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Evolutionary dynamics and structural
consequences of de novo beneficial
mutations and mutant lineages arising in a
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Abstract

Background: Microbial evolution experiments can be used to study the tempo and dynamics of evolutionary change
in asexual populations, founded from single clones and growing into large populations with multiple clonal lineages.
High-throughput sequencing can be used to catalog de novo mutations as potential targets of selection, determine in
which lineages they arise, and track the fates of those lineages. Here, we describe a long-term experimental evolution
study to identify targets of selection and to determine when, where, and how often those targets are hit.

Results: We experimentally evolved replicate Escherichia coli populations that originated from a mutator/nonsense
suppressor ancestor under glucose limitation for between 300 and 500 generations. Whole-genome, whole-population
sequencing enabled us to catalog 3346 de novo mutations that reached > 1% frequency. We sequenced the genomes
of 96 clones from each population when allelic diversity was greatest in order to establish whether mutations were in
the same or different lineages and to depict lineage dynamics. Operon-specific mutations that enhance glucose uptake
were the first to rise to high frequency, followed by global regulatory mutations. Mutations related to energy
conservation, membrane biogenesis, and mitigating the impact of nonsense mutations, both ancestral and derived,
arose later. New alleles were confined to relatively few loci, with many instances of identical mutations arising
independently in multiple lineages, among and within replicate populations. However, most never exceeded 10% in
frequency and were at a lower frequency at the end of the experiment than at their maxima, indicating clonal
interference. Many alleles mapped to key structures within the proteins that they mutated, providing insight into their
functional consequences.

Conclusions: Overall, we find that when mutational input is increased by an ancestral defect in DNA repair, the
spectrum of high-frequency beneficial mutations in a simple, constant resource-limited environment is narrow,
resulting in extreme parallelism where many adaptive mutations arise but few ever go to fixation.
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Author summary

Microbial evolution experiments open a window on the
tempo and dynamics of evolutionary change in asexual
populations. High-throughput sequencing can be used
to catalog de novo mutations, determine in which line-
ages they arise, and assess allelic interactions by tracking
the fate of those lineages. This approach, adaptive genet-
ics, makes it possible to discover whether clonal interac-
tions are antagonistic or synergistic, and complements
genetic screens of induced deleterious/loss-of-function
mutants. Using glucose-limited chemostats, we carried
out 300—500 generation evolution experiments founded
by an Escherichia coli mutator/nonsense suppressor
strain. Whole-genome, whole-population sequencing en-
abled us to catalog 3346 de novo mutations that reached
>1% frequency. Mutations enhancing glucose uptake
rose to high frequency first, followed by global regula-
tory changes that modulate growth rate and assimilation
of the limiting resource; later selected mutations favored
energy conservation and/or mitigated pleiotropic effects
of earlier regulatory changes. Several loci were highly
polymorphic, with identical mutations arising independ-
ently in different lineages, both between and within rep-
licate populations. When mutational input is increased
by an ancestral defect in DNA repair but mitigated by a
nonsense suppressor, the number of beneficial mutants
attributable to loss-of-function involves fewer nonsense
mutations relative to missense mutations. Under nutri-
ent limitation, selection is called upon to explore se-
quence space for changes in protein structure that favor,
for example, de-repression of genes and pathways
needed to acquire the limiting nutrient. The net result of
this process is extreme parallelism, where many adaptive
mutations arise within a relatively small set of genes, but
few of those mutations ever become fixed. The distribu-
tion of such alleles in sequence space is useful for adap-
tive genetics-driven studies of protein structure-function
relationships.

Background

Experimental microbial evolution has enlarged our un-
derstanding of the tempo and mode of adaptive change
in asexual populations, as well as how selection, drift,
and historical contingency influence their evolutionary
trajectories. Using high-throughput sequencing, we can
now identify substantial numbers of de novo beneficial
mutations in laboratory populations, determine in which
lineages they arise and the fate of those lineages, and
evaluate how different alleles interact [1-3]. This ap-
proach, adaptive genetics, based on analyzing cohorts of
spontaneous beneficial mutations to determine how
their frequencies fluctuate over time, complements trad-
itional genetic screening of induced deleterious/loss-of-
function mutants (e.g., [4, 5]). Adaptive genetics also
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opens up new ways to discover constraints on protein
structure and function and to discern the architecture
and malleability of networks that regulate nutrient sens-
ing and uptake and that coordinate cell division.

