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1 | INTRODUCTION

A fundamental question in evolutionary biology is how
reproducible and predictable evolution is, and which factors affect

| Sinisa Bratulic®

| Heidi E. L. Lischer*?® | Andreas Wagner'?*

Abstract

Darwinian evolution preferentially follows mutational pathways whose individual
steps increase fitness. Alternative pathways with mutational steps that do not in-
crease fitness are less accessible. Here, we show that mistranslation, the errone-
ous incorporation of amino acids into nascent proteins, can increase the accessibility
of such alternative pathways and, ultimately, of high fitness genotypes. We sub-
ject populations of the beta-lactamase TEM-1 to directed evolution in Escherichia
coli under both low- and high-mistranslation rates, selecting for high activity on
the antibiotic cefotaxime. Under low mistranslation rates, different evolving TEM-1
populations ascend the same high cefotaxime-resistance peak, which requires three
canonical DNA mutations. In contrast, under high mistranslation rates they as-
cend three different high cefotaxime-resistance genotypes, which leads to higher
genotypic diversity among populations. We experimentally reconstruct the adap-
tive DNA mutations and the potential evolutionary paths to these high cefotaxime-
resistance genotypes. This reconstruction shows that some of the DNA mutations
do not change fitness under low mistranslation, but cause a significant increase in
fitness under high-mistranslation, which helps increase the accessibility of different
high cefotaxime-resistance genotypes. In addition, these mutations form a network
of pairwise epistatic interactions that leads to mutually exclusive evolutionary tra-
jectories towards different high cefotaxime-resistance genotypes. Our observations
demonstrate that protein mistranslation and the phenotypic mutations it causes can
alter the evolutionary exploration of fitness landscapes and reduce the predictability

of evolution.
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this predictability (Dickinson et al., 2013; L&ssig et al.,, 2017).
Among these factors are epistatic (nonadditive) interactions be-
tween different mutations, where the fitness effect of one mu-
tation depends on the presence of another mutation (Poelwijk
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et al., 2007). On the one hand, epistasis can increase the predict-
ability of evolutionary pathways towards high fitness peaks by
rendering only some pathways accessible (Weinreich et al., 2006).
On the other hand, it may also help decrease predictability. This
is evident from parallel evolution experiments, and from experi-
mental reconstructions of evolutionary pathways, in which similar
phenotypic evolution was accompanied by genetic diversification
among populations (Bank et al., 2016; Dickinson et al., 2013; Kvitek
et al., 2011; Salverda et al., 2011; Starr et al., 2017). This diversi-
fication resulted from a combination of the stochastic nature of
DNA mutations and a kind of epistasis called sign epistasis. Sign
epistasis occurs when the qualitative fitness effect of a mutation
(positive, neutral or negative) depends on mutations at another site
(De Visser & Krug, 2014). A special case is reciprocal sign epista-
sis, in which two mutations mutually depend on each other in this
qualitative fitness effect (Kvitek et al., 2011). This kind of epistasis
can create adaptive valleys in a fitness landscape, and thus help
create a rugged landscape with multiple peaks (Kvitek et al., 2011;
Poelwijk et al., 2007; Weinreich et al., 2005). Different populations
evolving in such a rugged landscape may follow different evolu-
tionary trajectories towards different fitness peaks, depending
on the mutational history of a population. This history is deter-
mined by the order in which individual mutations arise, an order
that is fundamentally stochastic. Because of such historical con-
tingencies, once a mutation occurs, it may bias subsequent evo-
lution towards few accessible mutational paths. In consequence,
the mutant can render other evolutionary trajectories inaccessible,
whose genotypes will not be seen in nature (Gould, 1989; Starr
etal., 2017).

Previous work has demonstrated that the stochasticity of DNA
mutations can create contingency, and thus reduce the reproduc-
ibility and predictability of evolution (Blount et al., 2018; Salverda
et al, 2011). However, some nongenetic perturbations are much
more frequent than DNA mutations, and previous experiments re-
main silent on their effect on contingency and reproducibility. An
especially important such perturbation is mistranslation, the erro-
neous incorporation of amino acids into proteins by a ribosome.
Mistranslation is an abundant source of amino acid variation because
translational errors are up to ~10° times more frequent than DNA
mutations (Kramer & Farabaugh, 2007; Ogle & Ramakrishnan, 2005;
Parker, 1989; Willensdorfer et al., 2007). Such highly frequent phe-
notypic mutations might interact epistatically with DNA mutations
and could thus change their fitness effects. As a result, the phe-
notypic mutations caused by mistranslation may affect the kind of
DNA mutations that can spread through a population, and the order
in which they do. If so, mistranslation may also alter how evolving
populations explore fitness landscapes, and create evolutionary
contingencies, especially for populations that evolve on a rugged
fitness landscape. Previous pertinent work showed that elevated
mistranslation can help proteins accumulate stabilizing mutations
(Bratulic et al., 2015) and eliminate deleterious mutations (Bratulic
etal., 2017). It provides a first hint that mistranslation may affect the

