectories in order to
evaluate the extent that seed banks alter the dynamics of molec-
ular evolution.

We examined 3 measures of each mutation trajectory: (1) the
maximum frequency that a mutation reached (fmax), (2) the set of
per-generation magnitudes of frequency changes (%) over time,
and (3) the set of changes in the direction of allele frequency
changes between observations over time (f (¢ 4+ At)/f(z)). By calcu-
lating empirical survival distributions for a given measure for

each strain-treatment combination, we determined the degree
that seed banks altered the molecular evolutionary dynamics of
B. subtilis.

First, given the dearth of fixation events, it is worth investigat-
ing whether the maximum frequency that a mutation obtained
over its sojourn time (fmqx) is a sufficient proxy of fixation. The
condition that a mutation reached a sufficiently high-frequency
guarantees fixation under a single-locus model of evolution
(Ewens 2004). Though this certainty is not necessarily the case
when multiple beneficial mutations simultaneously segregate,
where recombination, defined here as the exchange of genetic
material between organisms, may not be sufficiently high to jus-
tify the assumption of quasi-linkage equilibrium (i.e. indepen-
dent evolution among multiple sites). Regardless, there are
various derivations in theoretical population genetics indicating
that fmay is reflective of the strength and direction of selection as
well as the conditional probability of fixation of an allele (Fisher
2007; Cvijovi¢ et al. 2018; Good 2020).

We do not infer fixation events in several replicate popula-
tions, so we cannot confirm that there is a positive empirical rela-
tionship between f.x and the probability of fixation. However,
we inferred a large number of mutation extinction events across
all replicate populations. Given that a segregating allele has to
eventually become extinct of fixed, the probability of fixation can
be viewed as the complement of the probability of extinction
(Prlfixation = 1 — Pr[extinction]), meaning that if f,qx is reflective
of fixation then we should observe an inverse relationship be-
tween estimates of Prlextinction|detected] and f.x. We find that
this prediction holds, as all strain-transfer regime combinations
exhibited the inverse relationship (Supplementary Fig. 5), allow-
ing us to proceed with our analyses of the distribution of fyax.

Across transfer regimes, AspoOA populations had higher val-
ues of frax than their corresponding WT transfer regime and the
significance of the distance between the distributions was tested
and confirmed via KS tests (Fig. 3a). Interestingly, WT and AspoOA
populations had the smallest distance in the 100-day transfer
regimes, which is likely due to the comparatively brief evolution-
ary timescale reducing the maximum attainable frequency of a
de novo mutation. Overall, the values of fy. exhibited in the
presence and absence of a seed bank are consistent with the pre-
diction that the presence of a seed bank will reduce the rate of
molecular evolution.

The presence of a seed bank generated a similar effect on the
magnitude of allele frequency changes between observations (‘ﬁ—{‘)
and the direction of frequency changes (f(z + At)/f(); Fig. 3, b
and c). There was a small, but significant difference where
AspoOA had a higher magnitude of change. This distance in-
creased considerably for the 10-day transfer regime, consistent
with the prediction that the presence of a seed bank would buffer
temporal changes in allele frequencies. Though much of this dis-
tance disappeared for the 100-day transfer regime, again, a likely
result of the comparatively brief evolutionary timescale of the
treatment.

While the distributions of quantities calculated from mutation
trajectories match our predictions regarding the effect of seed
banks on molecular evolutionary dynamics, they are population
genetic quantities that are not typically examined. Arguably, this
reflects the historic difficulty of obtaining temporally resolved
frequency trajectories for a large number of mutations, rather
than the measures themselves being uninformative. To evaluate
how these measures of mutation trajectories typically behave in
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Fig. 4. To validate our empirical observations, we performed forward-time population genetic simulations of populations with seed banks of varying
size, where the effect of seed banks can be summarized by the average number of generations that an individual spends in a dormant state ((Tg);
Materials and Methods). a-c) The breadth of simulated survival distributions gradually decreased with (Tj) for all 3 measures of allele frequencies
(Equation 4), recapitulating the empirical results described in Fig. 3. d-f) The robustness of this pattern is made evident by performing simulations

across a wide range of (Tj) values.

the presence of a seed bank, we simulated the evolutionary dy-
namics of an adapting population with seed bank dynamics as a
Wright-Fisher process (Blath et al. 2015, 2016) (Equation 4).
Briefly, in a population with A active individuals c individuals en-
ter a seed bank of size D, while a corresponding number of indi-
viduals are resuscitated from their dormant state. The effect of
this dynamic can be captured by the average number of genera-
tions that an individual spends in a dormant state ((Ty4) = D/c)
and the ratio of active and dormant individuals K= A/D (Blath
et al. 2015). While c is difficult to estimate, A and D can readily be
measured, providing empirical constraint on the range of param-
eter values in our simulations. Furthermore, endospores are
undetectable in WT lines and absent entirely in AspoOA (i.e.
D =0), meaning that the difference between WT and AspoOA mu-
tation trajectory statistics in Fig. 3 for 1- and 10-day regimes can
be viewed as the degree that the ability to enter a dormant state
decreased the typical value of a given mutation trajectory statis-
tic. We captured this seed bank effect by performing simulations
across a range of values of c for empirically informed values of A

and D and estimating the measures in Equation (4) from simu-
lated trajectories. Using this approach, we were able to recapitu-
late our empirical survival distributions (Fig. 4). These principled
simulations combined with empirical observations confirm long-
standing untested hypotheses regarding the effect of seed banks
dynamics of molecular evolution.

