Check for
updates

Adaptive benefits from small mutation supplies in an
antibiotic resistance enzyme

Merijn L. M. Salverda®®, Jeroen Koomen®', Bertha Koopmanschap?, Mark P. Zwart>“2, and J. Arjan G. M. de Visser®>

2Laboratory of Genetics, Department of Plant Sciences, Wageningen University, 6708PB Wageningen, The Netherlands; PInstitute for Translational
Vaccinology, 3721MA Bilthoven, The Netherlands; and “Institute for Theoretical Physics, University of Cologne, 50937 Cologne, Germany

Edited by Bruce R. Levin, Emory University, Atlanta, GA, and approved October 20, 2017 (received for review July 21, 2017)

Populations with large mutation supplies adapt via the “greedy”
substitution of the fittest genotype available, leading to fast and
repeatable short-term responses. At longer time scales, smaller
mutation supplies may in theory lead to larger improvements
when distant high-fitness genotypes more readily evolve from
lower-fitness intermediates. Here we test for long-term adaptive
benefits from small mutation supplies using in vitro evolution of
an antibiotic-degrading enzyme in the presence of a novel antibi-
otic. Consistent with predictions, large mutant libraries cause rapid
initial adaptation via the substitution of cohorts of mutations, but
show later deceleration and convergence. Smaller libraries show
on average smaller initial, but also more variable, improvements,
with two lines yielding alleles with exceptionally high resistance
levels. These two alleles share three mutations with the large-
library alleles, which are known from previous work, but also have
unique mutations. Replay evolution experiments and analyses of
the adaptive landscape of the enzyme suggest that the benefit
resulted from a combination of avoiding mutational cohorts lead-
ing to local peaks and chance. Our results demonstrate adaptive
benefits from limited mutation supplies on a rugged fitness land-
scape, which has implications for artificial selection protocols in
biotechnology and argues for a better understanding of mutation
supplies in clinical settings.
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he supply of mutations is a fundamental determinant of the

dynamics and repeatability of adaptation, particularly in
asexual populations (1, 2). Populations with large mutation sup-
plies, such as large populations or populations with a high mutation
rate, are expected to show “greedy” adaptation via the substitution
of the fittest genotypes available, i.e., those that are most likely to
survive clonal interference (3). By benefitting high-fitness geno-
types, populations with large mutation supplies thus enhance both
the short-term rate and repeatability of adaptation (1, 3-5). Simi-
larly, methods used in agriculture and biotechnology for breeding
animals, plants and enzymes with desired properties are often
greedy and aimed at maximizing short-term responses by selecting
extreme phenotypes from maximally diverse pools of heritable
variants (6).

However, at longer time scales when adaptation involves the
sequential substitution of multiple mutations, the relationship
between a population’s mutation supply and adaptation is com-
plicated by epistasis. For instance, sign epistasis may introduce
local fitness maxima, where populations with large mutation
supplies are repeatedly “trapped,” whereas populations with
smaller mutation supplies may either escape via the substitution
of a deleterious mutation followed by adaptation (7) (Fig. 14) or
avoid these traps by substituting smaller-benefit mutations (4, 5,
8, 9) (Fig. 1B). Very large mutation supplies could lead to in-
creased rates of long-term adaptation again, by allowing the
escape from local peaks via the substitution of mutational co-
horts (1, 5, 10). Magnitude epistasis may yield an additional,
more subtle, benefit for populations with small mutation supplies
by introducing variation in the flatness of pathways leading to the
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same peak (Fig. 1C). Greedy pathways, with large initial and
smaller later improvements, are expected to take more time to
arrive at the maximum than flatter pathways with more consis-
tent improvements per step, due to stronger within-pathway clonal
interference (11).