exploration of fitness landscapes. In the present work, we study this

effect of mistranslation in detail. Specifically, we show that mistrans-
lation creates contingency in the exploration of a fitness landscape,
and thus reduces the reproducibility and predictability of evolution.
For our work, we used directed evolution of the TEM-1 beta-
lactamase enzyme in the bacterium E. coli. TEM-1 beta-lactamase,
which can hydrolyse beta-lactam antibiotics, is highly active against
ampicillin but has negligible activity on extended-spectrum cepha-
losporins such as cefotaxime (Palzkill & Botstein, 1992). However,
TEM-1 can evolve resistance against cefotaxime in a process that
involves epistatically interacting amino acid changes (Salverda
et al., 2011; Schenk et al., 2013, 2015; Weinreich et al., 2006). Some
of these mutations show sign epistasis, help create a fitness land-
scape with multiple peaks (Salverda et al., 2011; Schenk et al., 2013),
and render TEM-1 a well-suited model for testing our hypothesis.

2 | MATERIALS AND METHODS
2.1 | Strains and plasmids

We started from E. coli strain MG1655 to construct a strain with
an elevated mistranslation rate. In short, we constructed this strain
by transferring the mutated ribosomal protein S4 gene into the
MG1655 genetic background to replace the wild-type ribosomal
protein S4 gene (Ballesteros et al., 2001), as reported in a previous
study (Bratulic et al., 2015). The mutated ribosomal protein S4 gene
substantially increases the rate of missense, read-through, and
frameshift errors during protein synthesis, including an 8.4-fold in-
crease in misreading the codon AAU (Kramer & Farabaugh, 2007).
To ensure that our wild-type (L for low mistranslation) and error-
prone strains (H for high mistranslation) have the same genetic
background except for the ribosomal protein S4 gene, we used the
same procedure for constructing the wild-type strain, transferring
the wild-type ribosomal protein S4 gene into the MG1655 genetic
background.

We used E. coli strain DH5a for cloning and preparing the TEM-1
mutation library. We used the high-copy number plasmid pHS13T,
which harbours a chloramphenicol resistance marker, as the vector
for TEM-1 evolution(Bratulic et al., 2015). To facilitate isolation of
the vector backbone for re-cloning by gel extraction, we used the
plasmid pHS13K, which we constructed by replacing the TEM-1 gene
in pHS13T with a KanR cassette from the pKD4 plasmid (Datsenko
et al., 2000).

2.2 | Preparation of electro-competent cells for
transformation

We used glycerol/mannitol step centrifugation to prepare electro-
competent cells, as described previously (Bratulic et al., 2015;
Warren, 2011). Specifically, we grew E. coli strains in 5 ml SOB
medium overnight (37°C, 250 rpm) and transferred 3 ml culture

into 300 ml SOB medium for another 2-4 hr of incubation in a
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shaking incubator (INFORS HT, 37°C, 250 rpm) until the OD¢go
value reached 0.4-0.6 (optical path length: 1 cm). We then placed
the culture on ice for 15 min and collected cells by centrifuging
at 1,500 g for 15 min (4°C). We suspended the pellet in 60 ml
ice-cold ddH,0 and distributed the resulting cell suspension into
three 50 ml tubes. Then we used a 10 ml pipette to slowly add
10 ml ice-cold glycerol/mannitol solution (consisting of 20% glyc-
erol (w/v) and 1.5% mannitol (w/v)) to the bottom of each tube.
We centrifuged the tubes at 1,500 g for 15 min (4°C, acceleration/
deceleration set to zero). After aspiration of the supernatant, we
suspended the pellets in 1.5 mlice-cold glycerol/mannitol solution.
We divided the resulting suspensions into 1.5 ml precooling tubes,
put them in a dry ice-ethanol bath for about 1 min, and then stored
them at -80°C.

2.3 | Mutagenic PCR and preparation of the
mutation library

We used mutagenic PCR (Zaccolo et al., 1996) to introduce muta-
tions into the coding region of TEM-1. This method is A = G and
T — C biased, as has been characterized previously (Bershtein
et al.,, 2006; Bratulic et al., 2015; Zaccolo et al., 1996). A 100 ul
PCR reaction consisted of 10 ng template plasmid, 400 uM dNTPs
(RO192, Thermo Scientific), 2.5 U Tag DNA polymerase (M0267L,
NEB), 10 pl 10x ThermoPol buffer (M0267L, NEB), 3 uM 8-oxo-GTP/
dPTP (Trilink Biotechnologies) and 400 nM primers (TEM-1-F6/
TEM-Ré; Table S9). We executed 25 cycles of PCR using the follow-
ing programme: 95°C/3 min, 25 cycles of 94°C/30's, 47°C/30 s and
68°C/1 min, 68°C/5 min. We treated the PCR products with Dpnl
(RO176S, NEB) at 37°C for 2 hr to remove the template plasmid. We
added 0.6 U of proteinase K (EO0491, Thermo Scientific) to each
PCR reaction and incubated the mixture at 50°C for 1h and then at
80°C for 15 min to inactivate the Tag DNA polymerase. We digested
the PCR products with 20 U Sacl-HF/Hindlll-HF (R3156S5/R3104S,
NEB) at 37°C overnight and then inactivated the restriction en-
zymes at 80°C for 20 min. We purified the digested products using
the QIAquick PCR purification kit (Qiagen). To get the vector back-
bone, we digested plasmid pHS13K with 20 U Sacl-HF/HindIlI-HF
overnight and purified the digested products using the QlAquick gel
extraction kit (Qiagen). We dephosphorylated the purified vector
backbone with 5 U Antarctic Phosphatase (M0289S, NEB), and re-
purified the dephosphorylated vector backbone using the QlAquick
PCR purification kit.

