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Recent experiments show that adaptive Darwinian evolution in one environ-
ment can lead to the emergence of multiple new traits that provide no
immediate benefit in this environment. Such latent non-adaptive traits, how-

ever, can become adaptive in future environments. We do not know whether
mutation or environment-driven selection is more important for the emer-
gence of such traits. To find out, we evolve multiple wild-type and mutator
E. coli populations under two mutation rates in simple (single antibiotic)
environments and in complex (multi-antibiotic) environments. We then assay
the viability of evolved populations in dozens of new environments and show
that all populations become viable in multiple new environments different
from those they had evolved in. The number of these new environments
increases with environmental complexity but not with the mutation rate.
Genome sequencing demonstrates the reason: Different environments affect
pleiotropic mutations differently. Our experiments show that the selection
pressure provided by an environment can be more important for the evolution
of novel traits than the mutational supply experienced by a wild-type and a
mutator strain of E. coli.

Most experimental and theoretical work in evolutionary biology
focuses on adaptive traits. However, in recent years experimental
evidence has been mounting that such traits may be outnumbered by
latent traits without immediate benefits, i.e., traits that are not imme-
diately adaptive in their environment of origin, but that may become
adaptive in the right kind of future environment>. Such potentially
adaptive traits are important in evolution, because they can create new
morphological structures or physiological abilities, and they can give
rise to new ecological niches®”. The existence of many such traits has
been reported both in the wild*® and in the laboratory®’°. For example,
we recently evolved E. coli populations in environments harbouring
single antibiotics and showed that these populations evolve the ability
to survive in multiple novel environments that inhibit bacterial growth
through mechanisms different from the antibiotic they evolved in ref.

5. We refer to the newly acquired (and non-adaptive) viability in any
one such environment as a latent novel trait. Here we study such traits
to address a long-standing debate on the relative importance of
mutation and selection in evolutionary biology.

Ever since Darwin proposed his theory of evolution, biologists
have debated the relative roles of mutation supply and natural selec-
tion in Darwinian evolution' . On the one hand, ‘selectionists’ such as
Weismann, Wallace and Darwin himself asserted the dominant role of
natural selection that is exerted by the environment™*. On the other
hand, ‘mutationists’ like Morgan and Bateson argued that variation
provided by mutations acts as the creative force during evolution, and
that natural selection is merely a sieve retaining favourable variation".
With every major advancement in evolutionary biology, like the
rediscovery of Mendel's work or the development of population
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genetics, the balance kept shifting in favour of either mutationists or
selectionists™. The prevailing view today is that the selection exerted
by the environment is the dominant force, rather than the supply of
mutations, in shaping the evolution of adaptive traits. When popula-
tions face a new environment, existing alleles present as standing
variation can sweep to fixation more rapidly and accelerate the speed
of adaptation compared to alleles that are newly created by
mutation™'®. Moreover, selection exerted by environment can mod-
ulate the mutation supply itself”. But this view of ‘selection over
mutations” has been tested only in the context of adaptive traits. It has
not been extended to or contradicted by the evolution of non-adaptive
novel traits. We focus on such traits for two reason. First, the forces
that determine their evolution are more poorly understood than those
of better-studied adaptive traits. Second, because they are not directly
subject to selection in their environment of origin, they might be good
candidates to provide evidence for the long-neglected role of muta-
tion supply.

On the one hand, one may argue that mutations should be the
driving force behind the origin of latent traits. Because such traits are
neither beneficial nor deleterious in the environment in which they
originate, natural selection in this environment should not affect them.
If so, their incidence should be primarily determined by the rate at
which mutations bring forth new genetic variation, i.e., by the muta-
tion supply. On the other hand, while natural selection acts on adaptive
traits, it may indirectly act on the genetic variation that affects non-
adaptive traits as well. The environment in which evolution occurs can
thus modulate the amount and nature of genetic variation that is
retained during evolution.

To distinguish these possibilities, we here ask whether the amount
of genetic variation supplied by mutation or the selection pressure
imposed by an environment is more important for the evolution of
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Fig. 1| Mutation supply does not limit the emergence of novel traits without
immediate benefit. A Before conducting any evolution experiments, we deter-
mined the viability of both our ancestral wild-type and ancestral mutator strain in
236 different environments with Biolog phenotyping microarrays. The mutator
strain was inviable in 58 environments, whereas the wild-type was inviable in 95
environments, as previously reported’. In 52 environments both the wild-type and
mutator ancestors were inviable. B After ~200 generations of experimental evolu-
tion in five different simple (single-antibiotic) environments (x-axis) the number of
mutations (y-axis) in evolved mutator clones (blue circles) was significantly higher
than in the evolved wild-type clones (yellow circles) (Two-way ANOVA, F =115.77,
df=1, p=8x107). C We determined the number of phenotyping environments in
which an evolved strain had acquired viability (y-axis) out of the total number of 52
environments in which both the ancestors had not been viable before evolution.
This number is statistically indistinguishable for the evolved wild-type (yellow bars)
and the evolved mutator clones (blue bars) in each of the five simple environments
(x-axis, Two-sided Wilcoxon rank sum test, W=14.5, n=5 and 5, p=0.78). Source
data are provided as a Source Data file.

Wild type

latent novel traits. To answer this question, we evolve replicate E. coli
populations at two different mutation rates, and in both simple
environments that contain a single antibiotic, and in complex envir-
onments that contain multiple antibiotics. We refer to these environ-
ments collectively as evolution environments. Specifically, we evolve a
wild-type and a mutator strain with a twenty-two-fold higher mutation
rate than the wild-type's. We evolve the mutator strain in the same five
simple environments as in a previously reported experiment, in which
we had evolved the wild-type strain in five environments containing
one antibiotic each’. In addition, we evolve both the wild-type and the
mutator strain in three complex environments with either three or five
antibiotics. After experimental evolution we determine whether the
evolved populations have become viable in dozens of phenotyping
environments that are different from the evolution environments of
our experiments, and that the ancestral populations are not viable in.
We find that for the wild-type and mutator strains the number of latent
novel traits that evolve depend on the complexity of the environment
but not on the mutation supply. Genome sequencing suggests that
pleiotropic mutations in multi-drug resistance genes, such as the
AcrAB-TolC efflux system, are important for the emergence of these
novel traits. In sum, at the mutation rates of our wild-type and mutator
strains, selection exerted by the environment is the key force in the
evolution of novel traits without immediate benefits.

Results

The mutation rate does not limit the emergence of novel traits
without immediate benefit

To study how an increased supply of mutations might affect the evo-
lution of viability in new environments, we used both a wild-type strain
of E. coli and a ‘mutator’ strain with a twenty-two-fold higher mutation
rate (Methods)'®. Prior to experimental evolution we determined the
phenotypic differences between the wild-type and mutator strains.
Such differences may be generated by the mutator strain’s intrinsically
higher mutation rate, which may cause more mutations and their
ensuing phenotypic effects even during initial strain cultivation'®. To
identify phenotypic differences between the two strains, we used a set
of ten Biolog Phenotyping microarrays (PM11-20, Biolog Inc., USA).
These microarrays comprise 236 different environments that inhibit
microbial growth. Each environment harbours a different anti-
microbial agent chosen from a wide range of categories, including
antibiotics, detergents, surfactants, ion chelators, oxidising agents,
and pyridine analogues. To determine a strain’s viability in each of
these phenotyping environments, we randomly chose two clones of
the strain from an LB (Luria Bertani medium) agar plate incubated
overnight, and required that at least one of the clones was able to
survive and grow in the environment (OD¢q after 48 h of growth >0.3,
Methods).