Microbial populations were once thought to evolve by
the periodic selection of adaptive clones, each fitter than
its antecedent, replacing one another over successive
generations [6—9]. This model is consistent with Muller
and Haldane's view of how beneficial mutations spread
in large asexual populations [10—12] governed by com-
petitive exclusion [13]; indeed, periodic selection has
been observed in nosocomial outbreaks [14] and epi-
demics [15], as well as in breast cancer [16] and tumor-
specific T cells [17]. But clonal populations can also ac-
cumulate and retain genetic variation, much of which is
beneficial [18-22]. In fact, whole-genome, whole-
population sequencing has shown that even under sim-
ple laboratory conditions the amount of adaptive genetic
variation arising in microbial populations can be enor-
mous, owing to their large size and to the continuous in-
put of neutral and adaptive mutations [20, 23].

When novel beneficial mutations arise in independent
lineages and these lineages have similar fitness, a ‘Battle
Royale’ ensues, producing clonal interference [18, 20,
24—26]. Clonal interference can also occur within a
broader framework of stable subpopulation structure
[27], especially if lineages come under balancing selec-
tion [28-31] or specialize to exploit niches created by
the culture conditions [29, 32, 33] or by the organisms
themselves [34—36]. Theory indicates that in a resource-
limited environment the likelihood that subpopulations
co-exist depends on the input of the primary resource,
the output of secondary resources, and the relative fit-
ness of clones that can profit from secondary resources
[37]. The ancestral genotype may also be decisive.
Glucose-limited evolution experiments carried out by
Ferenci et al. using one ancestral E. coli K12 derivative
never produced stable subpopulations [38], whereas
those carried out by Adams et al. using another often
did [36, 39]. Adams’ strain was later shown to carry non-
sense mutations in mismatch repair enzyme MutY,
housekeeping and stationary-phase transcription factors
RpoD and RpoS, as well as a tRNA nonsense suppressor.
While an ancestral defect in DNA repair would increase
the descendant population’s mutational load [34, 40], a
nonsense suppressor in that ancestor would likely miti-
gate the effect of any mutation that caused a premature
STOP codon. This genotype could be expected not only
to increase the overall number of mutations, but also the
number of mutations whose beneficial effects can be
traced back to structural changes in regulatory genes, es-
pecially those that encode repressor proteins, giving
insight into the function of those regions whose struc-
ture has been altered.
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To understand the impact that a mutator/suppressor
founder has on the spectrum and fate of new beneficial
mutations and on the dynamics of population structure,
we repeated the classic Adams et al. experiments using
the same ancestral strain and culture conditions [36].
Over the course of up to 500 generations, we monitored,
at 50-generation intervals, the incidence of mutations
that reached at least 1% frequency, identifying both
beneficial and hitchhiking mutations. To determine
which mutations co-occurred within a given lineage, we
sequenced 96 clones from each population at the time
point where we observed the greatest allelic diversity.
We uncovered no evidence for stable subpopulation
structure, but instead observed pervasive clonal interfer-
ence, with only 17 out of 3346 mutations (of which a
few hundred are likely beneficial) going to near fixation
across replicate experiments. The temporal order in
which certain mutations rose to high frequency was
largely predictable, reflecting a high degree of parallelism
among replicates. In general, mutations that enhanced
glucose assimilation arose early, followed by mutations
in global regulators and mutations that either increased
efficiency of limiting resource utilization or mitigated
the deleterious effects of certain earlier mutations. Our
results show that when replicate populations of mutator-
suppressor E. coli evolve under carbon limitation the
number of allelic variants that exceed 1% frequency may
be large, but the number of genes targeted is relatively
few. We further show that in many cases the distribution
of high-value mutations is clustered in regions essential
for gene products to exert their regulatory function.