We mixed 50 ng plasmid insert (mutagenized TEM-1 library),
70 ng digested and dephosphorylated vector backbone, 10 U
T4 DNA ligase and 2 ul 10x Ligation buffer (M0202L, NEB) in a
20 ul ligation reaction. We incubated the ligation reaction at 20-
22°C for ~16 hr and then inactivated the T4 DNA ligase at 65°C
for 10 min. To precipitate the ligation product, we added 1 pl gly-
cogen (R0551, Thermo Scientific), 50 ul 7.5 M ammonium acetate
(A2706-100Ml, Sigma), 375 pl ice-cold absolute ethanol, and 80 ul
ddH,O. After 20 min incubation at -20°C, we centrifuged the
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mixture at 18,000 g for 20 min. We washed the pellet in 800 pl
of cold ethanol (70%) twice, dried the pellet using a concentra-
tor 5,301 (Eppendorf), and then dissolved it in 10 ul ddH,O for
transformation.

2.4 | Preselection of TEM-1 mutant libraries

To increase the transformation efficiency in wild-type and error-
prone hosts, we first transformed the purified ligation product
(TEM-1 mutant pool) into electro-competent DH5a cells to en-
sure methylation of plasmids. In short, we added 4 pl ligation
product to 100 pl electro-competent DH5a cells, and used a
Micropulser electroporator (Bio-Rad) at setting EC3 (15 kV/cm),
and a 0.2 cm cuvette (EP202, Cell Projects) for electroporation.
After that, we immediately added 1 ml prewarmed SOC medium
and transferred the suspension into a 10 ml tube. After 1.5 hrin-
cubation at 37°C with shaking at 200 rpm in a shaking incubator
(INFORS HT), we added 10 ml LB medium with 34 pug/ml chloram-
phenicol (C1919, Sigma, to select for the presence of plasmids) to
the transformed cells. We used 100 pl cell aliquots for estimating
the library size by plating the serially diluted aliquot (in saline)
on LB agar with 20 pug/ml chloramphenicol. (Our transformation
protocol resulted in a library size of ~10° colony-forming units for
each population.). We incubated the rest of the culture at 37°C
with shaking at 320 rpm overnight (in a Microtiter plate shaking
incubator, FAUST Laborbedarf AG). Subsequently we isolated the
plasmid from the overnight culture using the QlAprep spin mini-

prep kit (Qiagen).

2.5 | Evolution under selection for
ampicillin resistance

We transformed the plasmids from the preselection library into
wild-type and error-prone electro-competent cells and subjected
them to ampicillin (A0166, Sigma) resistance selection, as also de-
scribed previously (Bratulic et al., 2015). In short, we transformed
5 ng plasmid from the preselection library into 80 pl wild-type or
error-prone electro-competent cells. After 1.5 hr recovery in 1.0 ml
SOC medium at 37°C and 200 rpm, we collected the recovered cells
by centrifuging at 2,000 g for 15 min and then suspended them in
3 ml LB medium with 34 pg/ml of chloramphenicol and 250 pg/ml
of ampicillin. We used 50 pl of recovered cells for estimating the li-
brary size by plating the serially diluted aliquot (in saline) on LB agar
with 20 pg/ml chloramphenicol, resulting in ~107 colony-forming
units. After incubation for approximately 6 generations (2:07 hr
for wild type host, 4:23 hr for error-prone hosts), we sampled the
culture for isolating plasmids using the QlAprep spin miniprep kit.
We used the isolated plasmids as templates for the next mutation-
selection cycle. After eight mutation-selection cycles, we used the
isolated plasmids as template for evolution under selection for ce-

fotaxime resistance.
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2.6 | Evolution under selection for
cefotaxime resistance