The AspoOA populations were incapable of forming endospores
and exhibited mutation trajectories that were consistent with an
absence of a seed bank. However, spoOA can regulate the genetic
competence of B. subtilis (Albano et al. 1987; Hahn et al. 1995;
Schultz et al. 2009), which in turn affects the rate of recombina-
tion. While the rate of recombination has not been directly esti-
mated in Bacillus, population genetic inference procedures
suggest that the ratio of recombination relative to mutation is ~1
(Vos and Didelot 2009). Given that within the genus the rate of re-
combination is estimated to be on the same order of magnitude
as that of mutation, a major reduction in the rate of recombina-
tion due to the removal of spo0A could greatly alter the molecular
evolutionary dynamics of Bacillus (Dixit et al. 2017). To determine
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Fig. 5. By comparing the set of genes that contributed toward parallel
evolution with a given strain-transfer combination, we visualize patterns
of convergent and divergent molecular evolution. While all strain-
transfer combinations consistently acquired more nonsynonymous
mutations than expected by chance at a large number of genes (P < P*),
very few genes were enriched exclusively within a given strain. Those
genes that were significantly enriched within a given strain combination
typically also acquired mutations at a nonsignificant level (P £ P*) in the
remaining strain, suggesting that the removal of endospore formation
did not generate evolutionary trajectories that were divergent in terms of
gene identity. To increase statistical power, we ignored all genes that
acquired less than 3 mutations (N, < 3) across all 5 replicate
populations for a given strain-transfer regime combination. Gene names
are listed as provided in the annotated reference genome; all other
names were acquired using RefSeq IDs (see Supplementary File 1 for
gene metadata).

whether AspoOA populations had a lower recombination rate, we
calculated the squared correlation coefficient for all pairs of seg-
regating mutations within each replicate population. This mea-
sure has previously been used to examine the effect of
recombination on rapidly evolving microbial populations
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Fig. 6. By examining the number of mutations within each gene, we
determined whether convergent or divergent evolution occurred
between a given pair of transfer regimes or strains by calculating the
mean absolute difference of mutation counts across genes ((AM);
Equation 10). a) A comparison between all transfer regime combinations
within each strain reveals contrasting dynamics of divergence/
convergence. Divergent evolution initially occurred among the WT
background initially for 1- vs 10-day and 1- vs 100-day comparisons,
with 10- and 100-day transfers having a weak signal of convergence. This
pattern became inverted for Aspo0OA, as 1- and 10-day transfers
converged while the remaining transfer regime combinations diverged.
For comparisons between strains, we compared signals of convergent/
divergent evolution between WT and AspoOA strains with the transfer
regime-dependent fitness effects of removing spo0OA. b) A 100-day fitness
assay between AspoOA and WT strains revealed the time-dependent
fitness effect of the ability to form endospores. In the 1-day regime, there
is no fitness effect of spo0A removal, which ultimately becomes
beneficial by day 10. However, shortly thereafter it became highly
deleterious. Black dots represent the mean of 3 replicate assays while
bars represent the standard error. c) Divergent evolution consistently
occurred across transfer regimes, with the 10-day transfers harboring
the strongest signal of divergent evolution. d) Mapping signals of
divergent evolution to estimate fitness, we determined how the sign and
magnitude of selection changed with the degree of divergent evolution.
Asterisks denote P < 0.05.

(McDonald et al. 2016). By pooling coefficients across replicate
populations and comparing the distribution of coefficients of the
WT and AspoOA strains, we found that the degree of correlation
was consistently greater for AspoOA across transfer regimes
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Table 3. The number of genes that were enriched for
nonsynonymous mutation solely within a given strain-transfer
regime combination (i.e. unique genes).

Number unique enriched genes

Transfer regime B. subtilis WT B. subtilis AspoOA
1day 77 2
10 days 12 8
100 days 12 0

(Supplementary Fig. 6a). This result suggests that the rate of re-
combination was lower in AspoOA populations relative to the WT.
To determine whether this pattern was driven by the absence of
a seed bank, we calculated distributions of correlation coeffi-
cients from simulated data obtained using Equation (4) and
found that seed banks alone were insufficient to cause the pat-
terns we observed (Supplementary Fig. 6b).

While the distribution of correlation coefficients suggests that
the rate of recombination was lower in AspoOA populations, this
does not prove that the statistical patterns we observed in Fig. 3
were caused by a difference in recombination rates between
AspoOA and the WT. To determine whether recombination could
feasibly be responsible for the distribution of single-locus meas-
ures we examined, we developed and implemented a novel simu-
lation based on recent theoretical developments where 2 alleles
on different loci segregate in a population with dormant and ac-
tive individuals (Supplementary Information; Equation 1) (Good
2020). We found no evidence that the KS distance between dor-
mancy-capable and incapable populations was dependent on the
population scaled recombination rate for all trajectory summary
statistics (Supplementary Fig. 7), suggesting that any purported
difference in the recombination rate between WT and AspoOA
would not be capable of generating the between-strain KS dis-
tance values estimated in the 10-day transfer regime. Thus, the
analyses presented in Fig. 3 reflect the presence of a seed bank.

It is necessary to consider the possibility that demographic
fluctuations due to changing population size could have contrib-
uted to the patterns we observed. In a strict sense, the term
“bottleneck” does not accurately capture the demographic dy-
namics of this experiment, as populations did not exhibit a near-
instantaneous decline on a logarithmic scale (Supplementary Fig.
8). It is also becoming increasingly apparent that while the net
rate of growth (birth minus death) remains negative over time in
microbial populations maintained in flasks over an extended pe-
riod of time without resource replenishment (i.e. 10- and 100-day
transfer regimes), the net rate of growth rate tends to increase
with time (Ryan 1959; Finkel and Kolter 1999; Avrani et al. 2017;
Shoemaker, Jones et al. 2021). This consistent demographic pat-
tern of an increasing net rate of growth is antithetical to the in-
terpretation of a population bottleneck.