Results

Experimental design

Evolution experiments were carried out in triplicate
under continuous nutrient limitation using Davis Min-
imal Medium [36], with glucose (0.0125% w/v) as the
sole source of carbon for energy and growth. In addition
to archiving samples as 80 °C glycerol stocks, experi-
mental populations were also monitored every 10—20
generations for culture purity by microscopy and by
plating cultures onto a lawn of multiple E. colispecific
bacteriophage, as previously described by [41]. Chemo-
stats (300 mL working volume) were run under aerobic
conditions for 300-500 generations at constant
temperature (30°C) and at constant dilution rate (D =
0.2h ). Under these conditions, steady-state population
density is ~ 10° cells mL ' and residual glucose concen-
tration is at or below the limit of detection (Add-
itional file 1: Fig. S1). The E. colistrain used to initiate
these experiments, JA122, is distinguished from E. coli
K12 by alleles likely to influence the spectrum of muta-
tions arising during adaptive evolution (Additional file 2:
Table S1 [34];). Among these is a nonsense mutation in
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MutY (Leu299*) that results in a mutation rate nearly
30-fold greater than K12 [34], nonsense mutations in
genes that encode stationary-phase sigma factor RpoS
(GIn33*) [42], and ‘housekeeping’ sigma factor RpoD
(Glu26*), as well as a suppressor mutation in the ginX
tRNA known to suppress amber, ochre, and opal muta-
tions (Additional file 2: Table S1) [43].

To identify the mutations that arose during our exper-
iments, we performed whole-genome, whole-population
sequencing every 50 generations on each of the three
chemostat populations. We generated approximately 50
million 2x100bp paired end reads per sample, yielding
coverage of up to ~1000x for each time point (library
insert sizes were selected to be short enough such that
forward and reverse reads overlapped, which, while re-
ducing coverage, increases quality; see the “Methods”
section). We used these data to identify mutations that
rose to an allele frequency of ~ 1% or greater. Given an
effective population size of >10' and 300-500 genera-
tions of selection, it is highly improbable that any allele
could reach such a frequency by drift alone [29]. We
therefore assume that every mutation we identified had
either come under positive selection or was hitchhiking
along with one that had.

Population sequencing reveals consistent mutation
patterns across independent evolution experiments
Across all samples, 3346 SNPs were detected in 2083
unique genes or intergenic regions (Additional file 3:
Table S6). The overwhelming majority (97.5%) of these
SNPs were GC TA transversions, as expected given the
ancestral strain’s defect in mismatch repair protein
MutY, which encodes adenine glycosylase [44]. Consist-
ent with the protein coding density of E. coli (87.8%)
[45], 85% (2854) of SNPs occurred in coding regions. On
average, 69.2% of these created a missense mutation,
23.4% resulted in a synonymous mutation, and 7.4%
caused a nonsense mutation (Additional file 1: Fig. S2).
Relative to proportions observed in mutation accumula-
tion experiments carried out using wild-type E. coli[46],
we observed more nonsynonymous and nonsense muta-
tions. Given that MA experiments deliberately avoid se-
lection pressure, through single-cell bottlenecks, while
evolution experiments typically purge highly deleterious
mutations, the greater fraction of nonsense mutations
(7.4% vs. 3% in [46]) observed in our experiment is all
the more striking. However, we note that a more appro-
priate comparison would be to compare a suppressed vs.
a non-suppressed mutator strain to determine if an ex-
cess of nonsense mutations occurs as a result of sup-
pression; this would require the existing, suppressed
mutations in the background be reverted.

Small deletions were rarely detected (one single-
nucleotide deletion in each of vessel 1 and vessel 2, and
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none detected in vessel 3), but we observed a single large
~150kb duplication in vessel 2. The overall number of
mutations in each population increased linearly over
time and at approximately the same rate across repli-
cates (Additional file 1: Fig. S2), as would be expected
with a mutator phenotype.

