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INTRODUCTION: The capacity to generate adapt-
ive variation is critical for long-term evolutionary
success. However, the extent to which natural
selection directly favors enhanced evolvability
remains debated. Although studies with microbes
show that mutants with elevated genome-
wide mutation rates can be selected, a deeper
question persists: Can natural selection struc-
ture genetic and developmental systems to bias
mutations toward adaptive outcomes? This
hypothesis challenges the traditional view of
evolution as a “blind” process fueled by ran-
dom variation, which amplifies traits benefi-
cial in the present without regard for future
contingencies.

RATIONALE: Mutation being biased toward ad-
aptive outcomes challenges conventional per-
spectives but aligns with the logic of natural
selection acting on lineages. Across changing
environments, lineages capable of rapid adap-
tation are more likely to survive and replace
those less able. If competing lineages, because
of their varying genetic architecture, tend to
generate phenotypic variation in different ways,
then those with tendencies that are more con-
ducive to an adaptive response in a given en-
vironment will be favored. Provided the same
environmental challenges recur over time, an
iterative process of selection can take place,
potentially refining the capacity to adapt. To

Experimental evolution of evolvabil-
ity through lineage selection.
Mutation and selection are typically
viewed as independent processes, but
our experiment revealed how they
interact, leading mutation to become
biased toward adaptive outcomes.
Central to this was lineage-level
selection: Bacterial lineages
(connected nodes) were required

to repeatedly evolve between
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two phenotypic states (indicated by
yellow and blue). Mutational transitions
were initially unreliable, leading to
lineage death (indicated by a skull)
and replacement by more successful
competitors. Final surviving lineages
evolved mutation-prone sequences in
a key gene underpinning the pheno-
types, enabling rapid transitions
between states.
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test this idea, we designed an experiment where
lineages of bacteria competed to repeatedly
achieve, through mutation, phenotypes opti-
mal for growth under two alternating condi-
tions. Lineages that failed to evolve the target
phenotype within a set time went extinct and
were replaced by successful lineages. This
birth-death dynamic created conditions for
selection to refine the ability of lineages to
evolve between phenotypic states.

RESULTS: During the course of a 3-year selec-
tion experiment, involving identification and
ordering of more than 500 mutations, a line-
age emerged that was capable of rapid muta-
tional transitions between alternate phenotypic
states through localized hypermutation. The
mutable locus arose through a multistep evo-
lutionary process: Initial mutations targeted a
wide range of genes but eventually focused on
a single regulator. A series of mutations that
alternately activated and inactivated function
of the regulatory gene then followed. A subset
of these inactivating mutations were compen-
sated for by mutations that increased transcrip-
tion and, concomitantly, frameshift mutation
rate. The overall effect was to promote, through
slipped-strand mispairing, the duplication, and
then further amplification, of a heptanucleotide
sequence. This process led the locus-specific
mutation rate to increase ~10,000-fold. In turn,

Lineages compete to survive and reproduce within a metapopulation
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the resulting frameshift mutations enabled re-
versible phenotypic changes through expansion
and contraction of the heptanucleotide sequence,
mirroring the contingency loci of pathogenic
bacteria. Lineages with the hypermutable locus
exhibited enhanced evolvability to altered rates
of environmental change and were more likely
to acquire additional adaptive mutations, high-
lighting an unanticipated evolutionary advan-
tage of localized hypermutability.

CONCLUSION: Our study demonstrates how se-
lection can incorporate evolutionary history
into the genetic architecture of a single cell,
giving rise to a hypermutable locus that appears
to anticipate environmental change, thereby
accelerating adaptive evolution. This was pos-
sible only as an outcome of selection working
at two levels. Whereas individual-level selec-
tion repeatedly drove cell populations between
the same two phenotypic states, the genetic
underpinnings of these phenotypes were free
to diverge, fueling an exploration of evolution-
ary potential, the consequences of which only
emerged on the timescale of lineages. Ulti-
mately, this exploration generated the variation
necessary for construction and cumulative re-
finement of a lineage-level adaptive trait. More
generally, our experiment clarifies the condi-
tions by which evolvability can itself evolve
adaptively and highlights the importance of
this process for microbial pathogens.

The list of author affiliations is available in the full article online.
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(M.B.); rainey@evolbio.mpg.de (P.B.R.)
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Evolvability—the capacity to generate adaptive variation—is a trait that can itself evolve through natural
selection. However, the idea that mutation can become biased toward adaptive outcomes remains
controversial. In this work, we report the evolution of enhanced evolvability through localized hypermutation in
experimental populations of bacteria. The evolved mechanism is analogous to the mutation-prone sequences
of contingency loci observed in pathogenic bacteria. Central to this outcome was a lineage-level selection
process, where success depended on the capacity to evolve between two phenotypic states. Subsequent
evolution showed that the hypermutable locus is itself evolvable with respect to alterations in the frequency
of environmental change. Lineages with localized hypermutability were more likely to acquire additional

adaptive mutations, revealing an unanticipated benefit.

volvability—the capacity to generate ad-

aptive variation—can be shaped by natural

selection. Direct evidence comes from ex-

perimental studies of evolution in microbes

where mutants with elevated genome-
wide mutation rates are favored by selection
because of their increased likelihood of finding
beneficial variants (7-5). Evolvability in this
sense is readily understood. Less clear, and often
controversial, is whether (and how) selection
might structure genetic and developmental sys-
tems so that mutation becomes biased toward
adaptive outcomes (6-8).