We added 5 ng isolated plasmid from the preselection library to
100 pl error-prone or wild-type electro-competent cells for elec-
troporation under the same conditions as described above. After
1.5 hr of recovery in 1.0 ml SOC medium, we added 10 ml LB me-
dium supplemented with 34 pg/ml chloramphenicol, and sampled
100 pl of the cell aliquot for estimating library size, using the same
method as described above. We used 50 pl of the recovered cells for
estimating the library size by plating the serially diluted aliquot (in
saline) on LB agar with 20 pg/ml chloramphenicol, resulting in ~107
colony-forming units. Subsequently, we incubated the recovered
cells at 37°C with overnight shaking at 240 rpm. We transferred 1 ml
overnight culture into 10 ml LB medium with 34 pg/ml chloramphen-
icol and incubated the cell culture until it reached an OD,, of 0.3-
0.6. (We measured the OD,, in 200 pl of culture, using a TECAN
Infinite F200 PRO micro-plate reader.) We then diluted the culture
using saline to an OD,, of 0.04. Then, we transferred 100 pl diluted
culture (which contained ~107 cells, according to density estimation
by plating of serially diluted cultures on LB agar) into 3 ml LB me-
dium supplemented with 34 pg/ml chloramphenicol and a two-fold
dilution series of cefotaxime (C7039, Sigma). We recorded the mini-
mal inhibitory concentrations (MIC) after 48 hr incubation for the
populations evolved in wild-type host, and after 60 hr of incubation
for the populations evolved in error-prone host. We used a longer
incubation time for the populations evolved in the error-prone host,
since they grew more slowly, and since the MIC no longer changed in
the wild-type population after 48 hr incubation.

Following the above procedure, we subjected four replicate
populations of TEM-1, which had evolved for eight rounds of evo-
lution on ampicillin in error-prone (H) hosts, to evolution on cefo-
taxime in the same host. (We refer to this experimental treatment
as the H = H treatment). We also subjected four replicate pop-
ulations of TEM-1 that had evolved for eight rounds in wild-type
(L) on ampicillin to evolution on cefotaxime (L = L treatment). In
addition, we directly subjected four replicate populations of wild-
type (Anc) TEM-1 which had not been subject to evolution on
ampicillin, to evolution on cefotaxime in either the error-prone
host (Anc—H treatment) or the wild-type host (Anc—L, see also
Figure 1). After each round, we sampled cultures from the highest
cefotaxime concentration on which all 8 error-prone or wild-type
populations survived, and isolated plasmids from each sample. We
used the isolated plasmids as starting points for the next mutation-
selection cycle. After the 3rd round, we sampled those populations
that survived the highest concentration just below their MIC, and
isolated plasmids from these samples for SMRT sequencing. For
culture sampling, we appropriately extended the incubation time
(6 ~ 12 hr) for those populations that grew more slowly, to ensure
that they reached cell concentrations comparable to other popula-
tions. After each round, we also sampled 600 pl of each culture and
mixed it with 400 pl 50% glycerol. We stored this glycerol stock at
-80°C for MIC assays.

Cefotaxime

Ampicillin
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FIGURE 1 Experimental evolution of TEM-1 under low and
high mistranslation. We subjected four replicate populations of
TEM-1 to eight rounds (cycles, ‘generations’) of directed evolution
in an Escherichia coli host with a high-mistranslation rate (H), and
under selection for ampicillin (250 pg/ml) resistance. Following
that, we subjected these populations to three rounds of directed
evolution for increased cefotaxime resistance in the same host
(Figure S1). We refer to the combined experiment as the H > H
experiment. We also evolved four replicate populations of TEM-1
in low-mistranslation (L, wild-type) hosts by following the same
procedure (L — L). Additionally, we directly subjected four replicate
populations of wild-type TEM-1 to three rounds of directed
evolution on cefotaxime in high-mistranslation host (Anc—H) and
low-mistranslation host (Anc—L), respectively. During selection
on ampicillin, we isolated TEM-1 encoding plasmid libraries from
each population after each round, and used the isolated plasmids
as templates for the next mutation-selection cycle. During directed
evolution on cefotaxime, we determined the minimum inhibitory
concentration of cefotaxime in each generation, and used TEM-

1 populations from the culture with the highest cefotaxime
concentration on which all eight high- or low- mistranslating
populations survived for the next round. In this way, we increased
the cefotaxime concentration for selection in each round. In the
third round, we isolated the plasmids from those populations that
survived at the highest cefotaxime concentration. We subjected
TEM-1 populations isolated from the eighth round of evolution
on ampicillin, and from each round of evolution on cefotaxime

to SMRT sequencing (Figure S1)

2.7 | Determination of mutation rates

We constructed two control libraries for each host strain per evo-
lution cycle to estimate mutation rates. We prepared each control
library with the same procedure as the libraries under selection on
ampicillin and cefotaxime. After transformation, we plated the di-
luted culture (using saline) on LB agar which only contained 34 pg/ml

chloramphenicol for plasmid maintenance, and neither ampicillin nor
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cefotaxime. We chose six clones randomly from the control library
after each round of evolution, and subjected them to colony PCR and
Sanger sequencing to estimate the mutation rate. Sanger sequencing
indicated a mutation rate of 1.5 + 0.6 mutations per TEM-1 molecule
and round of mutagenesis (mean + standard deviation of mutation

rates observed in all three rounds).