However, we can glean qualitative insight into the extent that
demographic fluctuations are capable of explaining the patterns
we observe. There is an inconsistent pattern in the estimates of
the ratio of the final and initial size of the population (%) across
transfer regimes between the WT and AspoOA, a statistic that
captures the degree of demographic fluctuations between trans-
fers. The ratio % for the WT is higher than that of AspoOA in the
10-day transfer regime by roughly an order of magnitude.
However, this pattern is reversed in the 100-day transfer regime,
as %{ is higher for AspoOA (Table 2). This inconsistency contrasts
with the consistent trends we observe for [log1oM],,, and 71,2,
where the WT estimates of both quantities are higher than

those of AspoOA for both 10- and 100-day transfer regimes (Fig. 2,
d and e). Given these consistent patterns, if demographic fluctua-
tions were the principal contributor toward the accumulation of
de novo genetic diversity, we would expect %{ to be greater for a
single strain across all transfer regimes.

Finally, it is necessary to consider how fluctuations in popula-
tion size could contribute to the mutation trajectories we ob-
serve. A large reduction in the size of a population will typically
increase the magnitude of fluctuations in the frequency of an al-
lele (Ewens 2004). In the context of this study, we examined the
fluctuation of allele frequencies by calculating the per-
generation absolute difference in allele frequencies between con-
secutive time points (‘ﬁ—{‘; Equation 4b). By examining this distribu-
tion, we found that the KS distance between the WT and AspoOA
strains was at its largest for the 10-day treatment, with a typical
value of %‘ for AspoOA larger than the WT by roughly an order of
magnitude. This result contrasts with our expectations based
solely on population size, where we would expect that the treat-
ment with the larger reduction in population size (i.e. the WT)
would exhibit larger allele frequency fluctuations. While there
was no significant difference in the 100-day transfer regime, the
typical value of % for AspoOA decreased despite the fact that its
value of % was ~70 times larger than that of the WT. This result,
again, is inconsistent with what we would expect if fluctuations
in population size were a major contributing factor.

Parallelism and (con/di)vergence at the gene level

To determine whether endospore formation as a life-history
strategy affects the targets of molecular evolution in addition to
its direction, it was necessary to first identify the potential con-
tributors of adaptation among replicate populations within a
given strain-transfer combination. To identify potential contribu-
tors toward adaptation, we examined the distribution of
nonsynonymous mutation counts across genes within each
strain-transfer combination. The log-likelihood that some num-
ber of genes were enriched for nonsynonymous mutations (A¢)
was significant across 1-, 10-, and 100-day transfer regimes for
both strains (Supplementary Table 4). However, values of A¢
tended to be slightly elevated for the WT strain, suggesting that a
higher degree of parallel evolution occurred when endospore for-
mation was possible. To determine whether this difference be-
tween strains was real or an artifact of the higher number of
mutations acquired by the WT strain across transfer regimes, we
randomly subsampled mutations to obtain a distribution of A¢
values for each strain-transfer combination. While the difference
in A¢ values between strains was greatly reduced, the WT strain
consistently had a higher degree of genome-wide parallelism
across transfer regimes (Supplementary Fig. 9a). This increased
degree of parallelism suggests that the presence of a seed bank
can make the molecular targets of evolution more predictable.
However, it is worth considering whether this result is due to the
use of AspoOA. The gene spo0OA is a master regulator that controls
cellular processes in addition to endospore formation (Hoch 1971;
Dubnau 1991), meaning that the decrease in parallelism in
AspoOA could be a consequence of pleiotropy caused by the spoOA
regulon. That the spoOA regulon is enriched for nonsynonymous
mutations in the 1-day transfer regime (Supplementary Table 5)
supports this hypothesis. To investigate this possibility, we per-
formed the same subsampling procedure on the set of genes that
were not in the spoOA regulon and compared the subsampled
likelihood to the result obtained by using all genes in the genome.
We found the contribution of spo0A to the genome-wide signal of
parallelism to be inconsequential, suggesting that the deletion of
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spoOA was not responsible for the patterns of parallel evolution
we observed (Supplementary Fig. 9b).

To deconstruct this genome-wide pattern of parallelism, we
examined the excess number of nonsynonymous mutations at a
given gene (i.e. multiplicity; Good et al. 2017). As expected, the dis-
tribution of multiplicities of the WT was consistently higher than
AspoOA across transfer regimes (Supplementary Fig. 10, a—c), sug-
gesting that this effect is independent of energy limitation and is
instead likely driven by the larger number of nonsynonymous
mutations that accrued in the WT strain. To account for this dif-
ference, we calculated a P-value for each gene within each strain-
transfer combination, allowing us to pare down the total number
of genes in the genome to a small number of genes that were dis-
proportionately enriched for nonsynonymous mutations, the pu-
tative targets of selection. Identifying the set of significantly
enriched genes revealed that genes enriched within the WT for a
given transfer regime also tended to be enriched within AspoOA
(Fig. 5, Supplementary Fig. 10, d—f). This pattern of consistent en-
richment occurred across transfer regimes as well as among
transfer regime comparisons within a given strain
(Supplementary Figs. 11 and 12), suggesting that, generally, the
direction of evolution at the gene level tended toward conver-
gence rather than divergence. We found that this is the case, as
the degree of overlap in enriched genes relative to a null distribu-
tion suggests convergent evolution (Supplementary Fig. 13;
Shoemaker, Polezhaeva et al. 2021). While certain transfer regime
and strain comparisons had stronger signals of convergence than
others, overall convergent evolution overwhelmingly occurred.