Small mutation supplies may thus provide long-term adaptive
benefits despite slower short-term improvement whenever long-
term adaptation is contingent on earlier genotypes of sub-
maximal fitness. The size of the benefit will depend also on the
actual topography of the fitness landscape (4, 5, 8, 9). For ex-
ample, when the largest-benefit mutations available lead toward
a local fitness maximum, populations with small mutation sup-
plies may generally show greater long-term improvements (4).
However, when path steepness and peak height are not corre-
lated, populations with small mutation supplies may only occa-
sionally benefit from their greater adaptive heterogeneity.
Beyond the notion that fitness landscapes are often complex,
little is known about actual topographies (12-18), and very few
studies showed the mediating effect from mutation supply. One
empirical study reported a long-term adaptive benefit of small
populations in a rich nutrient environment (4). In that study,
some small populations of the bacterium Escherichia coli reached
higher fitness than any population of 50-fold larger size. Because
these populations showed deviating fitness trajectories with slow
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Fig. 1. Possible adaptive benefits from small mutation supplies in the
presence of epistasis. In each panel, blue arrows indicate greedy mutational
pathways expected for populations with large mutation supplies; red arrows
show pathways expected for smaller mutation supplies; and gray arrows
show unrealized mutations within the time period given (e.g., of an evolu-
tion experiment). Note that although arrows indicate individual mutations
here, the mechanisms remain valid when arrows each reflect cohorts of
mutations. (A) Sign epistasis causes multiple fitness peaks, where escape to
the higher peak requires the substitution of a deleterious mutation, which is
more likely for small populations (7). (B) Sign epistasis causes multiple fitness
peaks, where populations with large mutation supplies end at a local max-
imum, whereas smaller-benefit mutations, given a chance in the absence
of clonal interference, avoid this trap and reach the global maximum (4, 5).
(C) Magnitude epistasis causes greedy pathways to arrive later at the global
maximum than pathways with similar fitness improvements per step realized
under small mutation supplies due to reduced within-pathway clonal in-
terference (11).

early improvements, the fitness landscape was inferred to be
rugged, but no genetic information was provided. More than 80y
ago, Wright (7) predicted a related but distinct adaptive benefit
for structured populations, where mutation supplies are not
different, but local demes may cross fitness valleys via the sub-
stitution of deleterious mutations followed by population-wide
adaptation. Support for a structured-population benefit was
found in a recent study with E. coli (19), whereas a similar study
with Saccharomyces cerevisiae found no support (20).

Here, we test for adaptive benefits from small mutation sup-
plies during the in vitro evolution of the antibiotic-degrading
enzyme TEM-1 f-lactamase in the presence of cefotaxime.
TEM-1 is the ancestral allele of a family of more than 175
B-lactamases, each with increased activity against diverse syn-
thetic p-lactams (21). Although currently other p-lactamases,
such as the CTX-M family, are more prevalent in clinical bac-
terial isolates, TEM-1 has become a major model in experi-
mental evolution. Not only could clinical patterns of molecular
evolution be recapitulated in the laboratory (22, 23), TEM-1 has
also been used to address basic evolutionary questions. For ex-
ample, recent work with TEM-1 revealed molecular details that
determine its evolvability (14, 24-28), and showed that its fitness
landscape is rugged (16, 27, 29, 30). This causes TEM alleles
selected from large mutation supplies to often follow the same
trajectory involving three common mutations (16). In the present
study, we ask whether reducing the supply of mutations will re-
lease populations from adaptive constraints caused by clonal
interference and open up new trajectories, possibly including
ones leading to higher resistance.

Results

Evolution Experiment. To test for possible adaptive benefits from
small mutation supplies, we compared adaptation of large and
small libraries of mutants of TEM-1 f-lactamase under maximal
selection for increased resistance to the novel substrate cefotax-
ime (CTX; Fig. S1). Four large and four small libraries of TEM-
alleles created by error-prone PCR were subjected to selection in
a gradient of CTX concentrations by inoculating bottles with
growth medium and twofold increasing CTX concentrations with
~10 times the library size. Our aim was to contrast selection using
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large libraries (LL; ~10°-10° transformants), known to often lead
to the substitution of three common mutations [E104K, M182T,
and G238S (16)], with selection using the smallest possible li-
braries that allow adaptation (SL). Because the minimum pop-
ulation size required for adaptation was a priori unknown, SL
lines were represented by three library sizes each, containing 1%,
0.1%, and 0.01% of the transformants present in LL lines. After
48 h, a single random bacterial clone was selected from the
highest CTX concentration allowing bacterial growth and its
B-lactamase gene was sequenced, because sequencing of multiple
clones suggested that these conditions lead to the (near) fixation
of a single-best genotype (16). For LL lines, the selected clone
was directly used as template for a new round of evolution; for SL
lines, we continued with the clone from the smallest of the three
selected SL populations that had substituted at least one non-
synonymous mutation. As a result, the population size of SL lines
varied during the experiment (Fig. S2). Four rounds of evolution
under LL and SL conditions were followed by two rounds using
LL conditions to allow the approach of a nearby optimum. Col-
ony counts on selective media indicated that geometric mean li-
brary sizes of LL and SL lines during the first four rounds were
5.6 x 10° and 3.2 x 107, respectively.