One reason for skepticism stems from the
fact that natural selection amplifies traits bene-
ficial in the present environment and is “blind”
to future contingencies. Thus, the suggestion
that selection might structure organisms to
evolve in directions that facilitate future ad-
aptation is problematic. And yet, environmental
change can exhibit regularities over evolutionary
timescales that, in theory, might lead to biased
patterns of variability (9, 10). Indeed, in silico
evolving populations experiencing selection
toward varying and recurring goals show im-
proved capacity to reach these goals over time
(11-15). This is achieved by evolving genotype-
phenotype mappings in which states adaptive
in the past become more readily generated by
mutation. Therefore, should future selective
environments resemble past ones, derived
types become biased toward generating adapt-
ive change.

A compelling case for evolvability in this
sense is found in the so-called contingency loci
of pathogenic bacteria (16). These loci are char-
acterized by the presence of mutation-prone
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sequences, such as short-sequence repeats, in
genes that encode products that determine
interactions with the external environment.
Such hypermutable loci cause descendant cells
to achieve a diverse, yet biased, set of pheno-
typic states, central to persistence in the face
of challenges presented by host immune re-
sponses (17).

Although a history of repeated encounters
with a selective environment dispels any mys-
tery of foresight, certain traits that facilitate
adaptive evolution, such as contingency loci,
remain difficult to explain without invoking
selection operating above the individual level.
This is problematic because conditions neces-
sary for selection at higher levels are assumed
to be rare, which limits possibilities for the
cumulative refinement of higher-level adaptive
traits (6, 8, 18). Nevertheless, the fundamental
logic of natural selection is indifferent to level
of organization or timescale, and provided that
variation, reproduction, and heredity exist, se-
lection can shape traits that are adaptive at
levels beyond the individual (19).

Consider, for example, competition between
lineages that vary in their capacity to generate
adaptive variation. Across changing environ-
ments, those less evolvable are likely to face
extinction, whereas more evolvable lineages not
only survive but can also expand to colonize
the space occupied by extinct lineages. This
constitutes a form of lineage reproduction. Se-
lection here works over two timescales: on
individuals, favoring those with adaptive phe-
notypes, and on lineages, favoring those whose
properties enabled the generation of adaptive
phenotypes. Differential reproductive success
of lineages that vary in evolvability generates
selection that can refine traits that promote
lineage survival and reproduction (20-25).

Results

We asked whether a selective regime imposed
on lineages that rewarded capacity to generate
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adaptive phenotypic variation would result in
the evolution of lineages with enhanced evolva-
bility. To this end, we exploited cyclical evolu-
tionary dynamics of the bacterium Pseudomonas
fluorescens to provoke repeated phenotypic tran-
sitions between two niche specialist mutants
(26): the mat-forming, cellulose-overproducing
CEL" type and the mat-colonizing, non-cellulose-
producing CEL" type. We then challenged line-
ages to repeatedly evolve between the two
phenotypic states. Lineages that failed to pro-
duce cells of the necessary state were replaced
by those that were successful (Fig. 1).

Adaptive evolution of lineages

The regime shown in Fig. 1 ensures that se-
lection works on both cells and lineages. Al-
though each metapopulation starts from a single
genotype, unique mutational paths taken to
transition between phenotypic states create
variation between lineages. Such mutations
change the phenotype in an equivalent way but
likely differ in their effects on the chance and
impact of future mutations. Lineages thereby
begin to vary in evolutionary potential. An in-
ability to reach the next adaptive target results
in lineage extinction and the opportunity for
successful lineages to “reproduce” through re-
placement. Lineages that vary in evolvability
thereby compete to survive and reproduce
within a metapopulation, with opportunity for
evolvability-enhancing traits to be amplified and
cumulatively refined by lineage-level selection.

Knowledge of the fate of lineages within
metapopulations allows precise depiction of
evolutionary dynamics (Fig. 2). “Selective sweeps”
are evident in three of the four metapopula-
tions (A to C) in which descendants of single
lineages proliferate and form unbroken series
of successful transitions, indicating a decreased
extinction rate. Metapopulation D suffered a
mass extinction at transition 48. If lineages
had not been treated as units of selection, that
is, if in the face of extinction, reproduction of
viable lineages had been disallowed, then all
metapopulations would have faced early ex-
tinction (fig. S1).

Whole-genome sequences of derived lineages
from metapopulations were obtained at the
end point of each series and en route. In meta-
populations A and C (Fig. 2), derived lineages
were found to carry loss-of-function mutations
in genes involved in mutational repair (mutS
and worD, respectively), with the point of orig-
in marked in Fig. 2. An assay of global muta-
tion rates in metapopulations A and C showed
these to be elevated 300- and 350-fold, respec-
tively, indicating that the adaptive response
of lineages was underpinned by global hy-
permutability. By contrast, no mutations af-
fecting genes involved in DNA replication or
repair were detected in metapopulation B, and
global mutation rates remained unchanged
(fig. S2).
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Fig. 1. Lineage selection. (A) Experimental protocol that begins by founding a
microcosm with a single CEL" genotype (yellow circle). After 6 days in static culture,
descendant cells are diluted and plated on agar, with colony phenotype allowing
detection of CEL™ mutants (blue circles). A single CEL™ mutant is then used to found
growth in a fresh microcosm, with a sample again examined by agar plate culture
for the presence of CEL" types. A single CEL" type then founds the next bout