Comparison of population-level mutations reveals clonal
interference and widespread parallelism

Despite the large number of SNPs detected across repli-
cate populations, only 17 novel alleles ever approached
fixation by exceeding 98% frequency. Moreover, the
maximum frequency of most alleles never exceeded 10%
(Additional file 1: Fig. S3A), and the vast majority of al-
leles were present at a lower frequency in the final time
point than they were at their maximum (Additional file 1:
Fig. S3B), as has been previously observed in population
sequencing data [25]. Together, the foregoing observa-
tions suggest that in each evolution experiment popula-
tion dynamics was largely driven by clonal interference
[47]. A small number of loci were recurrently mutated
above what would be expected by chance, indicating that
variants at these loci were likely beneficial (Table 1,
Additional file 2: Table S2). For example, a total of 212
mutations arose in the 10 most significantly mutated
genes identified in the population sequencing data, with
each gene receiving at least five mutations (Table 1).
Moreover, 30 and 14 distinct allelic variants were discov-
ered in just two: the genes encoding the DNA-binding
repressor GalS and the RNA-binding protein Hfq, re-
spectively (Additional file 2: Table S3). High-resolution
population sequencing also revealed that 13 SNPs not
present at the start of the experiment reached at least
1% frequency in all three vessels at various time points,
while 52 SNPs recurred in two out of three chemostats
(Additional file 2: Table S4). Thus, our data also provide
compelling evidence for substantial parallel evolution at
the genic level—indeed, with only two exceptions, genes
containing beneficial mutations (as determined from the
population sequencing) were mutated in either two or
three of the chemostats (Additional file 1: Fig. S3C).

Clonal sequencing further clarifies lineage relationships
and parallelism

To establish linkage relationships between novel alleles,
we sequenced 96 individual clones from each vessel. In
each case, the 96 clones were isolated at random from
the time point at which we detected the greatest number
of mutant alleles at 5% frequency. To assess whether
the frequency estimates from population sequencing
were reasonable, and whether the isolated clones consti-
tuted a reasonable subsample, we compared frequencies
of mutations identified in both datasets at the
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corresponding time point and found that they correlated
well (Additional file 1: Fig. S4).

For each set of 96 clones, we constructed a phylogeny
to represent their putative evolutionary relationships
(Fig. 1). Inspection of the mutations and phylogenetic
trees from each vessel (i.e., each independent evolution)
revealed several instances in which exactly the same mu-
tation arose not only in different vessels, but often more
than once in the same vessel on distinct branches of a
given tree. In the most extreme case, 6 of the 11 hfq al-
leles detected via clone sequencing were identified in
clones from different vessels, indicating independent
parallel origins (Fig. 1, Additional file 4: Table S7). Fur-
thermore, 7 of the 11 appear to have arisen more than
once within the same vessel.

Clonal dynamics are shaped by relationships among de
novo alleles, hard and soft selective sweeps, and the
absence of periodic selection

Combining population allele frequency data with linkage
information inferred from clone sequencing makes it
possible to depict lineage dynamics using Muller dia-
grams (Fig. 2, Additional file 5: Fig. S9, Additional file 6:
Fig. S10, Additional file 7: File Fig. S11; Note: Add-
itional files 5, 6, and 7 each contain a PDF with scroll-
able panels that depict evolutionary dynamics for >50
individual genes). In general, we observed early, hard
sweeps of highly beneficial mutations related to limiting
nutrient influx, followed by soft sweeps [48—50] and
multiple-origin soft sweeps that may fine-tune glucose
uptake or utilization later in the experiment when diver-
sity was higher [51-53]. Hard sweeps consistently in-
volved mutations in regulators (galS in chemostat 1,
transcriptional terminator rho in chemostats 1 and 3) or
regulatory regions (upstream of dnaG in chemostat 1,
upstream of mgIB in chemostats 1, 2, and 3), while soft
sweeps were comprised of both regulatory and operon-
specific mutations (e.g., hfq and opgHin chemostats 1, 2,
and 3, upstream of adhE in chemostat 1, pgi in chemo-
stat 3) (Figs. 2 and 3, Additional file 5: Fig. S9, Add-
itional file 6: Fig. S10, Additional file 7: Fig. S11 [49,
54]). Here, we note that multiple-origin soft sweeps may
be especially prevalent in our experiments due to the an-
cestral mutator allele at mutY, as the likelihood of con-
current identical mutations in the same gene should
increase with mutation rate.