2.8 | SMRT sequencing

We performed two-step PCRs to barcode TEM-1 variants of each
population for single molecule real-time (SMRT) sequencing, as de-
scribed previously(Bratulic et al., 2015). To this end, we used high-
fidelity Phusion DNA polymerase for the PCR amplification to reduce
the mutation rate during this process. In short, we first amplified
TEM-1 variants from each population by a 12-cycle PCR using prim-
ers TEM-1FS-F/TEM-1FS-R (Table S9). A 30 ul PCR reaction consisted
of 1 ng template plasmid, 400 uM dNTPs, 1.5 U Phusion Hot Start
Il High-Fidelity DNA Polymerase (F-549L, Thermo Scientific), 6 ul 5x
Phusion HF Buffer, 0.3 ul 100% DMSO, and 400 nM primers TEM-
1FS-F/TEM-1FS-R. We used the following thermocycler programme
for the PCR reaction: 98°C/30 s, 12 cycles of 98°C/15 s, 59°C/15 s
and 72°C/30 s, 72°C/1 min. Then we used the resulting PCR product
as a template in a barcoding PCR, using the different barcode-tagged
primers BCXX and ELP (Table S9). Each barcode-tagged primer con-
tained a unique 6 bp sequence(Chubiz et al., 2012). We prepared a
50 ul PCR reaction (consisting of 2 ul template, 400 uM dNTPs, 2.5 U
Phusion Hot Start Il High-Fidelity DNA Polymerase, 10 pul 5x Phusion
HF Buffer and 400 nM primers BCXX and ELP) and performed the
PCR amplification with the following programme: 98°C/30 s, 28 cy-
cles of 98°C/15 s, 63°C/15 s and 72°C/20 s, 72°C/1 min. We purified
the barcode-tagged PCR product and checked the quality and con-
centration of amplicons with a UV-Vis spectrophotometer (NanoDrop,
Thermo Fisher Scientific), as well as through agarose gel electropho-
resis. We amplified the wild-type TEM-1 gene following the same
procedure to detect potential errors that might occur during library
preparation. At the end of these procedures, we combined 20 ng DNA
of each population from the same round of evolution into one tube
for sequencing. We used the DNA Template Prep Kit 2.0 (250 bp to
3 Kb, Pacific Biosciences) for constructing the SMRTbell library. We
ligated blunt end adapters to amplicons and used them as SMRTbell
templates. We created ready-to-sequence SMRTbell-polymerase
complexes using the DNA/Polymerase P4 binding kit (Pacific
Biosciences). Subsequently, we sequenced each amplicon pool on one
SMRT cell (v3.0) using the Pacific Biosciences RS2 instrument (Pacific
Biosciences). We used P4/C2 chemistry and the magnetic bead load-

ing method, and recorded two movies of 3-hr duration for each cell.

2.9 | Primary data analysis

We analysed SMRT sequencing data using a previously described

pipeline (Bratulic et al., 2015). We assembled consensus reads from
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sub-reads using the SMRT Analysis v2.3 package (www.pacb.com/
products-and-services/analytical-software/devnet/). We filtered
reads of TEM-1 inserts by setting the full-pass subread number to
>4, the predicted consensus accuracy to 20.9 and the insert length to
850-1,200 bp. We mapped reads to the wild-type TEM-1 sequence
(GenBank No.: KT391064) using BLASR (Chaisson & Tesler, 2012)
by setting the mapped length to 2850 bp and the mapping accu-
racy to 20.9. This generated 36,542-49,758 reads, depending on the
sequencing reaction, with an average mapped read length of 963-
967 bp and a mean mapped subread concordance (Kim et al., 2014)
of 0.973-0.974. From this data, we identified mapped reads that
span the entire TEM-1 coding region and had an average Phred qual-
ity above 20. We used only these reads for further analysis, and
de-multiplexed the filtered, mapped reads according to each read's
barcoding sequences using custom PyTHON scripts. We excluded
those sequences from further analysis that lacked a stop codon or
had an internal stop codon (~1% per library). At the end of these
procedures, we were left with 20,421-29,863 sequences, depending
on the sequencing reaction, for further analyses.

2.10 | Identification of SNPs

Because more than 90% of sequencing errors that occur during
SMRT sequencing are single-nucleotide indels (Kim et al., 2014),
and because more than 98% of indels render TEM-1 nonfunctional
(Firnberg et al., 2014), we ignored indels and only analysed point mu-
tations. We considered a mismatch of a TEM-1 variant sequence to
the TEM-1 reference sequence as a true SNP only if its Phred qual-
ity score was above 20. We wrote PyTHoN scripts (PyTHoON 2.7.12) to
identify SNPs and calculated their frequencies in each population.