of selection, and the cycle repeats. Selective bottlenecks ensure that the next
phenotypic state must be generated afresh through mutation; propagation of single
colonies enables precise tracking of lineages. In this example, representing the
highlighted section of (B), the lineage goes extinct on the final transfer because it
failed to generate the next (CEL") target phenotype. Key to the selection regime are
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frequency-dependent interactions between the two phenotypes: CEL" forms a mat at
the surface and provides conditions that favor CEL™ mutants; CEL™ types deplete
oxygen, thus establishing conditions that favor the evolution of surface-colonizing
CEL" types. (B) Graphical representation of the lineage-selection regime in which
multiple lineages (connected circles) compete to survive and reproduce within a
metapopulation. Survival requires repeated transitions between the CEL* (yellow)
and CEL™ (blue) phenotypes by mutation. Lineages that fail to achieve the target
phenotype are marked extinct (indicated by a skull), with extinction providing
opportunity for replacement by a randomly selected extant lineage. Depicted is an
example of a lineage that has evolved increased evolvability, leading to a decreased
likelihood of extinction and fixation of the lineage in the metapopulation.
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Fig. 2. Evolutionary dynamics of metapopulations. Four CEL" genotypes were used to separately found four metapopulations (A to D), each of which are
composed of eight lineages. Yellow nodes indicate the CEL" target phenotype and blue nodes indicate CEL™. Lineage death occurred through failure to generate
the target phenotype and provided extant lineages opportunity for birth. Solid lines depict the genealogy of final surviving lineages, with extinctions indicated by
broken faded lines. Red arrows in metapopulations A and C indicate the point of origin of mutator genotypes that founded lineages that rapidly fixed.

Barnett et al., Science 387, eadr2756 (2025) 21 February 2025

2 of 10

GZ0Z ‘gz Arenice4 uoeiquinioD usniug 10 A1SeAIUN Te BI08ouUs 105 MMM//:SANY WO | PSPeo lUMOQ



RESEARCH | RESEARCH ARTICLE

Local hypermutability underpins

lineage adaptation

Metapopulation B ultimately cycled through
80 transitions (720 days within microcosms),
with the experiment being terminated after
stable persistence of a single lineage. To under-
stand the genetic basis of success, whole-
genome resequencing was used to identify
and order mutations underpinning each tran-
sition between the CEL" and CEL states. This
revealed 548 mutational events that targeted
84 genes, 34 of which were hit multiple times.
Common targets included various regulators
of cyclic-di-guanosine monophosphate (cyclic-
di-GMP) (394 of 548)—the intracellular sig-
naling molecule that activates the synthesis
of cellulose-generating CEL*—and mutations
to the cellulose biosynthesis machinery itself
(67 of 548). The diversity of mutational paths
generated variation in evolutionary potential
between lineages, with many lineages follow-
ing routes that became genetic dead ends [de-
tailed in figs. S3 and S4; an interactive dataset

for metapopulation B is available online (27)].

=)
5]

Despite the availability of possible muta-
tional paths, a single regulatory gene, pflu0185,
became the main mutational target, eventually
accounting for 59% (306 of 520) of all pheno-
typic transitions. Moreover, most of these (186
of 306) were caused by duplication or loss of a
heptanucleotide (HN) sequence “GGTGCCC”
located near the 5’ end of the gene (nucleo-
tides 19 to 25). Mapping the occurrence of tran-
sitions caused by changes in copy number of
the HN sequence on dynamics of lineages with-
in metapopulation B (Fig. 3C) showed that
these mutations were associated with a de-
crease in the number of extinctions from 26%
per transition to 10% (Fig. 3A), indicating that
this locus underpinned lineage adaptation.

Mechanistically, rapid changes in the num-
ber of copies of short sequence repeats can be
attributed to slipped-strand mispairing—a ge-
nomic instability that increases the likelihood
of deleting or duplicating repeated units (28).
This occurs when DNA strands spontaneous-
ly dissociate but reanneal with an adjacent
repeat unit. Relevant here is the sequence of

nucleotides immediately downstream of the
duplicated HN sequence (GGTGCCC): In an-
cestral pflu0185, there exists a further copy of
GGTG and thus the focal sequence is GGTG-
CCCGGTG (Fig. 3D). Mispairing between the
two copies of GGTG causes the interstitial CCC
to be copied, resulting in the initial HN dupli-
cation. Addition of the HN sequence disrupts
the pflu0185 reading frame near its N ter-
minus, preventing translation of functional
protein.

Pflu0185 is a regulatory protein composed of
two enzymatic domains: a diguanylate cyclase
(DGC), responsible for the synthesis of cyclic-
di-GMP, and a phosphodiesterase (PDE), re-
sponsible for its breakdown (29). In P. aeruginosa,
functional analysis showed the protein to have
PDE function but no DGC activity (30). This is
consistent with the genetic analysis reported here.
As a consequence of the initial HN duplication,
PDE function is lost and cyclic-di-GMP levels
increase within the cell. Elevated levels of cyclic-
di-GMP in turn activate the cellulose biosyn-
thesis machinery, and cells enter the CEL" state.
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Fig. 3. Localized hypermutability accounts for adaptive advantage of
derived lineages in metapopulation B. (A) Extinction events at CEL*

(yellow) and CEL™ (blue) transitions. (B) Lineage dynamics with focal points
indicated by symbols around nodes. The x-axis labels are transitions (T), and
the y axes denote microcosm (M). The node identified by the open black
square is thus T41 M6. (C) Phenotypic transitions effected by changes in the
number of copies of a HN sequence in pflu0185. (D) Proposed mechanism of
slipped-strand mispairing. The top graphic shows the DNA sequence of pflu0185
surrounding, and including, the focal HN sequence (GGTGCCC) plus relevant
downstream nucleotides (GGTG). The dotted arrow indicates mispairing between
GGTG repeats, which leads to an additional copy of the HN sequence (middle,