Similar to a previous analysis (Shoemaker, Polezhaeva et al.
2021), it is likely that gene identity was, again, too coarse a mea-
sure to determine whether convergent or divergent evolution oc-
curred. While AspoOA is a master regulatory gene, its removal
may have only slightly perturbed the rates of evolution across a
large number of genes in a given environment. If true, then it is
arguably more appropriate to examine the difference in mutation
counts among enriched genes in order to assess whether conver-
gent or divergent evolution occurred. By examining the mean ab-
solute difference in mutation counts across enriched genes
between 2 transfer regimes ((AM)) and standardizing the ob-
served value with respect to a null distribution (Z ) obtained
via permutation, we established whether convergent or divergent
evolution occurred. The WT strain exhibited significant divergent
evolution for the 1- vs 10-day and 1-day vs 100-day comparisons,
a result that was consistent with the WT surviving energy-poor
environments by forming endospores as a life-history strategy
(Fig. 6a). This conclusion is strengthened by the evidence of con-
vergent evolution for the 10- vs 100-day comparison, though it
was ultimately not significant. For AspoOA the pattern changed in
a manner that resembled a reflection of the WT pattern. There
was a significant signal of convergent evolution for the 1- vs 10-
day comparison though for the 1- vs 100-day and 10- vs 100-day
comparisons we found a strong signal of divergent evolution. To
summarize, the removal of AspoOA generated opposite trends in
the direction of molecular evolution at the gene level across com-
binations of transfer regimes.

To examine how seed bank formation affected the direction of
molecular evolution at the gene level within a given transfer re-
gime, we repeated the convergent/divergent analysis between the
WT and AspoOA populations, analyses that can be bolstered
through comparisons to fitness estimates (Fig. 6b). Divergent evo-
lution overwhelmingly occurred for all 3 comparisons, though it
was at its highest for the 10-day transfer regime (Fig. 6¢). This in-
creased divergence for the 10-day transfer regime, along with

evidence of convergent evolution for the 1- vs 10-day comparison,
may reflect adaptation of AspoOA to this specific regime. Though,
again, it is worth investigating the contribution of genes within
the spoOA regulon, as the fraction of nonsynonymous mutations
in the spoOA regulon was significantly higher in the AspoOA lines
relative to the WT for the 10- and 100-day transfer regime
(Supplementary Table 6). However, it is unlikely that the pleiotro-
pic nature of spo0A was responsible for the differing patterns of
convergence and divergence observed between WT and AspoOA
strains, as we obtained virtually indistinguishable estimates of
Zamy When genes in the spo0OA regulon were excluded from our
analysis (Supplementary Fig. 14).

Our estimates of (AM) between strains for a given transfer re-
gime can be compared to the corresponding fitness effect of
AspoOA, allowing us to examine how the sign and magnitude of
fitness changes with the direction of molecular evolution. We
found that after 1 day of coculture that the fitness difference of
AspoOA relative to the WT was undetectable via CFU counts,
meaning that the fitness effect of being unable to form endo-
spores was effectively zero. This result was consistent with the
hypothesis that endospore formation has a negligible fitness ef-
fect in environments where it is unlikely to be expressed and,
thus, would not be advantageous. However, we note that the re-
moval of spoOA could have fitness effects in different environ-
ments that vary in other aspects but retain the regular resource
replenishment of our experiment.

We found that the increase in fitness of AspoOA for the 10-day
transfer regime was accompanied by an increase in the degree of
divergent evolution (Fig. 6d). This result suggests that the ability
to form endospores actually conferred a temporary fitness disad-
vantage at the 10-day mark. However, by day 100, the fitness ben-
efit of AspoOA had dissipated and the magnitude of divergent
evolution had diminished, suggesting that it is unlikely that
AspoOA was able to adapt to the harsh 100-day environment. An
analysis of the set of genes that were enriched for mutations
within a specific strain-transfer combination supports this con-
clusion (Shoemaker and Lennon 2020). The 100-day AspoOA was
the only strain-transfer combination with no unique enriched
genes (Table 3; Supplementary File 2), suggesting that AspoOA
may have been unable to adapt to this extremely energy-limited
environment.

While it is unlikely that AspoOA was able to adapt to the 100-
day transfer regime, conversely, the 10-day AspoOA transfer re-
gime harbored the highest number of unique enriched genes for
all 3 AspoOA transfer regimes, suggesting that adaptation may
have occurred even in the absence of endospore formation. The
mechanism responsible for the temporary gain in fitness of
AspoOA is unknown, though it is likely partially due to the recy-
cling of dead cells, a phenotype that allows individuals to exploit
an untapped resource (Rozen et al. 2009; Bradley et al. 2018;
Shoemaker, Jones et al. 2021). Naturally, dormant cells cannot
use this resource as their metabolism is effectively nonexistent
and, in the case of endospores, metabolically inert, leaving
AspoOA with unrestricted access. Regardless, for the purposes of
this study, the removal of endospore formation as a life-history
strategy provided a clear fitness benefit in certain energy-limited
environments.

The disuse of a trait frequently results in a relaxation of selective
pressure on its underlying loci (Maughan et al. 2006, 2007). Given
that endospore formation did not occur in the 1-day transfer re-
gime, it is possible that the pathways encoding said life-history trait
were susceptible to decay due to relaxed selective pressure. By cal-
culating the fraction of nonsynonymous mutations in genes that
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encode for endospore formation and calculating the difference be-
tween AspoOA and the WT, we found that endospore encoding
genes were slightly enriched in the WT for all transfer regimes, a
difference that was significant using null distributions simulated
via binomial sampling (Supplementary Table 7). Operating under
the premise that the majority of endospore-forming genes are non-
functional in AspoOA populations, for WT populations in the daily
transfer regime this result can be viewed as the outcome of positive
selection for the removal of endospore formation as an energeti-
cally costly trait in energy-replete environments (Bradshaw et al.
1998; Céceres and Tessier 2004). Prior studies, as well as the spore
accumulation assays we performed, support this conclusion
(Maughan et al. 2007, 2006, 2009). The ability to form endospores be-
came rapidly diminished for populations in the 1-day transfer re-
gime over the first 500 days of the experiment, to the point that it
took 10days for 10% of the population to form endospores
(Supplementary Fig. 15). However, the question remains as to why
100-day WT populations acquired a greater fraction of nonsynony-
mous mutations in endospore encoding genes. Endospore forma-
tion underwent no noticeable decline in the 100-day regime
(Supplementary Fig. 15), suggesting that these mutations had negli-
gible or even positive effects.