By this criterion, our wild-type strain was inviable in 95 of the 236
environments, as reported previously®. The mutator strain was inviable
in 58 of the 236 environments (Fig. 1A). The mutator strain was thus
viable in more (178 =236-58) environments than the wild-type strain
(141=236-95). Both strains were inviable in the same 52 environments.
In other words, the wild-type strain was inviable in 43 (=95-52) envir-
onments where the mutator strain was viable, whereas the mutator
strain was inviable in only 6 (=58-52) environments where the wild-
type strain was inviable (Fig. 1A). The environments in which the wild-
type or the mutator strains were viable harbour antimicrobials with
diverse mechanisms of action. They include iron chelators like 2,2-
dipyridyl” and lawsone®, the oxidising agent diamide* *, as well as
several antibiotics like ciprofloxacin, polymyxin B, and vancomycin
(Table S1). We sequenced the genomes of both mutator clones using
Illumina HiSeq (Illumina, CA, USA) to at least 30-fold genomic cover-
age per clone to identify candidate mutations that may have increased
the mutator’s viability, and found five such mutations (Supplementary
note S1, Table S2 for the details).
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Starting from the ancestral mutator strain, we next conducted five
separate evolution experiments identical to those we previously
described for the wild-type strain®. Specifically, we performed each of
these experiments in five different environments, where each envir-
onment contained one of five different single antibiotics. We refer to
these environments as simple evolution environments. The antibiotics
are ampicillin (amp), azithromycin (azi), nalidixic acid (nal), strepto-
mycin (strep), and trimethoprim (tri). We choose these antibiotics
because they have distinct cellular targets and different modes of
action**”,

Analogous to our previously described experiments with the wild-
type strain, we evolved eight replicate populations of the mutator
strain for ~-100-200 generations in each of the five simple environ-
ments (Methods, Table S3), until all the populations could grow at the
ICo of the antibiotic they evolved in. The ICy is the concentration of
an antibiotic that kills 90% of all cells in the wild-type ancestral strain’.
At the end of the evolution experiment, we identified two repre-
sentative evolved clones from each antibiotic environment for further
analyses. We chose these clones to represent the central tendency of
the growth rates of the evolved populations (Methods, Table S4 and
Fig. S2). We then sequenced all evolved clones using Illumina HiSeq to
at least 30-fold coverage (lllumina, CA, USA, Methods), which also
confirmed that all evolved mutator clones retained the 103 bp inser-
tion upstream of the mutL gene that endows them with their higher
mutation rate.

As expected, we observed significantly more genomic mutations
in the evolved mutator clones than in the evolved wild-type clones
(Fig. 1B, Two-way ANOVA, F =115.77, df =1, p = 8 x10-7, Methods). This
difference ranged between a threefold greater number of mutations
for the mutator in the streptomycin environment, and a twelve-fold
greater number in the trimethoprim environment. Thus, the evolved
mutator clones did not only experience more mutations as a result of
their higher mutation rate, they also retained more mutations after
experimental evolution.

We next asked whether our evolved strains had become viable in
any of the 236 phenotyping environments of the Biolog phenotyping
microarrays. We called viability novel in a given environment if both
clones that had evolved on the same antibiotic were able to survive and
grow in this environment, even though neither ancestral strains were
able to. For instance, both the wild-type and mutator ancestral clones
could not grow on the antibiotic spectinomycin which inhibits protein
synthesis*, but both mutator clones evolved in ampicillin could. This
novel ability was without any immediate benefit, because spectino-
mycin was not present in the ampicillin environment in which the
clones evolved. In four out of five simple environments, except the
evolution environment with streptomycin, wild-type clones had
evolved more novel traits than mutator clones. However, this differ-
ence was not statistically significant (Two-sided Wilcoxon rank sum
test, W=14.5, n=5 and 5, p = 0.78). The antimicrobials on which these
clones had evolved viability inhibit growth through diverse mechan-
isms but these mechanisms differed from that of the antibiotic in the
respective evolution environment in many phenotyping environments
(Supplementary table 10.)

More importantly, however, evolved mutator clones did not show
more novel traits (Fig. 1C), even though they experienced more
mutations and retained more of the resulting genetic variation during
evolution (Fig. 1B). Thus, the supply of mutations does not limit the
evolution of latent novel traits at mutation rates that exceed those of
the wild-type.

Complex antibiotic environments facilitate the emergence of
latent novel traits

We next investigated the role of the selection environment in the
evolution of novel traits without immediate benefit. So far we had
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Fig. 2 | Evolution of novel traits without immediate benefit in complex anti-
biotic environments A. Experimental evolution design in the three different
complex environments 3A;, 3A, and 5A. We evolved eight populations of wild-type
and mutator strains (forty-eight populations in total, Methods) in increasing con-
centrations of the indicated antibiotics for ~600 generations. At the end of the
evolution experiment all populations could grow in the environment that con-
tained all three (3A; and 3A,) or five (5A) antibiotics at their respective ICo¢. B, C The
number of novel traits is significantly and positively correlated with the number of
antibiotics experienced during evolution (x-axis) for both the wild-type

(B, Spearman’s correlation, n=8, R=0.87, p=0.004) and the mutator strain

(C, Spearman’s correlation, n=8, R = 0.82, p = 0.012). The shaded region represents
the 95% confidence intervals. Source data are provided as a Source Data file.
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studied simple environments that harboured only a single antibiotic.
We next evolved our strains in three complex environments which
contained more than one antibiotic (Fig. 2A). Two out of the three
environments contained three antibiotics each. Specifically, envir-
onment 3A; (for ‘three antibiotics’) harboured ampicillin, nalidixic
acid, and trimethoprim. Environment 3A, harboured azithromycin,
nalidixic acid, and streptomycin. The remaining complex environ-
ment ‘5A’ contained all five antibiotics that we had used in the evo-
lution experiment with simple environments (Fig. 1C). We performed
six evolution experiments in the complex environments, three for
the wild-type strain and three for the mutator strain. In each
experiment we evolved eight replicate populations of wild-type or
mutator E. coli until the populations could grow at the ICqq of each of
the antibiotics present in the environment. We used a procedure
which ensured that the populations evolved for a similar amount of
time to acquire this ability (~600 generations or ~147 days, Methods,
Supplementary note S2). After experimental evolution, we chose two
representative evolved wild-type and mutator clones from each of
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the three environments for phenotyping and genome sequencing (2
clones x2 strains x3 environments=12 clones in total, Methods,
Table S5 and Fig. S4).

The greater the number of antibiotics present in the evolution
environment was, the greater was the percentage of phenotypic
environments in which our strains gained viability during experimental
evolution. This holds both for the wild-type strain (Fig. 2B, Spearman’s
correlation, n=8, R=0.87, p=0.004, Methods) and for the mutator
strain (Fig. 2C, Spearman’s correlation, n=8, R=0.82, p=0.012,
Methods).

In sum, increasing the complexity of the environment in which
our strains evolved increases the number of novel traits without
immediate benefit, irrespective of the mutation supply. Thus, the
selection environment plays the predominant role in the evolution of
novel traits without immediate benefits.

The nature of genetic variation determines the extent of novel
trait evolution

An important confounding factor in our analysis is the time that our
populations spent evolving. Specifically, evolution in complex envir-
onments lasted for almost -600 generations, approximately three
times longer than evolution in simple environments (-100-200 gen-
erations). As a result, wild-type and mutator populations that evolved
in complex environments have experienced more mutations than their
counterparts that evolved in simple environments. In consequence,
the higher incidence of novel trait evolution in complex environments
(Fig. 2B, C) could be caused by this higher number of mutations, as a
result of the longer time our populations spent evolving in complex
environments. In fact, not only the supply of mutations but also the
number of mutations retained after experimental evolution is sig-
nificantly higher in complex environments for both the wild-type and
mutator strain (Fig. S5).

To control for this confounding factor, we first quantified the
partial correlation between environmental complexity and the number
of evolved novel traits, while controlling for the number of genera-
tions. In this analysis, high environmental complexity remained sig-
nificantly associated with a high number of evolved novel traits, both
for the wild-type (partial Spearman’s R=0.95, n=8, p=0.0007) and
the mutator strain (partial Spearman’s R=0.95, n=8, p=0.0009).

Second, we compared the extent of novel trait evolution for
clones evolved in the two kinds of complex environments (3A and 5A),
because our populations had evolved for an identical amount of time
in these environments. This analysis suggests a predominant role of
environmental complexity, but not for the number of mutations, in
driving novel trait evolution (Fig. S6). However, it also lacks statistical
power, because we evolved populations only in a single environment
containing five antibiotics.

Third, we compared mutator clones evolved in simple antibiotic
environments to wild-type clones evolved in complex antibiotic
environments. A simple calculation shows that these two kinds of
clones experienced a similar number of mutations during experi-
mental evolution (Supplementary note S3). In other words, the
increased time spent by wild-type clones in complex antibiotic evo-
lution environment compensated partly for the higher mutation rate
of mutator clones. In addition, our genomic analysis showed that the
number of genetic variants retained after evolution did not differ sig-
nificantly between the mutator clones evolved in the simple environ-
ments and wild-type clones evolved in the complex environments
(Fig. 3A, Two-sided Wilcoxon rank sum test, n=10 and 6, W=28,
p=0.86). Based on these observations, we reasoned that it may be
appropriate to compare novel trait evolution between these two types
of clones. This comparison also supports our previous observations.
That is, wild-type clones from complex environments evolved a sig-
nificantly higher number of novel traits without immediate benefit
than mutator clones evolved in simple environments (Fig. 3B, Two-

sided Wilcoxon rank sum test, n=5 and 3, W=0, p=0.035). Once
again, selection exerted by the evolution environment, and not the
mutation supply or the amount of genetic variation retained during
evolution, is the key force behind the evolution of novel traits without
immediate benefits.