Barnett et al., Science 387, eadr2756 (2025) 21 February 2025

vertical arrow). With two copies of the HN sequence, the reading frame is destroyed.
The reading frame can be corrected by either mispairing in the forward
direction (dotted arrow 1), which restores the original state (blue arrow 1), or by
mispairing in the reverse direction (dotted arrow 2), resulting in four copies

of the HN sequence (bottom, vertical arrow). (E) Image of CEL™ and CEL"
colonies after prolonged (72 hours) growth on agar plates, with derived lineages
having either a single additional copy of the HN sequence or five additional
copies; the latter show overt sectoring indicative of an elevated mutation

rate. (F) Relationship between genotype and rate of frameshift mutations in
pflu0185. Symbols denote genotypes from (B). Error bars (largely contained
within the points) are 95% CI. WT, wild type; LCA, last common ancestor.
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Fig. 4. Mutational history of potentiating mutations in pflu0185. (A) Genetic
structure of pflul085 and sequence of successive mutations modulating changes in
phenotypic state. Shown at the top is the pflu0185 open reading frame indicating
the locations of the HN sequence, PAS signaling domain, inactive DGC domain, and,
in red, the PDE domain. Also shown is the upstream gene and intergenic space where
multiple mutations arose that affected transcription. [Figure created with BioRender.
com] (B) Mutational changes in upstream regions (in bold type) placed in the
context of surrounding DNA sequence that contribute to formation of a typical
Pseudomonas promoter (63, 64). [Figure created with BioRender.com] (C) Effects of
mutations on the transcription of pflu0185 and CEL* or CEL™ status determined

Beyond the adaptive CEL" phenotype, cells
that inherited the initial HN duplication in
pflu0185 also inherited an enhanced ability to
generate the CEL™ phenotype, being ~5-fold
more likely to survive the next transition than
cells that inherited any other mutation {95%
confidence interval (CI) [1.8, 12.9], P = 0.0006,
Fisher’s exact test, two-tailed}. This increased
survival can be explained by the relationship
between the number of tandem repeats and
the rate of mispairing, where a rise in the number
of repeats is expected to elevate the local muta-
tion rate (17). The effect is that cells with the HN
duplication are primed to reactivate pflu0185
function through indels that restore the read-
ing frame. Indeed, 96% of lineages that in-
herited the initial duplication corrected the
reading frame through subsequent expan-
sion or contraction of the HN repeat. In 86
instances, this involved restoration of the read-
ing frame by contraction and, only in three
instances, through expansion by addition of

Barnett et al., Science 387, eadr2756 (2025)
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two HN copies. However, lineages that ex-
panded the tract were then more likely to see
further expansion in copy number of the HN
sequence at the next transition (5:3 contrac-
tion:expansion, P = 0.0049, Fisher’s exact test,
two-tailed). As the number of repeats increased,
the rate at which transitions occurred visibly
increased (Fig. 3E).

Although global measures of mutation rate
(fig. S2) showed no increase, by fusing pflu0185
to an out-of-frame kKanamyecin resistance (kanR)
gene, the rate of frameshifting, specifically with-
in pflu0185, was quantified (Fig. 3F). A statis-
tically significant threefold increase in the rate
of frameshifting was evident in the genotype
that marked the coalescent point of the final
lineages (T41 M6; open black square in Fig. 3B),
despite the fact that this genotype carried no
additional copy of the HN sequence. With two
(+1) copies (T42 MS8; open black circle in Fig.
3B), the rate of frameshifting increased a fur-
ther 150-fold, and with six (+5) copies (T58 M2;

21 February 2025

1e-09
pflu0185 frameshift rate

2e-09 3e-09

through assay of MIC in the presence of kanamycin [putative promoter mutations
are underlined in (A)]. Mutation V579M (Val®’®>—Met; marked with a cross) is included
to demonstrate its role in reducing catalytic activity of the PDE, necessitating
further increases in pflu0185 transcription. (D) Relationship between transcription
(as determined by MIC assay) and rate of frameshift mutations in pflu0185. Note
that the MIC of Q500P (GIn®®°—Pro) is equivalent to the last occurring upstream
mutation (-113 C—A). Error bars are 95% Cls. Single-letter abbreviations for the
amino acid residues represented in mutation notations are as follows: A, Ala; C, Cys;
D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn;
R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

open black triangle in Fig. 3B) (the maximum
observed in the selection experiment), the rate
of frameshifting was more than four orders of
magnitude greater than the ancestral genotype
(Fig. 3F).

Elevated transcription-potentiated
repeat-associated hypermutation

Having established localized hypermutability as
underpinning lineage adaptation in metapopu-
lation B, we next sought further understanding
of its evolutionary origins. In particular, ques-
tions remained as to why initial duplication of
the HN sequence had become increasingly prob-
able, despite any loss of function within pflu0185
being capable of achieving the same effect. In-
deed, alternative loss-of-function mutations in
pflu0185 were still occasionally observed late in
evolution and, where irreparable, led to lineage
extinction (fig. S5).

Our focus therefore turned to the series of
mutations targeting pflu0185 that occurred
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Fig. 5. Stringent selection drives expansion in HN copy number. A total of 32 lineages were founded by genotype T42 M8 (open black circle in Fig. 3B), which contains
a single additional copy of the HN sequence. Lineages were subject to the selection regime shown in Fig. 1, but population size was reduced 30-fold and lineages

were required to achieve the target phenotype within 24 hours or face extinction. The number of additional HN units over the ancestral pflu0185 sequence is indicated within
nodes. Phenotypic states are CEL" (yellow) and CEL™ (blue). The red triangle indicates a point after which the stringency of selection was further increased by requiring
successful lineages to have at least five colonies of the target phenotype present. The top panel shows extinctions at each transition.

before the expansion of lineages at T41 M6. By
this point, pflu0185 had acquired 24 mutations
(including three direct reversals), either within
or upstream of the gene, with each mutation
being responsible for the transition between the
CEL" and CEL" states (Fig. 4A). No single event
stood out in terms of relevance to hypermuta-
bility caused by changes in copy number of the
HN sequence. However, notable were multiple
mutations targeting the upstream region, with
some leading to formation of promoter motifs,
indicating a role in transcription (Fig. 4B). Con-
sidering the mutagenic nature of transcription
(31), we examined the dual effects of upstream
mutations on the levels of transcription and
rate of frameshifting in pflu0185.