2.11 | Engineering TEM-1 variants

We engineered TEM-1 variants using whole plasmid PCR (Liu &
Naismith, 2008) by designing primers that carried the correspond-
ing mutations. For introducing an amino acid mutation, we designed
a pair of primers that carried mutated nucleotides and that comple-
mented each other at the 5'-terminus (Table $10). A 20 ul PCR re-
action consisted of 10 ng template plasmid, 400 uM dNTPs, 1.0 U
Phusion Hot Start Il High-Fidelity DNA Polymerase, 4 ul 5x Phusion
HF Buffer and 400 nM primers (Table S10). We performed 25 cycles
of PCR reaction using the following programme: 98°C/30 s, 28 cycles
of 98°C/15's, 63-72°C (Table S10) /20 s and 72°C/2 min, 72°C/5 min.
We treated the PCR products with Dpnl at 37°C for 2 hr to remove
the template plasmid, and inactivated the enzyme at 80°C for 20 min.
Then we added 2 pl precooled PCR products to electro-competent
DH5a cells for electroporation, using the same procedure described
in the section Preselection of TEM-1 mutant libraries. After 1.5 hr of
recovery, we diluted the recovery culture 100 times using saline and
plated 50 ul of the resulting dilution on LB agar with 34 pg/ml chlo-

ramphenicol. After incubation overnight, we chose three colonies
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from each library to check for the desired mutation by colony PCR
and Sanger sequencing. We extracted the plasmids of correctly con-
structed mutants and used them as templates for the next round of
whole plasmid PCR to introduce the second desired mutation. By re-
peating the above procedure, we engineered variants that harboured
double, triple or quadruple mutations. For those mutations that were
close to each other (N175D/D179G/M182T), we introduced two or
three mutations into TEM-1 at one time by designing pairs of primers
harbouring two or three mutations, respectively (Table $10).

To reduce the incidence of random mutations in the plasmid
backbone, we used High-Fidelity DNA Polymerase (with an error
rate >50-fold lower than that of Tag DNA Polymerase (Frey &
Suppmann, 1995)) for whole plasmid PCR. In addition, for those
variants constructed by more than two rounds of whole plasmid
PCR, we re-inserted the coding region of TEM-1 variants into the
fresh plasmid backbones. In short, we isolated plasmids carrying
the desired mutations from DH5a cells, digested them with 20 U
Sacl-HF/HindllI-HF, and re-inserted the (mutated) coding region of
TEM-1 into the plasmid backbone as described in Mutagenic PCR
and preparation of mutation libraries. We transformed the resulting
plasmid into electro-competent error prone and wild type hosts,
respectively, as described in Preselection of TEM-1 mutant libraries.
After 1.5 hr recovery, we plated the cell culture (100 pl) on LB agar
with 34 pg/ml chloramphenicol. After overnight growth at 37°C,
we washed colonies from plates using LB medium and mixed the
cultures with glycerol to a final glycerol concentration of 20% (w/v).
We stored this glycerol stock at -80°C for further experiments.

2.12 | Minimal inhibitory concentration assays

We placed the glycerol stock of each engineered TEM-1 variant
or evolved population (after each round of experimental evolution
on cefotaxime) on ice until it had thawed, and transferred 10 pl
glycerol stocks into 2 ml LB medium containing 34 pg/ml of chlo-
ramphenicol. After growth overnight at 37°C and 240 rpm, we
transferred 200 pl of the culture into 2 ml LB medium containing
34 pg/ml of chloramphenicol. We then grew this culture until its
OD600 reached a value of 0.3-0.6 (measured in 200 ul of culture
using a micro-plate reader). We diluted the culture using saline to
an OD600 of 0.004. Then we transferred 5 ul of the diluted cul-
ture (which contained ~5 x 104 cells, as estimated by plating of a
serial dilution on LB agar) into 200 pl of LB medium supplemented
with 34 pg/ml chloramphenicol and a two-fold dilution series of
cefotaxime. After 60 hr of incubation at 37°C and 400 rpm in a
micro-plate incubator, we determined growth by visual inspection,
and defined the MIC as the lowest concentration of antibiotic that
completely prevented visible growth (Although different variants
displayed different growth curves at the highest concentrations
just below their MICs, their MICs no longer changed in both the
wild-type and error-prone hosts after 60 hr of incubation). We
replicated each assay three times (in one 96-well microplate) or

six times (in two 96-well microplates) to determine the MICs of

individual TEM-1 variants. We replicated each assay eight times (in
one 96-well microplate) to determine the MICs of evolved popula-
tions. We calibrated data acquired on different days by comparing
the MIC values of genetic variants to their ancestor TEM-1 meas-

ured in the same host and on the same day.

2.13 | Determination of specific growth rates

We grew L and H strains in 2 ml LB medium overnight (37°C,
240 rpm), and transferred 5 pl culture into 200 pl LB medium (96-
well micro-plate) for another 20 hr of incubation in a TECAN Plate
reader (37°C, 240 rpm). During incubation, we monitored OD600
values in 900s time intervals. We determined the specific growth
rates of each host (cell mass increase per unit of time) accord-
ing to the expression: p = In (N2/N1)/(t2 - t1). Here N1 and N2
indicate cell densities (as indicated by OD600 values) at time t1
(2.10 hr for L host and 1.31 hr for H host) and t2 (3.15 hr for L
host and 2.36 hr for H host) during log phase, respectively. We
grew 44 biological replicates to measure specific growth rates for
each host.