Two SL Alleles Evolve High CTX Resistance. Both LL and SL lines
evolved large increases in CTX resistance, with improvements in
the minimal inhibitory concentration (MIC) of ~250-32,000-fold
(16-2,048 mg CTX/L relative to 0.0625 mg CTX/L for TEM-1;
Fig. 24). Although LL and SL lines reach on average similar
final improvements (10.25 MIC doublings for LL versus 11.5 for
SL lines, U = 8, P > 0.10), they also show clear differences in
phenotypic dynamics: LL lines rapidly increase resistance in the
first two rounds and then level off, whereas SL lines improve
more slowly initially, but continue at a steady pace. The decline
in resistance of LL2 between rounds 3 and 4 resulted from the
isolation of a minority genotype with a deleterious mutation
(R259S), because sequencing 20 further clones from this pop-
ulation identified the selected mutation in only one case and the
clone reverted this mutation in the next round causing the re-
covery of MIC (Figs. 24 and 3B) Most notably, SL2 and
SL3 evolved 8- to 32-fold higher resistance than any of the LL
lines, despite their much smaller size.

LL and SL lines substituted similar total numbers of mutations
(Fig. 2B; on average 7.25 and 6.5 per LL and SL line, re-
spectively, of which 5.0 and 5.75 are nonsynonymous; U > 3, P >
0.10 in both cases), and high-MIC lines SL2 and SL3 were no
exception (six nonsynonymous mutations each and seven and six
mutations in total, respectively). Note that these numbers ex-
clude one reversion (LL2) and two substitutions replacing pre-
vious mutations at the same site (LL3 and SL4), so that the total
number of mutational events is slightly higher than the number
of mutations present in the final alleles. LL lines substituted
relatively more synonymous mutations than SL lines (Fig. 2B;
Fisher’s P = 0.027), which partly reflects our selection criterion
that SL lines should show at least one nonsynonymous mutation.
Total mutation number does not correlate with resistance
(Spearman rank correlation, all mutations: r = —0.358,n = 8§, P >
0.1; nonsynonymous mutations only: r = —0.069, n = 8, P > 0.1).

As observed in previous work (16, 27), LL lines adapted by
using, among other mutations, three common mutations in strict
order: G238S (round 1) and E104K (round 2), followed by
M182T in two of the four lines (Fig. 3 and Fig. S2). SL lines used
more diverse mutations, and substituted each a different muta-
tion in round 1: E240G, G238S, G238A, and R164H. These
mutations are all known to have large effects on CTX resistance
(26) and competitive fitness in the presence of CTX (28). In-
terestingly, high-MIC lines SL2 and SL3 also substituted these
common-pathway mutations (except that SL3 replaces glycine at
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Fig. 2. Dynamics and repeatability of phenotypic and genomic evolution. (4) Changes in CTX resistance of the four LL (blue) and four SL (red) lines. Shown
are the median of three replicate MIC assays per line and round. (B) Average number of mutations in LL (blue) and SL (red) lines for nonsynonymous mu-
tations (solid lines) and all mutations (dashed lines). (C) Relative phenotypic divergence, measured as the average pairwise difference in MIC-step im-
provement relative to TEM-1, divided by the sum of MIC-step improvements of both lines. (D) Relative genetic divergence, considering only nonsynonymous
or all mutations, measured as the pairwise Hamming distance divided by the sum of both Hamming distances relative to TEM-1. Error bars are SEM based on

variation among the four replicates.

position 238 by alanine instead of serine) in the same order,
suggesting a shared molecular basis for their adaptation.