To assess effects of mutations on pflu0i85
transcription, we took advantage of the pflu0185-
kanR gene fusion, using level of kanamycin
resistance [expressed as minimum inhibitory
concentration (MIC)] as a proxy. This revealed
a ratcheting effect of mutations, with those
causing either a reduction in transcription of

Barnett et al., Science 387, eadr2756 (2025)

pflu0i85 or areduction in catalytic activity of the
PDE (leading to the CEL" state) being compen-
sated for by mutations in the upstream region
that elevated transcription (leading to the CEL"
state) (Fig. 4C). By the end of this series of mu-
tations, transcription of pflu0185 was elevated
30-fold above that of ancestral P. fluorescens.

In terms of the possibility that these muta-
tions had potentiated the proclivity of the HN
sequence to expand in copy number, the rela-
tionship between MIC and the rate of frame-
shift mutations in pflu0185 was determined.
This revealed a positive correlation (Fig. 4D). No-
tably, a promoter mutation activating pflu0185
also preceded the first instances of mutation
via the HN sequence, which occurred indepen-
dently in a sublineage that later went extinct
(T16 M5 and T16 M7 in Fig. 3C). Previous assays
of global mutation rates were insensitive to
frameshift mutations, so we therefore measured
the rate of frameshifting using the out-of-frame
kanamycin resistance gene reporter but placed
in a different genomic context. This showed no
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significant elevation in frameshifting (fig. S5),
confirming the local nature of elevated frame-
shifting in pflu0185.

Stringent selection drives expansion of repeats

Despite the potential for self-accelerating in-
creases in mutation rate by successive duplica-
tion of repeats, all lineages that expanded the
HN sequence periodically reverted to a single
copy. This meant that lineages often relied on
the relatively low rate of initial HN duplication
for survival. Consequently, extinction events
persisted, primarily because of CEL™ transi-
tions mediated by destruction of the cellulose
biosynthesis machinery (fig. S6).

‘We reasoned that this tendency was in part
a consequence of high mutation supply within
microcosms (a product of population size and
propagation time), which meant extreme mu-
tation rates (Fig. 3F) were not necessary to re-
liably generate cells with the target phenotype.
Indeed, contingency loci found in nature often
consist of many tandem repeats (17), suggesting
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Fig. 6. Secondary mutations and fitness effects. (A) Genealogy of successful lineages from metapopulation B between transitions 40 and 80 on which secondary
mutations of predicted ecological importance are indicated. (B) Muller plots showing predicted consequences of the presence (top) and absence (bottom) of

local hypermutation: Early and reliable switching provides an enhanced opportunity for secondary mutations (purple) to reach high frequency (top). (C) Fitness
consequences of mutations determined by competitive assay against immediate ancestral types in CEL" (yellow) and CEL™ (blue) backgrounds. Lines indicate mean.

more stringent lineage-level selection pressures.
Accordingly, we took a single CEL* genotype
carrying the initial HN duplication (+1 GGTGCCC
unit) (T42 MS8; open black circle in Fig. 3B)
and used this genotype to establish 32 lineages
that competed under a restrictive regime where
population size was reduced by a factor of 30
and where survival required generation of the
target states every 24 hours (Fig. 5).

The selective response, lineage-level dynam-
ics, and changes in numbers of repeats over
10 transitions are revealing. Most lineages
managed within 24 hours to achieve the CEL™
state that is required for the first transition,
but most did so by losing one copy of the HN
sequence. Without exception, those lineages that
switched to CEL™ by loss were unable to transi-
tion to the CEL" state during the next 24-hour
period and thus went extinct. By contrast, line-
ages that achieved the CEL state (at transition
1) by addition of three HN copies became pro-
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genitors of lineages that persisted throughout
the course of the experiment. At the end point,
lineages harbored, on average, eight addition-
al copies of the HN sequence, with some ac-
quiring as many as 16. A clear association is
evident between the number of copies of the
HN sequence and the likelihood of survival.

Localized hypermutation facilitates further
adaptive evolution

A final observation concerns transitions between
phenotypic states in metapopulation B that
were associated with multiple mutations. Spe-
cifically, we noted that during the 6-day CEL*
to CEL™ period, transitions caused by changes
in HN repeat number were more than three
times as likely to be associated with additional
(secondary) mutations. Of 91 such transitions,
19 harbored secondary mutations (21%). By
contrast, of the 167 transitions effected by mu-
tations not involving the HN sequence, only

10 carried secondary mutations (6%) (P =
0.0007, Fisher’s exact test, two-tailed).

Although neutral mutations accompanying
transition-causing mutations are to be expected
(table S2), mutations in loci that encode genes
connected to chemotaxis and motility (table
S3) may have ecological relevance. Moreover,
two loci, the aerotaxis receptor aer (pflu455I1)
and a methyl-accepting chemotaxis protein
(pflu1687), were observed to occur repeatedly
(six and four times, respectively) across multi-
ple lineages during transitions mediated by
the HN sequence (Fig. 6A). Such parallelism
indicated that these mutations were themselves
adaptive. Figure 6B elaborates the benefit pre-
sumed to accrue to lineages derived from geno-
types that switch phenotype early.