Conclusion

We demonstrated that the ability to form seed banks altered the
molecular evolutionary dynamics of microbial populations.
Populations capable of forming seed banks consistently accumu-
lated higher levels of genetic diversity and had a reduced rate of
molecular evolution. Through forward-time simulations, we
were able to recapitulate empirical observations on the effect of
seed banks on the rate and direction of allele frequency changes
as well as the maximum attainable frequency. In addition to test-
ing previously proposed predictions on the effect of seed banks
on genetic diversity, new patterns were found. Specifically, we
determined that endospore formation may have the capacity to
alter the direction of molecular evolution within a population.
Stated inversely, the absence of endospore formation contributed
to a substantial signal of divergent evolution for populations in
energy-limited environments. This signal of divergence, along-
side the observation that the absence of endospore formation
provided a substantial fitness benefit, suggests that adaptation to
energy-limited environments may be possible in the absence of a
highly conserved life-history strategy. Though any such adapta-
tion would likely be transitory, as the absence of endospore for-
mation resulted in an increasingly strong fitness disadvantage as
the degree of energy-limitation increased.

While our study offers evidence that the ability to form a seed
bank alters the rate and direction of molecular evolution in B.
subtilis, spoOA remains a confounding variable. The gene is a mas-
ter regulator that can have pleiotropic effects on biofilm forma-
tion (Hamon and Lazazzera 2001; Pedrido et al. 2013; Dubnau et al.
2016), motility (Verhamme et al. 2009; Takada et al. 2014), and ge-
netic competence (Hahn et al. 1995; Schultz et al. 2009; Mirouze
et al. 2012). While we did not directly examine biofilm formation
or motility, it is unlikely that they contributed toward adaptation
as all replicate populations were maintained in well-aerated
flasks in a constant shaker. However, the strength of correlations
between mutation frequency trajectories remained higher in
AspoOA across transfer regimes, a statistical pattern which sug-
gests a lower rate of recombination (Supplementary Fig. 6). Such
a reduction could occur if spo0OA played a major role regulating
genetic competence in our environmental conditions. Though
the rate of recombination did not alter the distance between

simulated distributions of mutation trajectory statistics for
dormancy-capable and incapable populations (Supplementary
Fig. 7). Finally, the main conclusions of our analyses of parallel-
ism and divergent/convergent evolution were not affected by the
inclusion of the spoOA regulon (Supplementary Figs. 9 and 14),
suggesting that the pleiotropic effects of the gene were not so
considerable that they were able to alter the distribution of muta-
tion counts across genes or the degree of purifying selection.

This study tested lost-standing predictions and generated new
questions for future research. Given that Bacillus incurs an
environment-dependent fitness effect when endospore formation
is removed, it is worth investigating the quantitative effects of
mutation on endospore formation and, ultimately their effect on
fitness. Given that limited evolutionary timescales can be
obtained in experiments that mimic the environments where the
ability to enter a dormant state has the greatest fitness benefit,
alternative approaches may be necessary to probe the effect of
mutation on endospore formation. One promising option is mass
barcoding (e.g. RB-TnSeq), sidestepping the slow input of muta-
tions via slow generation times by generating large mutant librar-
ies, the frequencies of which can then be tracked (Wetmore et al.
2015). Such approaches have already been applied to spores in
members of the genus Streptomyces (Wright and Vetsigian 2019)
and could be leveraged to identify environment-dependent fit-
ness effects as well as the mode in which traits, such as endo-
spore formation, mediate fitness effects in Bacillus (Kinsler et al.
2020). Given that endospore formation is a complex trait with
many loci that are likely interacting, it may be a suitable candi-
date to apply recently developed models that predict the form of
the distribution of fitness effects when interactions between loci
are prevalent (Reddy and Desai 2021).

Data availability

Raw sequence data of AspoOA lines are available on the NCBI
Sequencing Read Archive under BioProject ID PRJNA639642. Raw
sequence data for WT lines were previously published
(Shoemaker, Polezhaeva et al. 2021) and are available under
BioProject ID PRJNA639414. Reproducible code to perform all sim-
ulations and analyses is available on GitHub under the reposi-
tory: Bacillus_Evol Timeseries. Processed data and annotations
are available on Zenodo under the DOI: 10.5281/zenodo.5549311.
Supplemental material is available at GENETICS online.

Acknowledgments

We thank P. G. Wall for providing a list of genes in the spo0OA regu-
lon. We thank M. G. Behringer, T. G. Doak, D. A. Drummond, P. L.
Foster, B. K. Lehmkuhl, M. Lynch, J. B. McKinlay, and members of
the Lennon lab for their helpful feedback at various stages of the
project. We thank A. G. Casanova, D. A. Schwartz, and P. G. Wall
for feedback on initial drafts. We thank H. Long for his help in
troubleshooting library construction, K. Miller for assisting with
sample collection, and members of the Kearns lab for sharing
their plasmid protocols and assisting with troubleshooting.

WRS, EP, and JTL designed the project; WRS, EP, and KBG con-
ducted the experiments and generated the data; WRS built and
implemented the model; WRS performed all analyses; WRS, EP,
KBG, and JTL wrote the manuscript.

220z AInp 1z uo 1sanb Aq £699/59/1.200A1/Z/1.2Z/91911E/SONoUSB W00 dNOD1LSPEDE//:Sd)Y WOy PapEOjuMOd


https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyac071#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyac071#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyac071#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyac071#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyac071#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyac071#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyac071#supplementary-data
https://github.com/wrshoemaker/Bacillus_Evol_Timeseries
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyac071#supplementary-data

14 | GENETICS, 2022, Vol. 221, No. 2

Funding

This work was supported by the US Army Research Office
(W911NF-14-1-0411 to JTL), the National Science Foundation
(DEB-1442246, DEB-1934554, DBI-2022049 to JTL), the National
Aeronautics and Space Administration (80NSSC20K0618 to JTL),
and the Society for the Study of Evolution Graduate Research
Excellence Grant (GREG) Rosemary Grant Advanced Award (to
WRS). Computing resources for simulations were supported by
Lilly Endowment, Inc., through its support for the Indiana
University Pervasive Technology Institute, the National Science
Foundation under Grant No. CNS-0521433 and Shared University
Research grants from IBM, Inc., to Indiana University.