Complex environments preferentially select for pleiotropic
mutations that can increase viability in multiple environments
We next asked what kinds of genetic variation may be responsible for
the higher prevalence of novel traits in complex environments. To
answer this question, we compared again the mutator clones evolved
in simple environments and the wild-type clones evolved in complex
environments, because they received a similar mutation supply, and
harboured similar amounts of genetic variation.

Specifically, we first focused on genetic variants in genes that
encode cellular targets of antibiotics in the evolution environment, or
proteins that directly interact with such targets. Mutations in such
genes do not only cause resistance to these antibiotics, but have
pleiotropic effects that can bring forth novel traits***, We found
pertinent variants in all evolved clones, except for one mutator clone
evolved in azithromycin (Fig. 3C, Table S6). However, clones evolved
in complex environments harboured many more mutations in anti-
biotic target genes than clones evolved in simple environments. Spe-
cifically, six evolved clones from complex environments harboured 24
variants in genes encoding antibiotic targets, whereas the greater
number (ten) of mutator clones evolved in simple environments har-
boured merely 16 variants in such genes. Many of these variants have
known pleiotropic effects. For example, the gyrA gene was mutated at
least once in all the wild-type clones evolved in complex environ-
ments, but only in two of the mutator clones evolved in a simple
antibiotic environment, namely that harbouring nalidixic acid. Muta-
tions in gyrA can confer not just resistance against nalidixic acid, but
also against B-lactams and aminoglycosides, likely by modifying the
supercoiling of DNA and global gene expression with it**%. Similarly,
one of the wild-type clones evolved in the 3A, environment, which
contained streptomycin, harboured a mutation in the gene infB
(Fig. 3C), whereas none of the two mutator clones evolved on strep-
tomycin harboured a mutation in infB. The gene encodes the trans-
lation initiation factor IF-2, which interacts closely with the 30S
ribosomal subunit, the cellular target of streptomycin®**'. Mutations in
infB can also confer resistance against macrolide antibiotics that target
the 50S ribosomal subunit in protein synthesis*. In a similar vein, one
of the wild-type clones evolved in the 3A; environment, but none of
the mutator clones evolved on a single antibiotic, harboured a muta-
tion in the gene ampC. Mutations in this gene can confer resistance to
carbapenems and the combination drugs ceftolozane-tazobactam and
ceftazidime-avibactam®?*. Likewise the gene fts/ was only mutated in
one of the wild-type clones from 3A; environment (Fig. 3C). The genes
codes for peptidoglycan D,D-transpeptidase®, and mutations in it can
also increase resistance to mecillinam, cephalexin, and sefsulodin®.
Taken together, these observations suggest that complex environ-
ments select for the spreading of pleiotropic mutations that can affect
viability in multiple environments.

Further support for this hypothesis comes from a closer exam-
ination of genes that encode proteins involved in multi-drug efflux,
which are well-known to have pleiotropic effects in multiple
environments®*°, Overall, we found twenty-nine mutations across ten
different genes implicated in multi-drug resistance. Twenty-five of
these mutations occurred in the wild-type clones evolved in complex
environments, while only three occurred in mutator clones evolved in
the simple environments (Fig. 3D, Table S6). Affected genes included
those encoding global transcription regulators, such as emrR
(mprA)*’*, efflux pumps, such as mdt*® and yojl*>**, as well sensory
and regulatory proteins that respond to environmental stress, such as
envZ** and phoQ¥. Mutations in emrR can increase resistance to
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Fig. 3 | The nature of retained genetic variation differs between populations
evolved in simple and complex environments A. The total number of retained
genomic variants was statistically indistinguishable (Two-sided Wilcoxon rank
sumtest, n=10 and 6, W= 28, p = 0.86) between mutator clones evolved in simple
antibiotic environments (blue) containing a single antibiotic, and wild-type
clones evolved in complex antibiotic environments (yellow) containing three
(environments 3A; and 3A,) or five (environment 5A) antibiotics. B The number of
evolved novel traits was significantly higher (Two-sided Wilcoxon rank sum test,
n=>5and 3, W=0, p=0.035) in wild-type clones evolved in complex antibiotic
environments than in mutator clones evolved in simple antibiotic environments.
In the (A, B), the boxes represent interquartile range while the solid line repre-
sents the median. The whiskers represent 1.5 times of the interquartile range. The
circles located above the top whisker are outliers whose values are higher than 1.5
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times the interquartile range (third quartile - first quartile) above the first quar-
tile. C Number of mutations in the genes (second column from the left) that
encode the cellular target (first column from the left) of proteins that directly
interact with the cellular target of the antibiotic(s) experienced during experi-
mental evolution, for mutator clones evolved in simple antibiotic environments
(blue) and wild-type clones evolved in complex antibiotic environments (yellow).
D Number of mutations in the genes (second column from the left) that are
involved in multi-drug resistance for mutator clones evolved in simple antibiotic
environments (blue) and wild-type clones evolved in complex antibiotic envir-
onments (yellow). For (C, D), each tile represents the total number of mutations
we observed in a specific gene (second column from the left) for the two clones
that had experienced a given antibiotic environment (bottom row) during
experimental evolution. Source data are provided as a Source Data file.

many antibiotics, such as nalidixic acid, nitrofurantoin and ery-
thromycin, while mutations in the gene phoQ can also confer increased
resistance against antibiotics with diverse cellular targets, such as
ampicillin, ciprofloxacin, nalidixic acid, kanamycin and tobramycin®,
Similarly, mutations in the gene envZ can increase resistance to
ampicillin, cefoxitin, ciprofloxacin, chloramphenicol, erythromycin,
and tetracycline®®. Most notably, all wild-type clones evolved in com-
plex environments harboured at least one mutation in the genes

coding for the AcrAB-TolC efflux pump, while none of the mutator
clones evolved in simple antibiotic environments did. AcrAB-TolC is an
important multi-drug efflux system in E. coli that exports antibiotics
with diverse cellular targets, as well as non-antibiotic toxins***.

In sum, these observations help explain why complex antibiotic
environments promote the evolution of latent traits without immedi-
ate benefit. They promote the spreading of pleiotropic mutations that
can help bacteria become resistant against multiple antibiotics they
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encounter during evolution. As a by-product, these mutations also
convey viability in other environments that the bacteria have not
encountered.

Discussion

To our knowledge, this is the first study that experimentally addresses
the relative importance of mutation and selection in the context of
novel traits without immediate benefits. It can be difficult to identify
such traits, because they are only potentially adaptive, and it can be
even more difficult to study their evolution. We find that for the evo-
lution of such latent novel traits, the selection pressure exerted by the
environment in which populations evolve is more important than
the amount of genetic variation provided by mutations. Increasing the
complexity of the environment from one to three to five antibiotics
results in the evolution of viability in multiple additional environ-
ments, whereas increasing the supply of mutations does not, despite
an increase in the amount of genetic variation retained. This higher
prevalence of novel traits in complex environments occurs at both low
(wild-type) and high (mutator) mutation rates.

To vary the mutation supply we used ancestors with two different
mutation rates, a wild-type strain and a mutator strain with a twenty-
two fold higher mutation rate. We then evolved these strains under
identical experimental conditions. Previous studies have shown that
the frequency of bacterial mutator strains in natural or clinical envir-
onments is often higher than expected by mutation-selection
balance**™*%. High mutation rates can increase the rate of adaptation
to drugs both in the laboratory and in the wild*’. They may also lead to
a greater number of latent novel traits during very brief periods of
evolution. For example, the initial cultivation of our mutator strain
before our evolution experiment resulted in a mutator ancestor with
~25 genomic mutations (Supplementary note S1), and an ability to
grow in more phenotyping environments than our wild-type ancestor
(Fig. 1A). In contrast, on the longer time scale of our evolution
experiment, it is the wild-type and not the mutator that brings forth
more novel traits in complex environments. This observation under-
scores that selection is the prevalent force behind the emergence of
novel latent traits in our experiments.

The relative importance of selection and mutation may depend on
the mutation supply itself. On the one hand, in strains with a mutation
rate lower than the wild-type, the mutation supply may limit the origin
of novel traits. On the other hand, at the higher than wild-type muta-
tion rates of our experiments, multiple clones with equally beneficial
variants may coexist in the same population. This can result in ‘clonal
interference’, a process that reduces the efficacy of selection and can
also limit the emergence of novel traits**'. Our observations show that
at wild-type mutation rates, the mutation supply does not limit the
origin of novel traits. Had we compared our wild-type strain to an
antimutator strain with a lower mutation rate*’, we might have found
that fewer novel traits evolve in the anti-mutator. However, we delib-
erately did not use such a strain, because mutation rates far below our
wild-type are rarely observed in nature®. To study how readily latent
novel traits may evolve at mutation rates lower than that of the wild-
type remains an exciting direction for future work. In addition, one
could also replicate our experimental design in a bacterial species with
a lower wild-type mutation rate than that of E. coli. Results of such
studies, combined with our observations, can uncover the relationship
between mutation rates and the emergence of latent novel traits over a
wider range of mutation supplies.