To test whether these secondary mutations
were adaptive, the fitness effects of a sample of
mutations were determined relative to imme-
diate ancestral types, in both the CEL" and
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CEL™ backgrounds (Fig. 6C). Following the
lineage that descends from T42 M6, the first
mutation examined (in T43 M6) was in FleQ
[R371C (Arg®™—Cys)], a master regulator of
motility and polysaccharide production (includ-
ing cellulose) (32, 33). Relative to the immediate
ancestral types, the fleQ mutation increased
fitness ~10% in CEL" but marginally decreased
fitness in CEL". The next mutation, in FleN
[L42Q (Leu**—Gn)], which also regulates flagel-
la through interactions with FleQ (34), in-
creased fitness of CEL" by a further ~30%, with
minimal effects in CEL". Relative to the fitness
of T42 M6, the two mutations combined con-
tributed a ~40% fitness gain in CEL".

The genotype at T62 M7 carries two addi-
tional mutations (one of only three instances
in the experiment where three mutations oc-
curred at the same transition), one a 21-base
pair (bp) deletion in Aer and the other a stop
codon within FimV [Q640* (GIn®**—STOP).
These two mutations reduced the fitness of
CEL" by ~10% while increasing the fitness of
CEL™ by ~5%. With the exception of Pflu1687
[S6N (Ser®—Asn) in the CEL" state, no fur-
ther fitness effects were detected. Secondary
mutations in other lineages were also exam-
ined, including changes in the chemotaxis
protein CheB [T92P (Thr”>—Pro)] and further
mutations in Aer [S260P (Ser?*°—Pro) and
A9bp, a nine-bp deletion], with the largest con-
tribution coming from Aer S260P in the CEL"
state. Together, the range of effects shown in
Fig. 6C is consistent with the hypothesis that
at least some secondary mutations that co-
occur with changes in HN repeat number are
adaptive.

Discussion

Evolution by natural selection is a blind pro-
cess, but living systems can appear to possess
evolutionary foresight (20, 35). Mechanistically,
this is conceivable. Certain configurations of
gene regulatory networks (10, 11, 36), develop-
mental systems (37), chromosomal architec-
tures (15, 38), and mutational processes (16, 39)
have apparent adaptive utility in future envi-
ronments. Taking advantage of such future
adaptive potential requires not only memory
of evolutionary history but often an ability to
regenerate previously achieved phenotypic
states. In this work, we show how selection
on lineages can incorporate prior evolutionary
history into the genetic architecture of a single
cell, such that mutation appears to anticipate
future environmental change.

Central to our findings was a selective pro-
cess where lineages that were better able to
generate adaptive phenotypic variation by mu-
tation replaced those that were less proficient
(Fig. 1). In one metapopulation, a single line-
age emerged with the capacity to transition
rapidly between phenotypic states through
expansion and contraction of a short nucleo-
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tide repeat in a manner precisely analogous to
that of contingency loci in pathogenic bacteria
(16). Moreover, when multiple lineages of a
single genotype carrying the mutational his-
tory of 42 previous transitions, but carrying
just a single additional copy of the HN sequence,
were propagated under a regime that required
phenotypic switching on a daily basis, lineages
with up to 16 copies of the repeat rapidly evolved
(Fig. 5). The derived locus is thus itself highly
evolvable with respect to alterations in the fre-
quency of environmental change.

Selection works most forcefully on individ-
uals and is typically weak at higher levels of
organization (6, 8, 18). In our experiments, the
death and birth of lineages established a feed-
back between lineage-level properties and the
evolutionary dynamics of cells. Although selec-
tion within microcosms favors fast-growing
cells, successful lineages were those with the
capacity to generate phenotypic variants suited
to the future environment. Selection over the
doubling time of lineages served to align cell
and lineage fitness, precisely as occurs during,
for example, the evolutionary transition from
cells to multicellular life (40).

Throughout our experiment, variation in evo-
lutionary potential between lineages resulted
from how adaptive CEL" and CEL™ phenotypes
were generated by mutation. That a particular
history of mutations, with each selected for its
immediate benefit to the cell, could culminate
in the variation necessary for construction and
refinement of a lineage-level adaptation was
essential for aligning cell and lineage fitness.
This departs from the common assumption,
and the basis for doubting the efficacy of
selection on evolvability, that evolvability-
enhancing mutations deliver no immediate
benefit or impose a cost and are therefore sus-
ceptible to be lost through drift or purged by
selection (6, 8, 41).

The interplay between mutations conferring
immediate benefit to cells and evolvability over
the long term (42) is illustrated by the muta-
tional history of pflu0185 that preceded its hy-
permutator status. A series of mutations leading
to elevated pflu0185 transcription was critical
to establishing hypermutability. Each mutation
that increased pflu0185 transcription was se-
lected within microcosms because it gener-
ated the adaptive CEL" state. In particular,
promoter mutations compensating for previ-
ous intragenic loss-of-function mutations that
impaired the catalytic activity of Pflu0185 were
crucial in ratcheting up transcription. Elevated
transcription then potentiated duplication of
the HN sequence, consistent with previous ob-
servations of transcription-associated mutagen-
esis (43, 44).

Evidence of additional (secondary) adaptive
mutations associated with local hypermuta-
tion of pflu0185 led us to reason that increased
propensity to switch enhances the possibility
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that secondary adaptive mutations, which would
otherwise be stalled by the waiting time required
to achieve the primary transition-mediating
mutation, can increase in frequency (Fig. 6B).
Indeed, data presented in Fig. 6 support this
hypothesis, showing how the speed of evolu-
tion can increase without the threat of Muller’s
ratchet that arises from global hypermutation
(45, 46): The ability to generate adaptive pheno-
typic variation provides a “head start” to adapt
to other aspects of the local environment, with
feedback affecting further lineage success.