Conflicts of interest

None declared.

Literature cited

Albano M, Hahn J, Dubnau D. Expression of competence genes in
Bacillus subtilis. ] Bacteriol. 1987;169(7):3110-3117.

Arrieta-Ortiz ML, Hafemeister C, Bate AR, Chu T, Greenfield A,
Shuster B, Barry SN, Gallitto M, Liu B, Kacmarczyk T, et al. An ex-
perimentally supported model of the Bacillus subtilis global tran-
scriptional regulatory network. Mol Syst Biol. 2015;11(11):839.

Avrani S, Bolotin E, Katz S, Hershberg R. Rapid genetic adaptation
during the first four months of survival under resource exhaus-
tion. Mol Biol Evol. 2017;34(7):1758-1769.

Baak M, Koopman R, Snoek H, Klous S. A new correlation coefficient
between categorical, ordinal and interval variables with Pearson
characteristics. Comput Stat Data Anal. 2019;152:107043

Banks MK, Bryers JD. Cryptic growth within a binary microbial cul-
ture. Appl Microbiol Biotechnol. 1990;33(5):596-601.

Blath ], Buzzoni E, Casanova AG, Wilke-Berenguer M. Separation of
time-scales for the seed bank diffusion and its jump-diffusion
limit. ] Math Biol.2019;82(6):53.

Blath J, Buzzoni E, Koskela J, Berenguer MW. Statistical tools for seed
bank detection. Theor Popul Biol. 2019;132:1-15.

Blath J, Casanova AG, Eldon B, Kurt N, Wilke-Berenguer M. Genetic
variability under the seedbank coalescent. Genetics. 2015;200(3):
921-934.

Blath J, Casanova AG, Kurt N, Wilke-Berenguer M. A new coalescent
for seed-bank models. Ann Appl Probab. 2016;26:857-891.

Bradley JA, Amend JP, LaRowe DE. Necromass as a limited source of
energy for microorganisms in marine sediments. ] Geophys Res
Biogeosci. 2018;123(2):577-590.

Bradshaw WE, Armbruster PA, Holzapfel CM. Fitness consequences
of hibernal diapause in the pitcher-plant mosquito, Wyeomyia
smithii. Ecology. 1998;79(4):1458-1462.

Buoro M, Carlson SM. Life-history syndromes: integrating dispersal
through space and time. Ecol Lett. 2014;17(6):756-767.

Céceres CE, Tessier AJ. To sink or swim: variable diapause strategies
among daphnia species. Limnol Oceanogr. 2004;49(4 part2):
1333-1340.

Cooper VS. Experimental evolution as a high-throughput screen for
genetic adaptations. mSphere. 2018;3(3):e00121-18.

Cvijovi¢ I, Good BH, Desai MM. The effect of strong purifying selec-
tion on genetic diversity. Genetics. 2018;209(4):1235-1278.

Deatherage DE, Barrick JE. Identification of mutations in laboratory-
evolved microbes from next-generation sequencing data using
breseq. Methods Mol Biol 2014;1151:165-188.

Dixit PD, Pang TY, Maslov S. Recombination-driven genome evolu-
tion and stability of bacterial species. Genetics. 2017;207(1):
281-295.

Doebeli M, Ispolatov Y, Simon B. Towards a mechanistic foundation
of evolutionary theory. eLife. 2017;6:23804.

Dubnau D. Genetic competence in Bacillus subtilis. Microbiol Rev.
1991;55(3):395-424.

Dubnau EJ, Carabetta VJ, Tanner AW, Miras M, Diethmaier C, Dubnau
D. A protein complex supports the production of SpoOA-P and
plays additional roles for biofilms and the K-state in Bacillus subtilis.
Mol Microbiol. 2016;101(4):606-624.

Ellner S, Hairston NG. Role of overlapping generations in maintain-
ing genetic variation in a fluctuating environment. Am Nat. 1994,
143(3):403-417.

Ewens WJ. Mathematical population genetics 1: theoretical introduc-
tion. In: Antman S.S., Sirovich L, Marsden JE, Wiggins S, editors.
Interdisciplinary Applied Mathematics, Mathematical Population
Genetics. 2nd ed. New York (NY): Springer-Verlag; 2004. p. 25 and
116.

Finkel SE, Kolter R. Evolution of microbial diversity during prolonged
starvation. Proc Natl Acad Sci U S A. 1999;96(7):4023-4027.

Fisher DS. Course 11 evolutionary dynamics. Les Houches. 2007;85:
395-446.

Gangloff S, Achaz G, Francesconi S, Villain A, Miled S, Denis C,
Arcangioli B. Quiescence unveils a novel mutational force in fis-
sion yeast. eLife. 2017;6:€27469.

Good BH. Linkage disequilibrium between rare mutations. Genetics.
2020;220(4):iyac004.

Good BH, Desai MM. The impact of macroscopic epistasis on long-
term evolutionary dynamics. Genetics. 2015;199(1):177-190.

Good BH, McDonald MJ, Barrick JE, Lenski RE, Desai MM. The dynam-
ics of molecular evolution over 60,000 generations. Nature. 2017,
551(7678):45-50.

Good BH, Rouzine IM, Balick DJ, Hallatschek O, Desai MM.
Distribution of fixed beneficial mutations and the rate of adapta-
tion in asexual populations. Proc Natl Acad Sci U S A. 2012;
109(13):4950-4955.

Grimmett G, Stirzaker D. Probability and Random Processes. 3rd ed.
Oxford and New York: Oxford University Press; 2001.