Relationship Between MIC and Competitive Fitness. To verify that
MIC was a good proxy for fitness under the selective conditions
of our experiment, we performed bulk competitions with the
eight final genotypes under conditions similar to those of the
evolution experiment, i.e., at maximum CTX concentrations and
initial cell densities similar as for the LL lines. Illumina se-
quencing of population DNA at five time points and ~500,000-
fold coverage was used to measure changes in allele frequencies
(Fig. S34). Competitive fitness of each allele relative to the other
seven shows a positive correlation with resistance (r = 0.806, n =
8, P = 0.0157; Fig. S3B), confirming that MIC changes are as-
sociated with fitness increases.

SL and LL lines differed not only in the size of their mutation
supply, but also in initial cell density during selection in the first
four rounds, because inocula of ~10 times the library size were
used. This lower initial cell density of SL lines allowed for more
generations of selection, which could have affected the efficiency
of selection in SL versus LL lines. To test this, we compared the
outcome of selection of samples from the same mutant library
under three conditions with threefold replication, always at
maximum CTX concentration: 100% library inoculated at
10 times the library size (LL size/LL density), 1% library sample
inoculated at 10 times the library size (SL size/SL density), and
1% library sample inoculated at 1,000 times the library size (SL
size/LL density). However, initial cell density had no effect on
the type (or even frequency) of selected mutants, whereas library
size did (Fig. S4). Thus, at least initially, differences in mutation
supply, not differences in cell density, affected the outcome
of selection.

Examining the Cause of the Small Mutation-Supply Benefit. To un-
derstand the high resistance evolved by SL2 and SL3, we per-
formed several further analyses. We first examined the general
pattern of phenotypic and genetic changes for LL and SL lines.
Consistent with expectations that small mutation supplies allow a
broader exploration of the fitness landscape, SL lines show a
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greater divergence than LL lines, both at the level of resistance
(Fig. 2C) and genotype (Fig. 2D). In addition, whereas LL lines
show rapid initial improvement followed by stasis, SL lines ini-
tially adapt more slowly but also more steadily, partly reflecting
our requirement that they substitute at least one nonsynonymous
mutation in the first four rounds (Fig. 24; see Fig. S5 and Table
S1 for a formal statistical test).

We then looked in more detail at the evolutionary trajectories
of high-MIC lines SL2 and SL3. The fact that common large-
benefit mutations E104K, M182T, and G238S (or G238A) are
used by SL2 and SL3, as well as by two LL lines (LL1 and LL2),
indicates that the additional mutations in these lines play a
crucial role. A comparison of the MIC estimates of the final
alleles of SL2 (2,048 mg CTX/L) and SL3 (1,024 mg CTX/L)
with those of LL1 (128 mg CTX/L) and LL2 (64 mg CTX/L) and
threefold mutant E104K/M182T/G238S (256 mg CTX/L) (16,
26) indicates that the additional mutations in SL2 and SL3 are
required to explain the high MIC of these alleles. The compar-
ison also suggests two possible scenarios for the additional mu-
tations in LL1 and LL2: (i) they are deleterious hitchhikers or
(if) they are beneficial (at least those selected in the first rounds),
but cause later adaptive constraints. We can reject the first
possibility: the MIC of LL1 and LL2 is at least fourfold higher
than that of SL2 and SL3 after the first round, and all additional
nonsynonymous mutations in LL1 and LL2 are either known to
be beneficial (28) or have been observed in selection experi-
ments using CTX (23). We therefore hypothesize that the early
greedy substitution of additional mutations together with com-
mon mutations G238S and E104K constrains the further adap-
tation of the LL lines.

To understand how the additional mutations in the LL lines
constrain adaptation, we performed a few further analyses. Be-
cause mutations G238S, E104K, and M182T were selected in the
LL lines, as well as in previous studies (16, 24, 27, 30, 31), we first
asked whether allele SL2 is selectively accessible from the ge-
notype containing these three mutations, using two independent
analyses. We first constructed and analyzed the resistance
landscape connecting threefold mutant E104K/M182T/G238S
and the genotype containing the six nonsynonymous mutations
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Fig. 3. Mutational pathways to increased CTX resistance. (A) Folded p-lac-
tamase enzyme with positions of shared and unique mutations. (B) MIC
(lines) and mutational pathways (colored rectangles) for the LL (Left, blue)
and SL lines (Right, red). Also mutations in the signal peptide are shown (in
gray), including identity of shared mutations; see Fig. S2 for identity of all
mutations.