Our genome analysis reveals that pleiotropic mutations are key
for the evolution of novel traits, an observation that is consistent with
previous studies. For instance, in a laboratory evolution experiment, E.
coli populations became resistant to multiple antibiotics by acquiring
mutations in transcriptional repressors of the antibiotic stress
response, such as marR and mprA®. Similarly, beneficial mutations that
increase the fitness of E. coli populations evolving in a glucose-limiting

environment can also improve fitness on carbon sources different
from glucose™. Another striking example comes from E. coli ‘deep-
rough’ mutants. They harbour mutations in the rfa operon, which help
produce truncated lipopolysaccharides with pleiotropic effects on
diverse traits, such as susceptibility to bacteriophages, antibiotics, and
antimicrobial peptides®. Our previous work using a wild-type E. coli
strain evolving in single antibiotic environments also highlights the
importance of pleiotropy in the evolution of latent novel traits’.

In the same vein, this study shows that the ability to produce many
novel traits is linked to pleiotropic mutations that occur in genes
required to combat multiple environmental stresses (Fig. 3D). More
specifically, exposure to multiple antibiotics with diverse modes of
action and cellular targets leads to the evolution of resistance through
more than one mechanism. For instance, one wild-type clone that
evolved in the complex 5A environment harboured mutations in the
genes encoding cellular targets of four of the five antibiotics in this
environment, as well as four mutations in genes involved in multi-drug
resistance (Table S13, wild-type 5A(I)). In contrast, clones evolved in
simple antibiotic environments usually harboured mutations in the
genes encoding the cellular target of the respective antibiotic, but
rarely showed multi-drug resistance mutations (Fig. 3C). A striking
example of this contrast between simple and complex environments
involves the genes encoding or regulating the AcrAB-TolC efflux
pump. We observed mutations in these genes in all wild-type
(Table S6) and mutator (Table S9) clones evolved in the complex
environments 3A;, 3A; and 5A. This efflux pump belongs to the RND
(resistance nodulation division) family of efflux pumps, with homologs
across many pathogenic species, such as Pseudomonas aeruginosa and
Neisseria gonorrhoeae***. It is a stress-induced efflux pump respon-
sible for exporting bile salts, fatty acids, and heavy metals, as well as
antibiotics with diverse mechanisms of action like fluoroquinolones,
glycylcyclines, macrolides, B-lactams, and aminoglycosides***. Our
results imply that simultaneous exposure to multiple antibiotics can
favour mutations in the genes involved in multi-drug resistance.

Our observations also suggest that such beneficial pleiotropic
mutations are rare and most mutations that are retained during evo-
lution are neutral or nearly neutral in our phenotyping environments.
The reason is that the number of evolved novel traits neither increases
nor decreases systematically with the increasing mutation supply and
the amount of retained genetic variation (Fig. S7C, D). Clones evolved
in single antibiotic environments further support this point: Even
though mutator clones experienced more mutations and retained
significantly more genetic variation (Fig. 1B), they did not evolve sig-
nificantly more novel traits (Fig. 1C).

In addition to having experienced different numbers of muta-
tions, mutator and wild-type clones likely also experienced different
kinds of mutations, because mutator strains can produce a spectrum
of mutations distinct from those of a wild-type strain®. Moreover, the
same mutation may produce different fitness effects in the mutator
and wild-type strain, even in the early phases of evolution. This is
because our mutator ancestor harboured -25 different mutations
compared to the wild-type (Supplementary note S1, Table S2), which
may affect the mutator’s evolutionary trajectory by interacting epis-
tatically with newly acquired mutations”’. We emphasise that the
accumulation of some mutations in the ancestor during mandatory
cultivation steps before evolution, as well as before phenotypic and
genomic assays, is one of the unavoidable limitations of any experi-
mental evolution study using a mutator strain'®*>*%, The differences in
mutation rate, spectrum, and genomic background between mutator
and wild-type may also affect the rate and extent of novel trait evolu-
tion. It is also relevant here that minimum inhibitory concentrations
(MICs) for antibiotics might depend on a strain’s inherent mutation
rate’* ., An important direction for future work is to study the role that
mutation biases and different ancestral backgrounds might play in the
evolution of latent novel traits.
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Apart from the different numbers and kinds of mutations, wild-
type and mutator strains may have experienced different selection
pressures even in identical environments, because the ICyg of the five
antibiotics for the mutator ancestor was modestly higher or equal to
the ICyo of the wild-type ancestor (Table S11). This observation
prompted us to quantify by how much experimental evolution had
increased the ICqq for all representative evolved clones. If the differ-
ences in the ancestral ICyo had resulted in a consistently lower selec-
tion pressure on the mutator strain, then mutator strains should have
experienced a consistently lower fold-change in the ICgq than evolved
wild-type clones. However, we observed no such systematic differ-
ences (Supplementary fig. S8), suggesting that the ancestral differ-
ences in ICyo and the fold-changes in ICyq after evolution might be
poor indicators of this selection pressure. To quantify the selection
pressure experienced by populations evolving in complex antibiotic
environments at different mutation rates is an important future
research direction.

The complex environments in our study exert selection on mul-
tiple cellular targets and processes at the same time. Such environ-
ments can select for synergistically pleiotropic mutations, i.e.,
mutations that are beneficial for multiple traits>*>®*. Similarly, past
work with bacteriophages has shown that synergistically pleiotropic
mutations are favoured when phages evolve in a complex environment
that selects for both growth rate and capsid stability®>®, In contrast,
such mutations are not favoured under selection for higher growth
rate or increased capsid stability alone. Work like this shows that
environments with complex selection pressures can select on pleio-
tropic mutations to a different extent. Characterising the relationship
between environmental complexity and pleiotropy remains another
important task for future work. In addition, it will be important to
study different kinds of complex environments. For instance, complex
environments with more than one carbon source may not favour
pleiotropic mutations as strongly as our antibiotic environments do.
As a result, fewer latent novel traits may emerge in such environments.
Future investigations of this kind will shed light on the generalisability
of our results.

By demonstrating the supremacy of selection over mutation at a
mutation supply exceeding that of the wild-type, our experiments
contribute to a long-standing debate about the forces driving Darwi-
nian evolution. They extend the influence of selection even to traits
that are not immediately adaptive. In addition, they have practical
implications, especially for the rising incidence of antimicrobial resis-
tance worldwide. Specifically, they caution against the prescription of
antibiotic cocktails that can expose a pathogen to multiple antibiotics
simultaneously. Not only can such cocktails accelerate the evolution of
resistance against antibiotics in the cocktail, they can also endow a
pathogen with viability in new and unrelated environments.

Methods

Bacterial strains, media and antibiotics

To vary the mutation supply for experimental evolution, we used an E.
coli strain with a wild-type mutation rate and a mutator strain with a
~22-fold higher mutation rate. We refrained from using an anti-mutator
strain with a mutation rate lower than the wild-type, because such
strains are rarely encountered in nature®. Specifically, we used pre-
viously described derivatives of E. coli strain K12 MG1655 (MRS® for wild-
type, and MR* for mutator) for experimental evolution’. Our mutator
strain harbours a 103 bp insertion upstream of the gene mutL that is
involved in the mismatch repair pathway of E. coli. This insertion
affects mismatch repair and increases the genomic mutation rate by
twenty-two-fold™.

For all our experiments, we used five different antibiotics, namely
trimethoprim, azithromycin, streptomycin, ampicillin and, nalidixic
acid (all obtained from Sigma). We chose these antibiotics because
their mechanisms of action are diverse, i.e., each targets a different

cellular process®**. We prepared stock solutions of each antibiotic
(Table S9) and stored them at —20 °C without any exposure to light. We
used LB broth (Sigma) supplemented with the relevant antibiotic for all
pilot and evolution experiments.

To prepare a glycerol stock of our ancestral wild-type and mutator
strains, we picked a colony for each strain from an LB agar plate, and
inoculated it separately in 100 ml LB in two conical flasks without any
antibiotic. We incubated each of the flasks at 37 °C with shaking at
220 rpm in a shaking incubator (INFORS HT, Switzerland). After 20 h of
growth, we mixed 800 pl samples of bacterial culture with 200 ul of 15%
glycerol (v/v) in screw-capped tubes and stored these tubes at -80 °C.
We call these the ancestral glycerol stocks of wild-type and mutator
strains. We note that the acquisition of some mutations by the mutator
population during these obligatory culturing procedures is an inevi-
table consequence of the mutator’s intrinsically high mutation rate.