To measure the effects of the mutation M182T on the growth of
L and H hosts, we placed the glycerol stocks of the ancestor TEM-1
and the variant M182T in L and H hosts on ice until they had thawed,
and transferred 10 pl glycerol stocks into 2 ml LB medium containing
34 pg/ml of chloramphenicol. After growth overnight at 37°C and
220 rpm, we transferred 200 pl of the culture into 2 ml LB medium
containing 34 pg/ml of chloramphenicol. We then grew this culture
until its OD,,, reached a value of 0.6-1.0 (measured in 200 pl of
culture using a micro-plate reader). We diluted the culture using sa-
line to an OD,, of 0.004. Then we transferred 5 pl of the diluted
culture into 200 pl of LB medium supplemented with 34 pg/ml chlor-
amphenicol for 24 hr of incubation in a TECAN Plate reader (37°C,
240 rpm). We monitored the OD600 values in a 900 s interval. After
24 hr of incubation, we mixed 50 pl of the culture with 150 pl of
saline, and measured the absorbance at 600nm. We grew 12 biolog-
ical replicates to measure the growth of the ancestor TEM-1 or the
variant M182T in each host.

2.14 | Statistical analysis

Unless specified otherwise, we used nonparametric two-sided
Wilcoxon-Mann-Whitney tests for statistical data analysis. MIC-
based measurements are semiquantitative, classifying antibiotic
resistance into multiple discrete categories on a base 2 logarithmic
scale. We thus transformed the MIC and MIC fold change values
logarithmically (base 2) for statistical analyses. To test the statistical
significance of the MIC fold change caused by every single muta-
tion, we performed a one-way ANOVA, using the two-sided Dunnett
test for multiple comparisons to one control (the wild-type TEM-1).
For the analysis of epistatic interactions between paired mutations,

we used a one-way ANOVA with post hoc Bonferroni correction
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to conduct pairwise comparisons, that is, we compared MIC fold
changes caused by double mutants and single mutants. We used R

version 3.4.1 to perform all statistical analyses.

3 | RESULTS

3.1 | Phenotypic evolution under elevated
mistranslation

As in previous work, we here use an E. coli host with a high (H)
mistranslation rate that is caused by a mutation in the ribosomal
protein S4 gene, as well as a matched, isogenic wild-type host with
a low (L) mistranslation rate (see Section 2). To find out whether
mistranslation influences the evolutionary exploration of TEM-1
populations in a multi-peaked fitness landscape, we subjected four
replicate TEM-1 populations in an H host to eight rounds (‘genera-
tions’) of directed evolution on their native substrate ampicillin,
which allows standing variation to accumulate that may facilitate
adaptive evolution (Figure 1). Then we subjected these populations
to three more rounds of directed evolution on the new substrate
cefotaxime (Figure 1; Figure S1). We denote this experiment the
H — H experiment. In parallel, we evolved four replicate TEM-1
populations in the same way in the L host (the L = L experiment,
Figure 1; Figure S1). Furthermore, we also subjected four replicate
populations of the wild-type (Anc) TEM-1 molecule (without accu-
mulating standing variation) to three rounds of directed evolution
on their new substrate cefotaxime (Anc—H and Anc—L, Figure 1;
Figure S1). In each round and replicate population of these experi-
ments, we evolved a population of ~10° TEM-1 variants subject to
antibiotic selection and mutagenic PCR (1.5 + 0.6 mutations per
TEM-1 gene per generation, see Materials and Methods). We quan-
tified fitness through the minimal inhibitory concentrations (MIC),
that is, the smallest concentration of cefotaxime that completely
inhibits cell growth.

The H host grows significantly more slowly than the L host, even
in the absence of antibiotics and TEM-1 genes (Figure S2a; two-
sided Wilcoxon-Mann-Whitney test, W = 1,483.5, p = 1.723 x 10~
95). In addition, the wild-type TEM-1 protein has a lower absolute
MIC of cefotaxime when expressed in the H host than in the L host
(Figure S2b; two-sided Wilcoxon-Mann-Whitney test, W = 36,
p =.001821). A likely explanation is that the greater numbers of mis-
translation events that TEM-1 is exposed to in the H host impair its
function, at least on average. Furthermore, the generally lower fit-
ness of the H host, regardless of TEM-1's presence, may contribute
to the difference in MIC.

At the evolutionary endpoint, most of the populations that had
evolved at low mistranslation rates (Figure 2a,b, Anc »>Land L = L)
reached higher MICs than those evolved under high mistranslation
rates (Figure 2c¢,d, Anc =H and H = H). In addition, all the popula-
tions evolved at low mistranslation rates (Figure 2a,b, Anc —L and
L — L) reached a similar MIC, but those evolved under high mistrans-
lation rates (Figure 2c,d, Anc =L and L = L) reached quite different
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MICs. This increased variation in cefotaxime-resistance provides a
first hint—at the phenotypic level—of what our subsequent analyses
showed on the genotypic level, namely that mistranslation can lead

to evolutionary diversification.

3.2 | Elevated mistranslation results in genetic
diversification between populations

To characterize the genetic basis of phenotypic evolution in our
TEM-1 populations, we used single-molecule real-time (SMRT) se-
quencing to genotype more than 400 evolved variants per TEM-1
replicate population after each generation of evolution (Table S1).