Guppy M, Withers P. Metabolic depression in animals: physiological
perspectives and biochemical generalizations. Biol Rev. 1999;
74(1):1-40.

Hahn J, Roggiani M, Dubnau D. The major role of Spo0OA in genetic
competence is to downregulate abrB, an essential competence
gene. ] Bacteriol. 1995;177(12):3601-3605.

Hairston NG, Lampert W, Céceres CE, Holtmeier CL, Weider L],
Gaedke U, Fischer JM, Fox JA, Post DM. Rapid evolution revealed
by dormant eggs. Nature. 1999;401(6752):446.

Hamon MA, Lazazzera BA. The sporulation transcription factor
Spo0A is required for biofilm development in Bacillus subtilis. Mol
Microbiol. 2001;42(5):1199-1209.

Heinrich L, Miiller J, Tellier A, Zivkovi¢ D. Effects of population- and
seed bank size fluctuations on neutral evolution and efficacy of
natural selection. Theor Popul Biol. 2018;123:45-69.

Hoch JA. Genetic analysis of pleiotropic negative sporulation
mutants in Bacillus subtilis. ] Bacteriol. 1971;105(3):896-901.

Huang X, Schmitt J, Dorn L, Griffith C, Effgen S, Takao S, Koornneef
M, Donohue K. The earliest stages of adaptation in an experimen-
tal plant population: strong selection on QTLS for seed dor-
mancy. Mol Ecol. 2010;19(7):1335-1351.

Jones SE, Lennon JT. Dormancy contributes to the maintenance of
microbial diversity. Proc Natl Acad Sci USA. 2010;107(13):
5881-5886.

220z AInp 1z uo 1sanb Aq £699/59/1.200A1/Z/1.2Z/91911E/SONoUSB W00 dNOD1LSPEDE//:Sd)Y WOy PapEOjuMOd



W.R. Shoemakeretal. | 15

Kaj I, Krone SM, Lascoux M. Coalescent theory for seed bank models.
J Appl Probab. 2001;38(2):285-300.

Kinsler G, Geiler-Samerotte K, Petrov DA. Fitness variation across
subtle environmental perturbations reveals local modularity and
global pleiotropy of adaptation. eLife. 2020;9:e61271.

Koopmann B, Miiller J, Tellier A, Zivkovi¢ D. Fisher-Wright model
with deterministic seed bank and selection. Theor Popul Biol.
2017;114:29-39.

Kunkel TA. DNA replication fidelity. J Biol Chem. 2004;279(17):
16895-16898.

Lennon JT, den Hollander F, Wilke-Berenguer M, Blath J. Principles of
seed banks and the emergence of complexity from dormancy.
Nat Commun. 2021;12(1):4807.

Lennon JT, Jones SE. Microbial seed banks: the ecological and evolu-
tionary implications of dormancy. Nat Rev Microbiol. 2011;9(2):
119-130.

Lenski RE. Experimental evolution and the dynamics of adaptation
and genome evolution in microbial populations. ISME J. 2017;
11(10):2181-2194.

Maki H. Origins of spontaneous mutations: specificity and direction-
ality of base-substitution, frameshift, and sequence-substitution
mutageneses. Annu Rev Genet. 2002;36:279-303.

Martin M. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet J. 2011;17(1):10-12.

Mason CA, Hamer G. Cryptic growth in Klebsiella pneumoniae. Appl
Microbiol Biotechnol. 1987;25(6):577-584.

Maughan H, Birky CW, Nicholson WL. Transcriptome divergence
and the loss of plasticity in Bacillus subtilis after 6,000 generations
of evolution under relaxed selection for sporulation. J Bacteriol.
2009;191(1):428-433.

Maughan H, Callicotte V, Hancock A, Birky CW, Nicholson WL, Masel
J. The population genetics of phenotypic deterioration in experi-
mental populations of Bacillus subtilis. Evolution. 2006;60(4):
686-695.

Maughan H, Masel J, Birky CW, Nicholson WL. The roles of mutation
accumulation and selection in loss of sporulation in experimen-
tal populations of Bacillus subtilis. Genetics. 2007;177(2):937-948.

McDonald MJ, Rice DP, Desai MM. Sex speeds adaptation by altering
the dynamics of molecular evolution. Nature. 2016;531(7593):
233-236.

Mirouze N, Desai Y, Raj A, Dubnau D. SpoOA~P imposes a temporal
gate for the bimodal expression of competence in Bacillus subtilis.
PLoS Genet. 2012;8(3):e1002586.

Nunney L. The effective size of annual plant populations: the inter-
action of a seed bank with fluctuating population size in main-
taining genetic variation. Am Nat. 2002;160(2):195-204.

Patefield WM. Algorithm AS 159: an efficient method of generating
random r x c tables with given row and column totals. J R Stat
Soc C Appl Stat. 1981;30(1):91-97.

Pedrido ME, de Ona P, Ramirez W, Lenini C, Goni A, Grau R. Spo0OA
links de novo fatty acid synthesis to sporulation and biofilm de-
velopment in Bacillus subtilis. Mol Microbiol. 2013;87(2):348-367.

Powell EO. An outline of the pattern of bacterial generation times. J
Gen Microbiol. 1958;18(2):382-417.

Reddy G, Desai MM. Global epistasis emerges from a generic model
of a complex trait. eLife. 2021;10:e64740.

Rozen DE, Philippe N, Arjan de Visser ], Lenski RE, Schneider D.
Death and cannibalism in a seasonal environment facilitate bac-
terial coexistence. Ecol Lett. 2009;12(1):34—44.

Rubio de Casas R, Donohue K, Venable DL, Cheptou PO. Gene-flow
through space and time: dispersal, dormancy and adaptation to
changing environments. Evol Ecol. 2015;29(6):813-831.

Ryan FJ. Spontaneous mutation in non-dividing bacteria. Genetics.
1955;40(5):726-738.