We determined the ICyq for every antibiotic prior to experimental
evolution. The ICyg is the lowest concentration of antibiotic that is able
to reduce a culture’s optical density at 600 nm (ODggoo) by 90% com-
pared to the growth of the ancestral strain in the same medium devoid
of any antibiotic’. As previously described® we estimated the ICyq for
each antibiotic using the following procedure. We inoculated 10 ul of
the ancestral wild-type glycerol stock in 3 ml LB and let it to grow for
20 h at 37 °C with shaking at 220 rpm (INFORS HT, Switzerland). We
then used 4 ul of this revived culture to inoculate three wells of a 24-
well plate (Corning, USA) where each well contained 2 ml of LB sup-
plemented with the antibiotic. We incubated the plate at 37°C
(350 rpm, SI505, Stuart, UK). After 24 h of growth we measured the
ODgoo of the cultures using a plate reader (Tecan, Infinite 200 PRO
model using the software Tecan i-control version 3.14). ICyq values for
all antibiotics are listed in Table S4. Our estimated ICoq values are equal
to or greater than the clinical breakpoints for E. coli suggested by the
European Committee on Antimicrobial Susceptibility Testing®*.

After the evolution experiment we determined the ICoq values of
the five antibiotics for both wild-type and mutator ancestral strains
(Table S11). We used the same procedure as just described, with two
exceptions: The antibiotics were procured from a different company
(Himedia, India, as opposed to Sigma), and the cultures were incu-
bated in an Eppendorf Innova 42 shaker incubator (instead of INFORS
HT, Switzerland). We observed a twofold higher ICqq of nalidixic acid
for the wild-type ancestral strain (Table S11) compared to the ICyo
determined before the evolution experiment (Table S3). We note that
this twofold difference is the smallest measurable MIC difference with
our protocol, and suspect that it stems from the change in the anti-
biotic manufacturer. We considered this two-fold higher value to be
the wild-type MIC of nalidixic acid for this set of experiments. We then
determined the ICyq for all representative clones in the antibiotics
experienced during evolution, and used this information to calculate
the fold-change in the ICyo relative to the corresponding ancestral
ICo0. Multiple clones continued to grow on concentrations of strep-
tomycin and nalidixic acid that were more than 32-fold higher than the
wild-type MIC. In the case of nalidixic acid, the antibiotic began to
precipitate at the bottom of the culture vessel above a 32-fold increase
in concentration. In case of streptomycin, many clones did not
decrease their growth at a 32-fold antibiotic concentration increase,
which suggests a resistance mechanism independent of the antibiotic
concentration. For these reasons, we did not study even higher anti-
biotic concentrations.

Experimental evolution for mutator strain in single antibiotic
environments

In previously published experiments®, we had evolved eight popula-
tions of a wild-type E.coli strain on increasing concentrations of a single
antibiotic in five independent experiments (8 populations times 5
antibiotics, i.e., 40 populations in total). We had used the same five
antibiotics that we use for the mutator strain in this experiment,
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namely ampicillin, azithromycin, nalidixic acid, streptomycin and tri-
methoprim. At the end of evolution for ~100-200 generations, evolved
populations could grow in the ICyq of the respective antibiotic. In our
current work, we used the same protocol to evolve forty populations
of a mutator strain that has a twenty-two fold higher mutation rate
than the wild-type strain.

Specifically, we evolved eight replicate populations of the mutator
strain on each of the above five antibiotics. We used 24-well plates
containing 2ml LB with antibiotic for experimental evolution, and
transferred 4 pl of culture from every evolving population every day.
We incubated all the evolving populations at 37 °C with shaking at
350 rpm on an SI505 incubating shaker (SI505, Stuart, UK). We
increased the concentration of each antibiotic every 48 h and con-
tinued evolution until the populations could grow at the ICyq
(Table S3). We had performed pilot experiments which had shown that
this procedure minimises extinctions and avoids long periods of
growth at any one antibiotic concentration. We also chose growth
thresholds based on these pilot experiments, which had shown that
extinction are common for values of OD¢oo below 0.2, and infrequent
for values between 0.2 and 0.3. To avoid extinctions we transferred
20 ul of culture volume instead of 4 ul if a population’s ODgop (mea-
sured on a Tecan Infinite 200 PRO model using the software Tecan
i-control version 3.14) had only reached a value between 0.2 and 0.3
after 20 h of incubation. We did this for two populations of mutator
strain evolving on azithromycin on the 16th day of experimental evo-
lution. If the growth, measured as OD¢qo, of any population was below
the threshold of 0.2, we recorded an extinction event for that popu-
lation. We stored every day’s 24-well plates at 4 °C for 72 h. To resume
evolution for an extinct population we used 20 ul of inoculum from the
same replicate population from the previous day’s plate. We did this
for one mutator population evolving on azithromycin on day 14.

We checked for contamination by streaking a sample of each
population on LB agar plates and visually inspecting these plates after
20 h of incubation at 37 °C. We conducted these purity checks once
every week and after the confirmation of purity we stored a part of the
population as a glycerol stock at =80 °C. In the event of contamination,
we revived the contaminated population from the latest uncontami-
nated sample by re-inoculating 20 ul of the culture into fresh medium
with antibiotic. We observed a single incidence of contamination for
populations evolving on single antibiotics. Specifically, we detected
that one population evolving on azithromycin was contaminated twice
on the second and fourth day of evolution and had to be revived from
the first day culture. We note that none of the two representative
azithromycin clones we analysed here stem from this population.

We terminated experimental evolution when all the populations
were able to grow at the ICyo of their respective antibiotic. We then
prepared glycerol stocks of all the populations and stored them at
-80°C.The time required to achieve growth at the ICyo varied for
populations from different antibiotics and was in the range of ~108 to
~215 generations (Table S3). The estimated number of generations is
the (base 2) logarithm of the dilution factor we had used for serial
transfers®.0On each antibiotic, mutator and wild-type strains evolved
for a similar number of generations until they could grow at the 1Cq¢°.

Experimental evolution in the complex multi-antibiotic envir-
onments 3A,;, 3A,, and 5A

We also evolved our wild-type and mutator E.coli strains in three dif-
ferent ‘complex’ environments that contain multiple antibiotics. Two
of these environments (3A; and 3A,) contain LB supplemented with
three different antibiotics. Specifically, environment 3A; harbours tri-
methoprim, ampicillin and nalidixic acid. Environment 3A, harbours
streptomycin, azithromycin and nalidixic acid (3A,). The third com-
plex environment (5A) harbours all five antibiotics, ampicillin, azi-
thromycin, nalidixic acid, streptomycin and trimethoprim. In each of

the 3A;, 3A,, and 5A environments, we evolved eight replicate popu-
lations of the wild-type strain and eight replicate populations of the
mutator strain. We used the same initial antibiotic concentrations of
each antibiotic as in the single antibiotic environments to initiate
experimental evolution in the 3A;, 3A;, and 5A environments (Table S3).
During the first phase of experimental evolution, we increased the
concentrations of all antibiotics every second day. We applied
the same criteria as during evolution on single antibiotics to determine
low growth (ODgpo between 0.2 and 0.3, 20 pl inoculum volume)
and extinction (ODgpo < 0.2, revive 20 pl from the previous day’s
plate), and to continue the experiment when such an event had
taken place.

The second phase was motivated by the observation that popu-
lation extinctions became more and more frequent while we increased
the concentration of all antibiotics simultaneously (Supplementary
note S2). For instance, on the seventh day seven out of eight wild-type
populations evolving in the 5A environment became extinct. To miti-
gate this problem, we followed phase I with a phase II in which we
modified the evolution protocol in two ways. First we increased
the concentration of only one antibiotic every day. For instance, we
increased the concentration of streptomycin from 13.9 ug/ml to
14.3 ug/ml on day 112 for the environments 3A, and 5A. This con-
centration stayed the same for next 4 days, and again increased to
15 ug/ml on day 117. Second, we increased the inoculum volume for
serial transfer from 4 pl to 100 pl. We chose this inoculum value based
on a pilot experiment that had shown higher rates of extinction for
smaller inocula. Subsequently, after all populations had evolved the
ability to grow at the ICoq of each of the antibiotics in their environ-
ment, we decreased the inoculum volume from 100 pl to 50 pl, then to
25l from 25 pl to 12 pl and lastly to 4 pl in 4 days. Once all the evolved
populations could grow at the ICoq of each of the antibiotics in their
environment at a 4 pl inoculum volume we terminated the evolution
experiment. We then prepared glycerol stocks of all populations and
stored them at —80 °C. Experimental evolution lasted for 147 days or
~600 generations, depending on the strain and antibiotic environment
(Supplementary note S2). We estimated this number of generations as
the (base 2) logarithm of the dilution factor we had used for serial
transfers®.