Finally, we turn to broader implications of
the study and particularly the extent to which
findings here might have general relevance. The
selective regime we used was contrived, with
selection on lineages being strictly enforced.
Such stringent conditions are likely limited in
nature. However, microbial pathogens con-
fronted with the challenge of persistence in the
face of the host immune response will exper-
ience strong lineage-level selection, with repeated
transitions through selective bottlenecks (47). As
we have shown here, precisely these conditions
can promote the evolution of evolvability. That
the genomes of obligate pathogenic bacteria
are replete with contingency loci bears testi-
mony to this fact. Notably, although each such
locus will be constructed through repeated en-
counters with specific selective environments,
possession of multiple loci enables a combina-
torial array of phenotypic states that stand to
enhance evolvability in novel scenarios [com-
pare (48)].

We further suggest that selection on lineages
is more important than generally appreciated
(49). Lineages need only differ in evolutionary
potential, for example, in how adaptive pheno-
types have been generated by mutation. If they
coexist long enough for phenotypic consequences
to manifest, then lineages differing in their
capacity to generate adaptive variation can
compete (50-52). This is particularly relevant in
situations where transmission or migration in-
volves passage through bottlenecks that require
variation to be generated afresh (53-55). More-
over, as we show, if challenges to lineage sur-
vival repeat across time, then adaptations that
enhance evolvability—shaped by lineage selection
for the benefit of lineages—can be expected.

Materials and methods
Experimental evolution

Derivatives of P. fluorescens SBW25 were used
in all experiments (26). Both CEL" and CEL"
were propagated in 25-ml glass microcosms
containing 6 ml of King’s Medium B (KB) at
28°C, without shaking. The four metapo-
pulations were founded by single genotypes
derived from a previous, but conceptually
similar, experiment (2). Founding genotypes
carried, on average, nine unique mutations,
primarily in characterized cyclic-di-GMP reg-
ulators (table S4).
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For the CEL" to CEL™ phase, microcosms were
incubated for 6 days and vortexed and then 50 ul
of a 8.35 x 10°-fold dilution was spread on a
KB agar plate. After 48 hours growth, each
plate was then examined for the presence of
CEL™ colonies, with a single colony used to in-
oculate a fresh microcosm and initiate a 3-day
growth period. One hundred microliters of an
8.0 x 10°~fold dilution of each microcosm was
plated and screened for CEL" types. The pro-
cess was iterated. A random number generator
was used to determine the extant lineage that
would replace extinct lineages. When an entire
metapopulation failed to generate the target
state twice over, propagation was ceased (as
in metapopulation D). The longer period for
the CEL" to CEL™ transition reflects the time
required to first establish the mat that then
initiates selection for the CEL™ type. The con-
ditions that favor CEL", by contrast, arise
quickly through rapid depletion of dissolved
oxygen and formation of a sharp oxygen gra-
dient at the air-liquid interface.

The births and deaths of lineages were re-
corded, and the resulting lineage dynamics
were visualized using Colgen (56). Overnight
cultures of each selected CEL™ and CEL" colony
were stored at —80°Cin 33% glycerol saline.
The “stringent selection” experiment followed
the same procedure as above but with cells
evolved in 96-well plates containing 200 ul of
KB and a reduced period of 24 hours given
before dilution and screening.

Sequencing and detection of mutations

Visualization and knowledge of genealogy was
used to inform both whole-genome resequenc-
ing and targeted Sanger sequencing to detect
and order mutational events. For metapopu-
lation B, 482 clones representing successive
time points of the experiment were sequenced,
allowing precise ordering of mutations under-
pinning most of the 520 transitions. Remain-
ing transitions and associated mutations were
then inferred by parsimony or confirmed by
Sanger sequencing. In one instance, to resolve
an ambiguity, a mutation (=197 C—T pflu0185)
was reconstructed to confirm its phenotypic
effect.

Genomic DNA was extracted from overnight
cultures using the DNeasy DNA Blood and
Tissue Kit (Qiagen) according to the manufac-
turer’s spin column protocol. Library prepara-
tion and whole-genome sequencing to a depth
of ~50x coverage was conducted at either
the Max Planck Institute for Evolutionary Bio-
logy (P16n, Germany) or Eurofins Genomics
(Constance, Germany) using Illumina MiSeq,
NextSeq, or NovaSeq. The resulting reads were
assembled against the reference P. fluorescens
SBW25 genome (GenBank accession no.
AM181176.4) using the clonal option of Breseq
(version 0.35.5) with default parameters (57).
Mutations were identified with Breseq’s HTML
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output, and, in the case of predicted novel junc-
tions, manually inspected with Geneious Prime.
Marginal predictions were confirmed by Sanger
sequencing. Polymerase chain reaction (PCR)
products for Sanger sequencing were purified
with EXOSAP and sequencing conducted by
the Max Planck Institute for Evolutionary bio-
logy, prepared using the BigDye Terminator v3.1
cycle sequencing kit followed by the BigDye
XTerminator purification kit (ThermoFisher)
according to the manufacturer’s instructions.