Ryan FJ. Bacterial mutation in a stationary phase and the question of
cell turnover. ] Gen Microbiol. 1959;21:530-549.

Sachidanandham R, Yew-Hoong Gin K. A dormancy state in
nonspore-forming bacteria. Appl Microbiol Biotechnol. 2009;
81(5):927-941.

Schoen DJ, David JL, Bataillon TM. Deleterious mutation accumula-
tion and the regeneration of genetic resources. Proc Natl Acad Sci
USA. 1998;95(1):394-399.

Schultz D, Wolynes PG, Jacob EB, Onuchic JN. Deciding fate in ad-
verse times: sporulation and competence in Bacillus subtilis. Proc
Natl Acad Sci U S A. 2009;106(50):21027-21034.

Seabold S, Perktold J. statsmodels: Econometric and statistical
modeling with python. In 9th Python in Science Conference.
2010.

Shoemaker WR, Jones SE, Muscarella ME, Behringer MG, Lehmkuhl
BK, Lennon JT. Microbial population dynamics and evolutionary
outcomes under extreme energy limitation. Proc Natl Acad Sci
USA. 2021;118(33):€2101691118.

Shoemaker WR, Lennon JT. Evolution with a seed bank: the popula-
tion genetic consequences of microbial dormancy. Evol Appl.
2018;11(1):60-75.

Shoemaker WR, Lennon JT. Quantifying parallel evolution. mSphere.
2020;7(1):€00672-21.

Shoemaker WR, Polezhaeva E, Givens KB, Lennon JT. Molecular evo-
lutionary dynamics of energy limited microorganisms. Mol Biol
Evol. 2021;38(10):4532-4545.

SiebringJ, Elema M]J, Drubi Vega F, Kovdcs AT, Haccou P, Kuipers OP.
Repeated triggering of sporulation in Bacillus subtilis selects
against a protein that affects the timing of cell division. ISME J.
2014;8(1):77-87.

Sung W, Ackerman MS, Gout JF, Miller SF, Williams E, Foster PL,
Lynch M. Asymmetric context-dependent mutation patterns
revealed through mutation—-accumulation experiments. Mol Biol
Evol. 2015;32(7):1672-1683.

Takada H, Morita M, Shiwa Y, Sugimoto R, Suzuki S, Kawamura F,
Yoshikawa H. Cell motility and biofilm formation in Bacillus subti-
lis are affected by the ribosomal proteins, S11 and S21. Biosci
Biotechnol Biochem. 2014;78(5):898-907.

Tellier A. Persistent seed banking as eco-evolutionary determinant
of plant nucleotide diversity: novel population genetics insights.
New Phytol. 2019;221(2):725-730.

Tellier A, Laurent SJY, Lainer H, Pavlidis P, Stephan W. Inference of
seed bank parameters in two wild tomato species using ecologi-
cal and genetic data. Proc Natl Acad Sci USA. 2011;108(41):
17052-17057.

Transtrum MK, Qiu P. Bridging mechanistic and phenomenological
models of complex biological systems. PLoS Comput Biol. 2016;
12(5):€1004915.

van Gestel J, Ackermann M, Wagner A. Microbial life cycles link
global modularity in regulation to mosaic evolution. Nat Ecol
Evol. 2019;3(8):1184-1196.

Venable DL, Brown JS. The selective interactions of dispersal, dor-
mancy, and seed size as adaptations for reducing risk in variable
environments. Am Nat. 1988;131(3):360-384.

Venable DL, Lawlor L. Delayed germination and dispersal in desert
annuals: escape in space and time. Oecologia. 1980;46(2):
272-282.

Verhamme DT, Murray EJ, Stanley-Wall NR. DegU and SpoOA jointly
control transcription of two loci required for complex colony de-
velopment by Bacillus subtilis. ] Bacteriol. 2009;191(1):100-108.

220z AInp 1z uo 1sanb Aq £699/59/1.200A1/Z/1.2Z/91911E/SONoUSB W00 dNOD1LSPEDE//:Sd)Y WOy PapEOjuMOd



16 | GENETICS, 2022, Vol. 221, No. 2

Vitalis R, Rousset F, Kobayashi Y, Olivieri I, Gandon S. The joint evo-
lution of dispersal and dormancy in a metapopulation with local
extinctions and kin competition. Evolution. 2013;67(6):
1676-1691.

Vos M, Didelot X. A comparison of homologous recombination rates
in bacteria and archaea. ISME]. 2009;3(2):199-208.

Weller C, Wu M. A generation-time effect on the rate of molecular
evolution in bacteria. Evolution. 2015;69(3):643-652.

Wetmore KM, Price MN, Waters RJ, Lamson JS, He J, Hoover CA, Blow
M]J, Bristow J, Butland G, Arkin AP, et al. Rapid quantification of
mutant fitness in diverse bacteria by sequencing randomly bar-
coded transposons. mBio. 2015;6(3):e00306-15.

Willis CG, Baskin CC, Baskin JM, Auld JR, Venable DL, Cavender-
Bares J, Donohue K, Casas R; NESCent Germination Working
Group. The evolution of seed dormancy: environmental cues,
evolutionary hubs, and diversification of the seed plants. New
Phytol. 2014;203(1):300-309.

Wright ES, Vetsigian KH. Stochastic exits from dormancy give rise to
heavy-tailed distributions of descendants in bacterial popula-
tions. Mol Ecol. 2019;28(17):3915-3928.

Zeigler DR, Nicholson WL. Experimental evolution of Bacillus subtilis.
Environ Microbiol. 2017;19(9):3415-3422.

Communicating editor: A. Tellier

220z AInp 1z uo 1sanb Aq £699/59/1.200A1/Z/1.2Z/91911E/SONoUSB W00 dNOD1LSPEDE//:Sd)Y WOy PapEOjuMOd



	tblfn2
	tblfn1