of final allele SL2 (neglecting synonymous mutation G143*
obtained in round 5). Although the MIC estimates were slightly
lower than previous estimates (for threefold mutant and SL2)
and suggest that G143* is beneficial, they also show that sign
epistasis constrains SL2’s trajectory: each pathway from threefold
mutant to final allele SL2 contains at least one step without MIC
improvement (Fig. 44). Second, we evolved the threefold mutant
for three rounds and fivefold replication under LL conditions. Al-
though they reach higher resistance than LL1 and LL2, none of the
replicate lines reached MIC values (Fig. 4B) or used mutations
similar to SL2 (Fig. S6). Together, these analyses suggest that allele
SL2 is selectively inaccessible from common threefold mutant
E104K/M182T/G238S due to sign epistasis, which makes not only
the type of mutations important but also their order.

To test whether the selection of final allele SL2 was contingent
upon mutation type and order, we then asked if allele SL2 from
round 4 (when the MIC is still comparable to that of other lines)
is at a unique position in the fitness landscape from where high-
resistance genotypes are readily accessible. To address this, we
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evolved allele SL2 from round 4 for three rounds with five repli-
cates under LL conditions. Surprisingly, none of the replicate lines
evolved final allele SL2 or alleles with similar resistance levels (Fig.
4B and Fig. S6). Two lines gained common mutation M182T, but
no line selected A249V or G143*. A comparison of the MIC of
SL2 after rounds 4 and 6 suggests that, in addition to M182T, either
A249V or G143* or both were required to reach the final high MIC
of SL2 (Fig. 4B). We therefore conclude that the selection of final
allele SL2 also crucially depended on the chance occurrence of
specific mutations, even at this later stage.

Discussion

By subjecting replicate libraries of mutant TEM-1 p-lactamase
alleles of varying size to selection with a novel antibiotic for
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Fig. 4. Understanding the adaptive benefit of SL2. (A) Resistance landscape
showing all possible pathways between threefold mutant E104K/M182T/
G238S and the sixfold mutant containing all nonsynonymous mutations of
final allele SL2; final allele SL2 is also shown. Green arrows indicate an in-
crease in MIC along a mutational trajectory to the sixfold mutant, whereas
red arrows indicate a decrease in MIC and yellow arrows indicate neutral steps.
Dashed green arrows indicate MIC increases in trajectories that are not accessible
due to negative or neutral steps. (B) Comparison of CTX resistance (MIC) of the
two high-MIC small-mutation supply lines (SL2 and SL3; red) with the two LL lines
containing shared common mutations E104K/M182T/G238S (LL1 and LL2; blue),
together with the average resistance of the five replicate lines evolved for three
rounds under LL conditions with threefold mutant E104K/M182T/G238S (black)
and allele SL2 from round 4 (green; Fig. S6). Error bars are SEM based on MIC
variation among the five replicates.
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multiple rounds, we found two small-library lines to evolve al-
leles with higher resistance levels than any of the large-library
lines. The observed benefit was associated with greater di-
vergence and slower initial improvements relative to populations
with large libraries (Fig. 2 and Fig. S5). The parallel pattern of
rapid initial improvement followed by stasis observed for the
large-library lines suggested that the early greedy selection of
high-fitness genotypes containing multiple mutations caused
later adaptive constraints. Replay evolution experiments and
analyses of the fitness landscape of one high-resistance allele
(Fig. 4) confirmed that sign epistasis among the resistance muta-
tions likely caused adaptive constraints, consistent with previous
analyses of the fitness landscape of this enzyme (16, 27, 29, 30).
However, our inability to obtain alleles with resistance levels com-
parable to SL2 and SL3 in a replay experiment with allele SL.2 from
round 4 (Fig. 4B and Fig. S6) also indicates a crucial contribution of
chance during the occurrence and selection of mutations.