Once every week, we streaked a sample of every population on LB
agar plates, and inspected the sample visually for contamination after
20 h of incubation at 37 °C. After confirmation of purity, we prepared
glycerol stocks and stored them at -80 °C. We detected contamination
on day 33 and day 37 in three and one populations, respectively
(Supplementary note S2). In every instance of contamination, we
examined plated samples of the affected populations from the pre-
ceding 3 days, and resumed experimental evolution from the latest
uncontaminated sample by re-inoculating 20 pl of culture volume into
fresh medium with the appropriate antibiotics.

Isolation of representative clones

Previously we had isolated two representative clones from eight
evolved populations of the wild-type strain for novel trait assays and
genome-sequencing’. We had selected two ancestral wild-type clones
randomly for the same purpose. Using the same protocol, we here
chose two representative clones from evolved mutator populations for
every one of the five single antibiotic environment, for a total of ten (=2
clones x 5 antibiotics). In addition, we chose two evolved wild-type and
two evolved mutator clones from eight populations evolved in each of
the complex 3A;, 3A, and 5A environments, for a total of 12 clones
(=2 strains x 3 environments x 2 clones). Specifically, we streaked a
sample of a population’s glycerol stock on LB agar and allowed it to
grow for 24 h at 37 °C. We randomly selected three colonies from this
plate and inoculated them separately in 2 ml LB without any antibiotic.
We let the liquid cultures grow for 20 h at 37 °C in a shaking incubator
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at 220 rpm (INFORS HT, Switzerland) and then stored them as glycerol
stocks at =80 °C.

We revived 4 ul of glycerol stock in 200 ul of LB in a 96-well plate
(Thermo) for all the isolated clones, as well as for the eight replicate
populations evolved in every environment. We incubated the plate
overnight at 37 °C in a shaking incubator (350 rpm, SI505, Stuart, UK).
We inoculated 4 ul of revived culture into 200 pl of medium with the
antibiotic environment that the clone or population had experienced
on the last day of experimental evolution, i.e., with either one, three, or
five antibiotics at their respective ICqq. For the next 24 h we tracked the
growth of all the clones and populations by measuring their OD¢oo
every 15 min using a plate reader (Tecan Infinite 200PRO model using
the software Tecan i-control version 3.14). This assay gave us eight
different whole-population growth trajectories, and twenty-four
growth trajectories for the clones isolated from the eight popula-
tions, for every combination of an environment and a strain. We then
used the Growth Rates®® software to determine the growth rates from
each of the growth trajectories. We computed 95% confidence inter-
vals for the mean growth rate from the eight whole-population growth
trajectories for a given antibiotic environment x strain combination,
and identified those clones whose growth rate lay within these 95%
confidence intervals (Fig. S4). The rationale behind this choice is that
these clones are the best representatives of the central tendency of the
populations that evolved in the antibiotic(s). From this set of identified
clones, we randomly chose two clones for each environment x strain
combination for further experiments. Including more representative
clones in our phenotypic and genomic analysis was prohibitive due to
financial and logistic limitations. We emphasise that this sample size of
two for every combination of strain and environment is a limitation of
our study.

In addition to the representative clones we also chose two
ancestral clones for further analysis. For this purpose we plated the
ancestral mutator strain on an LB agar plate and incubated the plate
overnight at 37 °C. We randomly chose two clones from this plate and
inoculated all the twenty-two evolved and two mutator ancestral
clones, 24 in total, in 2 ml LB and allowed them to grow for 20 h at 37 °C
at 220 rpm (Table S5, Fig. S4). We stored a part of these overnight
cultures as glycerol stocks and used them for phenotypic assays and
genomic DNA extraction.

Novel trait assays
As also described previously for wild-type clones evolved in single
antibiotic environments’, we used ten phenotyping microarrays
(Biolog PM11-20, Biolog, CA, US)? to study the evolution of latent
novel traits in the evolved clones. Biolog microarrays are 96-well
plates containing preconfigured sets of antimicrobials along with a
tetrazolium dye as an indicator for cell respiration. During respira-
tion bacterial cells produce NADH, which reduces the tetrazolium
dye to produce a purple colour. The intensity of the purple colour
can be easily measured using a spectrophotometer and correlates
with the magnitude of respiration. The set of ten Biolog plates con-
tain 236 potentially bactericidal or bacteriostatic molecules at four
different concentrations (240 molecules as per the manufacturer,
but see ref. 69). The actual concentration range of each molecule
varies among molecules, and is proprietary information of the
manufacturer. Antimicrobial substances in the Biolog arrays include,
but are not limited to, antibiotics, organic and inorganic salts,
nucleotide analogues, pyridine derivatives, and surfactants. We
used DrugBank, PubChem, and original research articles®** to col-
lect information on the mode of action of these antimicrobials. We
could not find any relevant information for 38 out of the 236
molecules.

We next determined the environments which support the growth
of ancestral and/or evolved clones. To this end, we revived 4 ul of
glycerol stocks (-3 x10* cells) of every evolved and ancestral clone in

5ml NB and allowed it to grow overnight at 37 °C in an incubating
shaker (220 rpm, INFORS HT, 417 Switzerland). We prepared an
inoculating mix by adding -2 ml of this overnight grown culture culture
(-2 x108 cells) to 100 ml of inoculating fluid (IF-10 reagent by Biolog,
US). Subsequently, we added 100 ul (-2 x 105 cells) of this inoculating
mix to every phenotyping environment (each well in the set of ten 96-
well plates, PM11-20, contains a unique phenotyping environment). We
incubated the Biolog plates at 37 °C for 48 h (SI505, Stuart, UK). We
measured the ODgoo immediately after inoculation (0 h) and after 48 h
of growth using a plate reader (Tecan, Infinite 200 PRO model using
the software Tecan i-control version 3.14). We accounted for the
instrument and inoculum background by subtracting the ODgoo
measurement at O h from the OD¢oo measured at 48 h. If both ancestral
clones showed an ODgoo below 0.3 after 48 h, while both evolved
clones from the same antibiotic showed an OD¢qo above 0.3 after 48 h,
we considered a novel trait to have evolved. We used this growth
threshold based on the previous finding that inoculating 230 of the
Biolog environments yields an ODgoo below 0.3 immediately after
inoculation, i.e., at zero hours’.

We considered only the highest antimicrobial concentration for
each of the 236 phenotyping environments, because the wild-type
ancestor was viable on the three lower concentration of most anti-
microbials in the phenotyping environemnts’. As a result, the lower
three concentrations presented very little opportunity for the evolu-
tion of novel traits. We found that both ancestral clones were unable to
grow at the highest antimicrobial concentration for 95 environments®
while both mutator ancestral clones could not grow at the highest
concentration for 58 environments. Thus, the mutator strain could
acquire viability in at most 58 environments. For the determination of
novel trait evolution, we considered only those 52 environments where
neither wild-type nor mutator ancestor was viable (Table S1).

Whole-genome sequencing of ancestral and evolved clones

As we had done previously for wild-type clones, we extracted genomic
DNA for genome sequencing from two ancestral mutator clones, and
from two mutator clones that had evolved in each of the single anti-
biotic environments. In addition, we extracted the DNA of two wild-
type and two mutator clones evolved in environments 3A;, 3A,, and 5A.
We performed DNA extractions using the DNeasy Blood and tissue kit
from Qiagen (catalogue no 69504). Specifically, we inoculated 4 ul of
glycerol stock of each clone in 5 ml of LB without antibiotic. We let this
culture grow for ~16 h at 37 °C with shaking at 220 rpm (INFORS HT,
Switzerland). We centrifuged the cultures at 10,000 g (Eppendorf
5810/5810R) for 10 min to harvest ~2x10° cells. We used the kit’s
protocol to extract the DNA from the harvested cells. Using a Qubit
fluorometer (Thermo Fisher Scientific) and agarose gel electrophor-
esis we checked the quantity and purity of the extracted DNA and
stored this DNA at -20°C. The whole genome of each clone was
sequenced using the lllumina HiSeq (Illumina, CA, USA) at MicrobesNG
(Oxford, UK) to a minimum coverage of 30-fold per clone. MicrobesNG
provided us with the trimmed reads as fastq files. We identified
mutations in these sequences using the Breseq pipeline v0.35 with
default parameters”®. We characterised novel mutations as those
mutations that were not present in the wild-type ancestor’. We com-
pared the obtained reads with reads from the wild-type ancestor at the
locus of mutation using the Integrative Genomics Viewer (v2.9.2,
Broad Institute, CA, US) and visually confirmed each mutation identi-
fied by Breseq. We annotated the function of each mutated gene using
curated descriptions on EcoCyc and references therein™.

Statistical analysis

To compare the number of mutations in the wild-type and mutator
clones evolved in single antibiotic environments (Fig. 1B), we used an
analysis of variance with the two fixed factors of strain (wild-type or
mutator) and antibiotic (ampicillin or azithromycin or nalidixic acid or
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streptomycin or trimethoprim). To compare the percentage of novel
traits between wild-type and mutator clones evolved in single-
antibiotic environments (Fig. 1C) we used Wilcoxon rank sum tests
(also called Mann-Whitney tests).