Early sweeps occur in genes that regulate influx of the
limiting nutrient glucose

For specific growth rates between ~u = 0.1h ' and
U =09h ', glucose is most efficiently transported using
a combination of the maltoporin LamB and the galactose
transporter MgIBAC, and glucose limitation tends to se-
lect for mutations that increase expression of these
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Table 1 Characteristics of frequently mutated genes
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Rank Gene GO biological process Observed Unique Expected Uncorrected p FDR
mutations alleles mutations value
Population sequencing
T gals** Regulation of transcription 38 30 0.78 6.55E-50 4428
—45
2 hfgrreeessx Regulation of Translation 24 14 0.23 6.91E-40 233k
-35
3 pgirrEEEERE Glycolytic process 35 24 1.23 4.54E-38 1.02E
-33
4 opgH** Response to osmotic stress 31 29 1.90 8.74E-27 1.48E
=22
5 maTrxxxreees Regulation of transcription 30 19 202 8.10E-25 1.09
-20
6 malKxxxxxx Carbohydrate transport 22 14 083 747E-24 840E
-20
7 upstream Transcription regulatory 7 4 0.21 291E-09 281E
mglB** region —05
8 rho** Transcription termination 1 9 094 549E-09 4.64E
—-05
9  upstream dnaG  Transcription regulatory 5 5 0.08 3.06E-08 2.30E
region -04
10 fimH*** Cell adhesion/biofilm 9 5 0.68 4.38E-08 2.96E
formation —04
Clonal sequencing
1 hfgressss Regulation of translation 26 0.1020 3.79E-53 3.68E
48
2 pgi**Er Glycolytic process 17 0.5448 5.52E-20 2.68E
=15
3 opgH*** Response to osmotic stress 17 0.8400 6.57E-17 213k
-12
4 upstream Transcription regulatory 8 0.0925 1.22E-13 2.96E
mglB** region -09
5 fimHx*e* Cell adhesion/biofilm 10 0.2982 1.17E-12 2.26E
formation -08
6 ompR** Regulation of transcription 8 02377 2.05E-10 331E
-06
7 upstream adhE* Transcription regulatory 6 0.1575 1.85E-08 0.000257
region
8  malT*** Regulation of transcription 10 0.8935 3.98E-08 0.000482
9  proQ* Posttranscriptional regulation 6 0.2308 1.72E-07 0.001858
10 pfkA** Glucose catabolic process 6 03180 1.09E-06 0.010612

Each asterisk indicates an allele that arose more than once independently, either within or between vessels

proteins [52, 55—63]. Accordingly, 7 of the top 10 fre-
quently mutated genes/gene regions we observed (galS
upstream mgIB malT, malK, hfg, rho, and upstream
dnaG) play a role in transcriptional regulation of LamB
or MgIBAC, either directly or through their interactions
with global regulators (Table 1, Fig. 4).

Functional attributes and evolutionary dynamics of
mutations in operon-specific regulators galS and mgIB
When E. coliis cultured under glucose limitation, the
chief route by which limiting substrate enters the

cytoplasm is via the D-galactose/methyl-B-D-galactoside
transporter MgIBAC (Fig. 4 [62]). GalS is a negative regu-
lator of MgIBACtranscription, and in the absence of D-gal-
actose, GalS binds the mgl operator to prevent open
complex formation [64]. Loss-of-function mutations in
galSor mutations upstream of mgIBin the GalS repressor
binding site (bp 2,238,647 C A) and/or the CRP activator
site (bp 2,238,630 C A) have been previously observed in
the early stages of a daptation to limiting glucose [40, 58,
65, 66]. In our experiments, we observed 33 mutations in
galS far exceeding what would be expected by chance.
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