Strain construction

Isothermal Gibson Assembly reactions with the
NEBuilder HiFi DNA Assembly master mix
from New England BioLabs were used for all
molecular cloning procedures. Constructs to
be integrated into the SBW25 genome con-
tained flanking regions of 400 to 900 bp ho-
mologous to the site of integration and were
assembled into the transfer plasmid pUISacB
(European Nucleotide Archive accession no.
0Z219427). Primer overhangs were generated
using the online NEBuilder tool (nebuilder.
neb.com). All genetic constructs and primers
used for construction are available as anno-
tated GenBank files (27). All PCRs were per-
formed using master mixes of high-fidelity
polymerases (Phusion or Q5) and purified with
the QIAquick PCR purification kit (Qiagen).
pUISacB was extracted from overnight cul-
tures using the QIAprep Spin Miniprep Kit
(Qiagen), linearized with Spe I, amplified by
PCR and digested with Dpn I to remove remain-
ing plasmid template. Assembled constructs
were transformed into chemically competent
Escherichia coli Top 10 cells and integrated
into SBW25 by two-step allelic exchange, as
previously described (58), but with final mu-
tant selection using sucrose counterselection
on tryptone yeast extract and sucrose (TYS10)
plates (10 g/liter tryptone, 5 g/liter yeast ex-
tract, 10% (w/v) filtered sucrose, 15 g/liter agar).

For the pflu0i85 “frameshift detector” used
to measure local frameshift rate, a fusion was
constructed with kanR via the linker sequence
“GCTAGCAGCGCAAGOGCAAGCOGCA” (ASSASASA),
such that the latter gene was 1 bp out of frame
with respect to pflu0185 (an in-frame version
of the same kanR fusion was also constructed).
Three synonymous mutations engineered into
the 5’ end of kanR were required to remove
aberrant start codons that existed in the out-
of-frame sequence (which otherwise restarted
the correct reading frame). For confirmation
that the increase in frameshift rate correlating
with transcription of pflu0185 reflected a local
effect, we assembled an out-of-frame kanR fu-
sion with the wild-type pflu0185 sequence into
pUCI8R6K-mini-Tn7T-Gm (59) and transformed
this along with the helper plasmid pUX-BF13
(containing transposition machinery) (60) into
derived SBW25 through electroporation, as
previously described (59).
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Transposon mutagenesis

Transposon mutagenesis using Tn5s was con-
ducted according to the previously described
method (58). Briefly, this involved a triparental
conjugation between the recipient CEL" and an
E. coli donor containing the plasmid pCM639
with the IS-Q-kan/hah transposon along with
E. coli containing the helper plasmid pRK2013.
Suppressor mutants were identified by screen-
ing for CEL" colonies. The site of insertion was
determined by amplifying the transposon-
chromosome junction through arbitrarily primed
PCR with Sanger sequencing of the result-
ing product.

Minimum inhibitory concentrations

MIC, used as a proxy for transcription, was
determined by plating ~10% cells of the rele-
vant genotypes engineered with an in-frame
pfluoi85-kanR fusion onto KB agar and apply-
ing a kanamycin MIC test strip (Liofilchem).
After 24 hours of growth, the MIC was deter-
mined by identifying where the margin of
growth intercepted the strip in three inde-
pendent replicates. In cases where genotypes
exhibited high levels of resistance extending
beyond the maximum measurable range of the
test strips (256 pug/ml, the assay was instead
conducted on KB agar containing either 100 or
200 pg/ml of kanamycin and the concentra-
tions were summed.

Fluctuation assays

Colony counts on selective and nonselective
plates were used to estimate mutation rates
using the rSalvador R package (v1.9), which
generates a maximum likelihood estimate of
mutation rate under the Luria-Delbruck mod-
el while accounting for variation in plating
efficiency (61). The likelihood ratio method
was used to calculate confidence intervals
and the statistical significance of differences
between mutation rate estimates. Global mu-
tation rates were assessed using rifampicin
(100 pg/ml) and kanamycin (at concentrations
of 5 to 50 ug/ml depending on pflu0i85 ex-
pression) used to determine rates of frame-
shifting within pflu0185. Twelve independent
cultures were used to determine spontaneous
mutants; six were used to determine popula-
tion size. To minimize confounding fitness
differences between CEL™ and CEL" states, all
strains used for pflu0185 frameshifting fluctu-
ation assays were modified with a cellulose-
inactivating mutation (WssEA993L-1260E) so
that cells maintained the CEL" state.

Fitness assays

Fitness was measured by 1:1 competition across
six biological replicates in either static (for CEL")
or shaken (for CEL™) microcosms. Shaking mi-
crocosms were used as a proxy environment for
CEL™ because of the difficulty of reconstituting
the selective conditions of growth within a CEL"
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mat. Competitors were fluorescently marked
with either mScarlet-I or sGFP2 and were other-
wise isogenic but for the secondary mutation
of interest. The control consisted of a single
representative CEL™ or CEL" strain with both
fluorescent markers competed against itself.
Starting populations were derived from colonies
inoculated into KB microcosms and grown
24 hours at 28°C in a shaking incubator. Micro-
cosms were then vortexed and, in the case of
CEL' strains, sonicated (Bandelin Sonopuls mini
20: 2-mm probe, 80% amplitude, 20-s duration)
to further break up cell aggregates. Competitors
were then mixed 1:1 and diluted in filtered
phosphate buffered saline (PBS) (0.22-uM filter),
with the initial ratio of fluorescent events ob-
tained using flow cytometry (MACSQuant VYB).
Six microliters of the 1:1 mix was also used
to initiate competitions, which ran for either
24 (shaken) or 48 (static) hours. After compe-
titive growth, microcosms were vortexed (and
static CEL" microcosms again sonicated) and
diluted in filtered PBS, and the final ratios
were determined by flow cytometry. Fitness
was calculated as the ratio of Malthusian pa-
rameters (62).
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