We used Spearman’s rank correlation coefficient to quantify the
association between the percentage of novel traits and the number of
antibiotics in the evolution environment both for the wild-type
(Fig. 2B) and the mutator strain (Fig. 2C). We performed again an
analysis of variance with two fixed factors, i.e., strain (wild-type or
mutator) and environment (3A; or 3A, or 5A) to compare the percen-
tage of novel traits in the wild-type and mutator clones evolved in
complex antibiotic environments.

We performed individual Wilcoxon rank sum tests to compare the
total number of genomic mutations (Fig. 3A) and the percentage of
novel traits (Fig. 3B) between the wild-type clones evolved in complex
environments and mutator clones evolved in simple environments. We
performed a partial correlation analysis to control for the confounding
effect of the duration of experimental evolution in the association
between the percentage of novel traits and the complexity of the
environment. We quantified the association using Spearman’s
rank correlation coefficient for both the wild-type and the mutator
strains.

We used R (v3.5.2) for all statistical analyses.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data are available in the paper, the supplementary materials and
source data file. Whole genome sequencing data of the bacterial isolates
is available from NCBI with Bioproject number PRJINA882999. Source
data are provided with this paper.

References

1. Imamovic, L. & Sommer, M. O. Use of collateral sensitivity networks
to design drug cycling protocols that avoid resistance develop-
ment. Sci. Transl. Med. 5, 204ra132-204ra132 (2013).

2. Hosseini, S.-R. & Wagner, A. The potential for non-adaptive origins
of evolutionary innovations in central carbon metabolism. BMC
Syst. Biol. 10, 1-14 (2016).

3. Leiby, N. & Marx, C. J. Metabolic erosion primarily through mutation
accumulation, and not tradeoffs, drives limited evolution of sub-
strate specificity in Escherichia coli. PLoS Biol. 12, €1001789 (2014).

4. Dantas, G., Sommer, M. O., Oluwasegun, R. D. & Church, G. M.
Bacteria subsisting on antibiotics. Science 320, 100-103 (2008).

5. Karve, S. & Wagner, A. Multiple novel traits without immediate
benefits originate in bacteria evolving on single antibiotics. Mol.
Biol. Evol. 39, msab341 (2022).

6. Hochberg, M. E., Marquet, P. A., Boyd, R. & Wagner, A. Innovation:
an emerging focus from cells to societies. Phil. Trans. R. Soc. B 372,
20160414 (The Royal Society, 2017).

7. Wagner, G. P. & Lynch, V. J. Evolutionary novelties. Curr. Biol. 20,
R48-R52 (2010).

8. Meijnen, J.-P., de Winde, J. H. & Ruijssenaars, H. J. Engineering
Pseudomonas putida S12 for efficient utilization of D-xylose and
L-arabinose. Appl. Environ. Microbiol. 74, 5031-5037 (2008).

9. Karve, S. et al. Escherichia coli populations in unpredictably fluc-
tuating environments evolve to face novel stresses through
enhanced efflux activity. J. Evolut. Biol. 28, 1131-1143 (2015).

10. Toll-Riera, M., San Millan, A., Wagner, A. & MacLean, R. C. The
genomic basis of evolutionary innovation in Pseudomonas aerugi-
nosa. PLoS Genet. 12, e1006005 (2016).

11. Beatty, J. The creativity of natural selection? Part I: Darwin, Dar-
winism, and the mutationists. J. Hist. Biol. 49, 659-684 (2016).

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Beatty, J. The creativity of natural selection? Part II: the synthesis
and since. J. Hist. Biol. 52, 705-731 (2019).

Morgan, T. H. The scientific basis of evolution. (Faber & Faber Lim-
ited, 24 Russell Square, London, 1932).

Mayr, E. The growth of biological thought: Diversity, evolution, and
inheritance. (Harvard University Press, 1982).

Hermisson, J. & Pennings, P. S. Soft sweeps: molecular population
genetics of adaptation from standing genetic variation. Genetics
169, 2335-2352 (2005).

Barrett, R. D. H. & Schluter, D. Adaptation from standing genetic
variation. Trends Ecol. Evol. 23, 38-44 (2008).

Andersson, D.l., Hughes, D., Roth, J.R. & Slauch, J.M. The Origin of
Mutants under Selection: Interactions of Mutation, Growth, and
Selection. EcoSal Plus 4, https://doi.org/10.1128/ecosalplus.5.6.

6 (20M).

Sprouffske, K., Aguilar-Rodriguez, J., Sniegowski, P. & Wagner, A.
High mutation rates limit evolutionary adaptation in Escherichia
coli. PLoS Genet. 14, €1007324 (2018).

Liu, Y., Yang, L. & Molin, S. Synergistic activities of an efflux pump
inhibitor and iron chelators against Pseudomonas aeruginosa
growth and biofilm formation. Antimicrobial Agents Chemother. 54,
3960 (2010).

Song, R. et al. Naphthoquinone-derivative as a synthetic compound
to overcome the antibiotic resistance of methicillin-resistant S.
aureus. Commun. Biol. 3, 1-11 (2020).

Zehavi-Willner, T., Wax, R. & Kosower, E. M. The inhibition of ribo-
nucleic acid synthesis by the thiol-oxidizing agent, diamide, in
Escherichia coli. FEBS Lett. 9, 100-102 (1970).

Péther, D.-C. et al. Diamide triggers mainly S thiolations in the
cytoplasmic proteomes of Bacillus subtilis and Staphylococcus
aureus. J. Bacteriol. 191, 7520-7530 (2009).

Cumming, R. C. et al. Protein disulfide bond formation in the
cytoplasm during oxidative stress. J. Biol. Chem. 279,
21749-21758 (2004).

Kapoor, G., Saigal, S. & Elongavan, A. Action and resistance
mechanisms of antibiotics: a guide for clinicians. J. Anaesthesiol.
Clin. Pharm. 33, 300-305 (2017).

Blair, J. M., Webber, M. A., Baylay, A. J., Ogbolu, D. O. & Piddock, L. J.
Molecular mechanisms of antibiotic resistance. Nat. Rev. Microbiol.
13, 42-51(2015).

Gurgo, C., Apirion, D. & Schlessinger, D. Polyribosome metabolism
in Escherichia coli treated with chloramphenicol, neomycin, spec-
tinomycin or tetracycline. J. Mol. Biol. 45, 205-220 (1969).
Podnecky, N. L. et al. Conserved collateral antibiotic susceptibility
networks in diverse clinical strains of Escherichia coli. Nat. Com-
mun. 9, 1-11 (2018).

Lazar, V. et al. Genome-wide analysis captures the determinants of
the antibiotic cross-resistance interaction network. Nat. Commun.
5, 1-12 (2014).

Webber, M. A. et al. Clinically relevant mutant DNA gyrase alters
supercoiling, changes the transcriptome, and confers multidrug
resistance. MBio 4, e00273-00213 (2013).

Marzi, S. et al. Ribosomal localization of translation initiation factor
IF2. Rna 9, 958-969 (2003).

Caserta, E. et al. Translation initiation factor IF2 interacts with the 30
S ribosomal subunit via two separate binding sites. J. Mol. Biol. 362,
787-799 (2006).

Binh, T. T. et al. Discovery of novel mutations for clari-
thromycin resistance in Helicobacter pylori by using next-
generation sequencing. J. Antimicrobial Chemother. 69,
1796-1803 (2014).

Quale, J., Bratu, S., Gupta, J. & Landman, D. Interplay of efflux
system, ampC, and oprD expression in carbapenem resistance of
Pseudomonas aeruginosa clinical isolates. Antimicrobial Agents
Chemother. 50, 1633-1641 (2006).

Nature Communications | (2022)13:5904

10


http://www.ncbi.nlm.nih.gov/bioproject/882999
https://doi.org/10.1128/ecosalplus.5.6.6
https://doi.org/10.1128/ecosalplus.5.6.6

Article

https://doi.org/10.1038/s41467-022-33634-w

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Rubio, A. M. et al. In Vitro Susceptibility of Multidrug-Resistant
Pseudomonas aeruginosa following Treatment-Emergent Resis-
tance to Ceftolozane-Tazobactam. Antimicrobial Agents Che-
mother. 65, e00084-00021 (2021).

Keseler, I. M. et al. The EcoCyc database: reflecting new knowledge
about Escherichia coli K-12. Nucleic Acids Res. 45,

D543-D550 (2017).

Curtis, N. A., Eisenstadt, R. L., Turner, K. A. & White, A. J. Inhibition of
penicillin-binding protein 3 of Escherichia coli K-12. Effects upon
growth, viability and outer membrane barrier function. J. Anti-
microbial Chemother. 16, 287-296 (1985).