In theory, epistasis may provide a small mutation-supply
benefit in three distinct ways: (i) by introducing local maxima
that are escaped more effectively by small populations (7) (Fig.
1A4); (i) by introducing local maxima that are avoided via non-
greedy pathways allowed by small mutation supplies (4, 5, 8, 9);
or (iii) by causing variation in within-pathway clonal interference
and allowing faster adaptation via nongreedy pathways (11) (Fig.
1C). As explanation for our results, the second mechanism seems
most important. The first mechanism was unimportant, because
selection was strong and the MIC trajectories of SL2 and
SL3 increased at each step (Fig. 3B), rejecting a significant role
for deleterious mutations. Instead and consistent with previous
work (16, 27, 29, 30), sign epistasis likely constrained adaptation in
our experiment (Fig. 4), providing support for the second mecha-
nism. However, the third mechanism may also have contributed to
the SL benefit, particularly because we fixed a single genotype each
round (see next paragraph): the shared mutations of LL and high-
MIC SL lines suggest that they ascend the same adaptive peak, and
the dynamics of resistance and genetic changes (Fig. 2) are con-
sistent with predictions from this mechanism (Fig. 1C).

Besides mutation supply, initial cell density during selection
differed for SL and LL lines during the first four rounds of
evolution. By starting selection with populations of roughly
10 times the size of the library sample, we equalized the prob-
ability of mutants present in LL and SL libraries to survive drift
at their initial low frequency (32), but also increased the duration
of selection for SL libraries. This difference could have affected
our results in two possible ways. First, it may have increased the
probability of fixation of small-benefit mutations under SL rel-
ative to LL conditions. This effect may have been particularly
strong because we selected a single mutant during each round,
which amplified differences in final allele frequency. Second, the
protection of lower-resistant mutants by high-resistant alleles via
reduction of the environmental antibiotic concentration (33, 34)
may have been less important under SL than LL conditions,
because lower-resistant mutants would need to survive more
generations in initially high-antibiotic concentrations under SL
conditions. Despite these potential differences in selective con-
ditions in SL and LL lines, selection with a mutant library
showed no effect from initial cell density on the outcome of
selection during the first round (Fig. S4). However, we cannot
rule out that weaker selection in the LL lines may have affected
the outcome in later rounds, when selective benefits of mutations
were smaller and we sometimes failed to select additional mu-
tations (Fig. S2).

How can we understand the high resistance of alleles SL2 and
SL3 at a molecular level? Similar to other enzymes adapting to a
new substrate (35-37), TEM-1’s adaptation to CTX results from
a combination of mutations that increase enzyme activity and
those that compensate the destabilizing pleiotropic effects of
activity-enhancing mutations and restore enzyme abundance (38,

Salverda et al.

39). For example, SL2 and SL3 combine mutations G238S/A,
E104K, and S268T, known to increase TEM’s activity on CTX,
with mutations M182T, V31A, A224V, T265M, and D35E,
which are known to stabilize the folded enzyme (14, 23, 26, 40).
Because the LL lines also combine activity-enhancing (e.g.,
G238S, E104K) with stabilizing mutations (e.g., H153R, R275Q/L)
(14, 40), the adaptive benefits of SL2 and SL3 seem to result from
finding combinations of mutations that better optimize these two
enzyme properties, yielding a high dose of active enzyme at a
minimum cost per cell (37). The picture that emerges is that plei-
otropy between enzyme activity and stability causes few accessible
mutational trajectories to high CTX resistance, which is more effi-
ciently tracked by testing mutations one-by-one than via the greedy
selection of multiple mutations at once.

Finally, what are the broader implications of our findings?
They highlight in the first place the fundamental importance of
the interplay between fitness landscape topography and pop-
ulation dynamics in determining the tempo and mode of evolu-
tion (12, 17). Similar small-population adaptive benefits as
observed here for TEM may be expected under strong epistatic
constraints, such as for the adaptation of proteins encoded by
single genes (12, 41) or already well-adapted genotypes (42).
Second, our findings are a cautionary tale for breeding protocols
used in biotechnology (6, 43), which often aim at maximizing the
genetic variation subjected to selection, or use iterative ap-
proaches where the best replacement in each step is identified
and used in further rounds (44). Such protocols lead to rapid
improvements, but may also close the door to pathways initiated
by smaller improvements, or even neutral or deleterious changes,
that eventually lead to better enzymes. Particularly when selec-
tive constraints are known (45), it may be worth using more
prudent protocols to minimize these constraints—for instance,
by screening for mutants showing limited improvement (44) or
subdividing mutants into smaller selection pools (46).