Lomovskaya, O., Lewis, K. & Matin, A. EmrR is a negative regulator of
the Escherichia coli multidrug resistance pump EmrAB. J. Bacteriol.
177, 2328 (1995).

Nagakubo, S., Nishino, K., Hirata, T. & Yamaguchi, A. The putative
response regulator BaeR stimulates multidrug resistance of
Escherichia coli via a novel multidrug exporter system, MdtABC. J.
Bacteriol. 184, 4161-4167 (2002).

Novak, R., Henriques, B., Charpentier, E., Normark, S. & Tuomanen,
E. Emergence of vancomycin tolerance in Streptococcus pneu-
moniae. Nature 399, 590-593 (1999).

Delgado, M. A., Vincent, P. A., Farias, R. N. & Salomén, R. A. Yojl of
Escherichia coli functions as a microcin J25 efflux pump. J. Bac-
teriol. 187, 3465-3470 (2005).

May, T., Ito, A. & Okabe, S. Induction of multidrug resistance
mechanism in Escherichia coli biofilms by interplay between tet-
racycline and ampicillin resistance genes. Antimicrobial Agents
Chemother. 53, 4628-4639 (2009).

Maurya, A., Dwivedi, G. R., Darokar, M. P. & Srivastava, S. K. Anti-
bacterial and Synergy of Clavine Alkaloid Lysergol and its Deriva-
tives Against Nalidixic Acid-Resistant E scherichia coli. Chem. Biol.
Drug Des. 81, 484-490 (2013).

Perron, K. et al. CzcR-CzcS, a two-component system involved in
heavy metal and carbapenem resistance in Pseudomonas aerugi-
nosa. J. Biol. Chem. 279, 8761-8768 (2004).

Nikaido, H. & Takatsuka, Y. Mechanisms of RND multidrug efflux
pumps. Biochimica et. Biophysica Acta (BBA) - Proteins Proteom.
1794, 769-781 (2009).

Piddock, L. J. Clinically relevant chromosomally encoded multidrug
resistance efflux pumps in bacteria. Clin. Microbiol. Rev. 19,
382-402 (2006).

Oliver, A., Cantdn, R., Campo, P., Baquero, F. & Blazquez, J. High
frequency of hypermutable Pseudomonas aeruginosa in cystic
fibrosis lung infection. Science 288, 1251-1253 (2000).

Matic, |. et al. Highly variable mutation rates in commensal and
pathogenic Escherichia coli. Science 277, 1833-1834 (1997).
LeClerc, J. E., Li, B., Payne, W. L. & Cebula, T. A. High mutation
frequencies among Escherichia coli and Salmonella pathogens.
Science 274, 1208-1211 (1996).

Denamur, E. et al. Intermediate mutation frequencies favor evolu-
tion of multidrug resistance in Escherichia coli. Genetics 171,
825-827 (2005).

Shaver, A. C. et al. Fitness Evolution and the Rise of Mutator Alleles
in Experimental Escherichia coli Populations. Genetics 162,
557-566 (2002).

de Visser, J. A. G. M. & Rozen, D. E. Clonal interference and the
periodic selection of new beneficial mutations in Escherichia coli.
Genetics 172, 2093-2100 (2006).

Deatherage, D. E., Leon, D., Rodriguez, A. E., Omar, S. K. & Barrick, J.
E. Directed evolution of Escherichia coli with lower-than-natural
plasmid mutation rates. Nucleic Acids Res. 46, 9236-9250 (2018).
Ostrowski, E. A., Rozen, D. E. & Lenski, R. E. Pleiotropic effects of
beneficial mutations in Escherichia coli. Evolution 59,

2343-2352 (2005).

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Pagnout, C. et al. Pleiotropic effects of rfa-gene mutations

on Escherichia coli envelope properties. Sci. Rep. 9,

9696 (2019).

Ma, D. et al. Genes acrA and acrB encode a stress-induced efflux
system of Escherichia coli. Mol. Microbiol. 16, 45-55 (1995).
Maddamsetti, R. & Grant, N. A. Divergent Evolution of Mutation
Rates and Biases in the Long-Term Evolution Experiment with
Escherichia coli. Genome Biol. Evol. 12, 1591-1603 (2020).

Wong, A. Epistasis and the Evolution of Antimicrobial Resistance.
Front. Microbiol. 8, https://doi.org/10.3389/fmicb.2017.

00246 (2017).

Lee, H., Popodi, E., Tang, H. & Foster, P. L. Rate and molecular
spectrum of spontaneous mutations in the bacterium Escherichia
coli as determined by whole-genome sequencing. Proc. Natl Acad.
Sci. 109, E2774-E2783 (2012).

Ellington, M. J., Livermore, D. M., Pitt, T. L., Hall, L. M. C. & Woodford,
N. Mutators among CTX-M (-lactamase-producing Escherichia coli
and risk for the emergence of fosfomycin resistance. J. Anti-
microbial Chemother. 58, 848-852 (2006). %J Journal of Anti-
microbial Chemotherapy.

Mehta, H. H. et al. The essential role of hypermutation in rapid
adaptation to antibiotic stress. Antimicrobial Agents Chemother. 63,
e00744-00719 (2019).

Watson, M. E. Jr, Burns, J. L. & Smith, A. L. Hypermutable Haemo-
philus influenzae with mutations in mutS are found in cystic fibrosis
sputum. Microbiology 150, 2947-2958 (2004).

McGee, L. W. et al. Synergistic pleiotropy overrides the costs of
complexity in viral adaptation. Genetics 202, 285-295 (2016).
Sackman, A. M. & Rokyta, D. R. No Cost of Complexity in Bacter-
iophages Adapting to a Complex Environment. Genetics 212,
267-276 (2019).

EUCAST. Vol. Version 11.0 (The European Committee on Anti-
microbial Susceptibility Testing., 2021).

Bennett, A. F., Lenski, R. E. & Mittler, J. E. Evolutionary adaptation to
temperature. |. Fitness responses of Escherichia coli to changes in
its thermal environment. Evolution 46, 16-30 (1992).

Hall, B. G., Acar, H., Nandipati, A. & Barlow, M. Growth rates made
easy. Mol. Biol. Evol. 31, 232-238 (2014).

Bochner, B. R., Gadzinski, P. & Panomitros, E. Phenotype micro-
arrays for high-throughput phenotypic testing and assay of gene
function. Genome Res. 11, 1246-1255 (2001).

Wishart, D. S. et al. DrugBank 5.0: a major update to the DrugBank
database for 2018. Nucleic Acids Res. 46, D1074-D1082 (2018).
Kim, S. et al. PubChem in 2021: new data content and improved web
interfaces. Nucleic Acids Res. 49, D1388-D1395 (2021).
Deatherage, D.E. & Barrick, J.E. in Engineering and analyzing multi-
cellular systems 165-188 (Springer, 2014).

Acknowledgements

This project has received funding from the European Research Council
under Grant Agreement No. 739874. We would also like to acknowledge
support by Swiss National Science Foundation grant 31003A_172887
and by the University Priority Research Program in Evolutionary Biology.
We thank Dr. Sutirth Dey for providing lab infrastructure and consum-
ables for follow-up experiments performed during manuscript revision,
as well as for valuable discussions.

Author contributions

S.K. and A.W. were involved in the conceptualisation of the study. S.K.
designed and performed the experiments and wrote the paper. S.K. and
A.W. contributed to data analysis and edited the paper.

Competing interests
The authors declare no competing interests.

Nature Communications | (2022)13:5904


https://doi.org/10.3389/fmicb.2017.00246
https://doi.org/10.3389/fmicb.2017.00246

Article

https://doi.org/10.1038/s41467-022-33634-w

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-33634-w.

Correspondence and requests for materials should be addressed to
Shraddha Karve or Andreas Wagner.

Peer review information Nature Communications thanks Antoine Frenoy
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. Peer reviewer reports are available.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:5904

12


https://doi.org/10.1038/s41467-022-33634-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Environmental complexity is more important than mutation in driving the evolution of latent novel traits in E. coli
	Results
	The mutation rate does not limit the emergence of novel traits without immediate benefit
	Complex antibiotic environments facilitate the emergence of latent novel traits
	The nature of genetic variation determines the extent of novel trait evolution
	Complex environments preferentially select for pleiotropic mutations that can increase viability in multiple environments

	Discussion
	Methods
	Bacterial strains, media and antibiotics
	Experimental evolution for mutator strain in single antibiotic environments
	Experimental evolution in the complex multi-antibiotic environments 3A1, 3A2, and 5A
	Isolation of representative clones
	Novel trait assays
	Whole-genome sequencing of ancestral and evolved clones
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