Third, are there any clinical implications, given that our results
are based on a notorious antibiotic-resistance enzyme? Pop-
ulation bottlenecks occur during the colonization of host or-
ganisms by commensal and pathogenic bacteria (47). It is
tempting to speculate that these bottlenecks could contribute to
ameliorating selective constraints imposed by a rugged fitness
landscape, including for antibiotic resistance. However, we think
that similar small-population benefits as observed for TEM are
less likely during the clinical evolution of antibiotic resistance,
due to the much higher number of, and weaker epistasis among,
adaptive mutations occurring throughout the genome (12, 41).
Other differences that prevent the direct translation of our
findings to the clinic are lower mutation supplies, selection with
different antibiotics, and the regular horizontal transfer of
B-lactamases in clinical settings. Consistent with this notion, al-
though all 29 mutations we found were known from previous
evolution experiments, only 12 occur in clinical isolates (23),
which contain, on average, fewer mutations (2.6 vs. 5.4 in our
alleles). Therefore, predicting the evolutionary trajectories to
antibiotic resistance in clinical settings remains a daunting task
for which quantitative assessment of key factors, including mu-
tation supplies, is urgently needed (48).

Almost a century ago, Wright (7) foresaw the “perils of greed”
for large unstructured populations adapting on a rugged fitness
landscape on theoretical grounds. Our results add to a growing
body of recent empirical support for this view (4, 18, 19, 43, 46)
by showing adaptive benefits for an antibiotic resistance enzyme
from small mutation supplies.

Materials and Methods

Strains and Plasmids. E. coli strain DH5aE (Invitrogen) was used as a host for
all plasmids. Plasmid pACSE3 (22) was used as the vector for cloning and
expressing TEM alleles. This ~5.1-kb plasmid contains a tetracycline-resistance
marker and replicates at ~10 copies per cell.

PNAS | November 28,2017 | vol. 114 | no.48 | 12777

EVOLUTION


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1712999114/-/DCSupplemental/pnas.201712999SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1712999114/-/DCSupplemental/pnas.201712999SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1712999114/-/DCSupplemental/pnas.201712999SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1712999114/-/DCSupplemental/pnas.201712999SI.pdf?targetid=nameddest=SF2

In Vitro Evolution. Detailed methods for the in vitro mutagenesis, cloning,
expression, selection of mutant TEM alleles, and MIC assays are provided as
Supporting Information. Briefly, the GeneMorph Il Mutagenesis Kit (Stra-
tagene) is used to introduce random mutations in the coding region of TEM-
1 (on average ~1.6 mutations per kilobase). Digested amplicons were then
cloned into vector pACSE3 and transformed into competent DH5aE cells. We
started the experiment by running four independent error-prone PCR re-
actions, using the conditions described above. After digestion, ligation, and
transformation, the cells were allowed to recover in 2 mL SOC (super optimal
broth with catabolite repression) medium for 90 min. After recovery, we
added 1.6 mL of the SOC to 500 mL LB + Tet (creating a LL), and we used the
remaining 400 uL SOC with transformants to create the 100%, 1,000, and
10,000x diluted libraries (using steps of 10-fold dilution in 3.6 mL LB; the
SLs). Library size was estimated by plating samples on LB-tetracycline (Tet).
Immediately after dilution, each library was also added to 500 mL LB + Tet
and grown overnight at 37 °C for library expansion and subsequent selec-
tion. After this initial round of evolution (where the small libraries were
actually fractions of the large library of each line), we continued the ex-
periment using error-prone PCR reactions (on the selected clone from the
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previous round as template) for the SL and LL lines. Round 5 and 6 deviated
from the first four rounds in that for the SL lines LL libraries were also used to
allow all lines to approach a peak nearby. For selection, a series of bottles con-
taining 50 mL Mueller Hinton medium (Merck) was inoculated with CTX (stock
solution in 0.1 M NaPQOy,, pH 7.0; Sigma) concentrations in twofold increments, as
well as isopropyl-p-d-thiogalactopyranoside (IPTG) at 50 pM. After 48 h of se-
lection, a single random clone was isolated from the highest CTX concentration
with bacterial growth, and its plasmid isolated and used for the next round
of evolution.

Bulk Competitions and Statistical Methods. See Supporting Information.
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