Previous studies had identified three DNA mutations that
occur especially frequently during evolution of cefotaxime re-
sistance and in clinical isolates (Bratulic et al., 2017; Dellus-Gur
et al., 2013; Orencia et al.,, 2001; Salverda et al., 2010, 2011,
2017). These are G238S, E104K, and M182T. The first two (G238S
and E104K) improve the hydrolysis of cefotaxime, and show syn-
ergistic (positive) epistasis in doing so. That is, their combined
beneficial effect is greater than the sum of the individual effects.
However, they also destabilize TEM-1. In contrast, M182T is a
‘global suppressor’ that stabilizes TEM-1 and compensates for
this destabilizing effect (Brown et al., 2010). At low mistransla-
tion rates, these three mutations sweep through our populations
(Figure 2e). Specifically, at the end of three rounds of evolution
on cefotaxime, all three mutations (G238S, M182T and E104K)
became fixed in all four Anc — L populations (Figure 2a), and
three of four replicate L — L populations (Figure 2b). However,
this was no longer the case at a high mistranslation rate, where
the triple mutant was fixed in only one replicate Anc = H pop-
ulation (Figure 2c), and in none of four replicate H = H popula-
tions (Figure 2d). Random amino acid changes in proteins are on
average weakly deleterious, and mistranslation introduces such
changes into evolving proteins, in addition to those caused by ge-
netic mutations (Bratulic et al., 2015; Drummond & Wilke, 2008).
Such changes can reduce the benefits of strongly beneficial ge-
netic mutations and slow down their ascent to fixation (Bratulic
et al., 2017). However, the lack of fixation of the three canonical
mutations may also have a second explanation (not mutually ex-
clusive with the first), which is the focus of our present analysis.
That is, mistranslation may enable the exploration of alternative
evolutionary trajectories, by causing different DNA mutations (or
combinations thereof) to have beneficial effects.

To find out whether this may be the case, we first examined
our Anc = H and H = H populations for other fixed or high fre-
quency DNA mutations that have been implicated in cefotaxime
resistance (Figure 2c,d; Table S2). We found four distinct combina-
tions of such high frequency mutants (Figure 2c,d,f). The firstis the
mutation triplet N175D, D179G and M182T, which became fixed
in one Anc = H population (Figure 2c). Both N175D and D179G,
which may improve the activity of TEM-1 on cefotaxime, are not

found in clinical isolates so far and rarely occur in laboratory
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evolution experiment (Salverda et al., 2010, 2011; Vakulenko
et al., 1999). Another triplet (R164H, E104K and M182T) became
fixed in one H = H population (Figure 2d). Its distinguishing mu-
tation R164H has also been implicated in enhancing the activity
of TEM-1 (Salverda et al., 2010; Vakulenko et al., 1999). Thirdly, a
combination of five mutations (N175D, D179G, A237T, M182T and
R120G) dominated one H — H population (Figure 2d). In addition,
the triplet (G238S, E104K and R120G) dominated another H - H
population (Figure 2d). Previous work suggests that A237T is an
activity-improving mutation, and R120G is a stabilizing mutation
(Salverda et al., 2010, 2011). Thus, the low incidence of activity-
improving mutation G238S or E104K may have been compensated
by an increased incidence of R164H, N175D, D179G or A237T in

some Anc = H and H = H populations. Similarly, the low incidence

. A237T'

of stabilizing mutation M182T in one H = H population may have
been compensated by R120G (Figure 2d).

We found that additional DNA mutations that reached a
medium or high frequency in high-mistranslating populations
(Figure S3) affect the TEM-1 signalling peptide, which directs
TEM-1 export into the periplasmic space (Figure S4). The ef-
ficient transportation of mature beta-lactamase into the peri-
plasmic space may enhance its ability to degrade antibiotics.
In addition, the periplasm provides a better environment for
protein folding where proteins can also escape degradation by
proteases (Baneyx & Mujacic, 2004; Choi & Lee, 2004; Walker
& Gilbert, 1994). Improving the secretion efficiency of beta-
lactamase into the periplasm can thus weaken any deleterious

effects of mistranslation.
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3.3 | Elevated mistranslation affects the
cefotaxime-resistance benefit of multiple stability and
activity enhancing mutations

The observation that different combinations of TEM-1 mutations
rose to high frequency under high mistranslation raises the possi-
bility that mistranslation alters the cefotaxime-resistance of TEM-1
mutants. To find out, we first engineered multiple single nucleotide
changes into wild-type TEM-1 (see Section 2). Specifically, we en-
gineered each of the three stabilizing and each of the six activity-
improving mutations that had reached especially high frequency into
wild-type TEM-1, measured the minimal inhibitory concentration of
cefotaxime in these mutants, and did so under both high and low
mistranslation (Table S3).

Every single one of these mutations conveyed higher
cefotaxime-resistance benefit under high mistranslation than under
low mistranslation. Consider first the stability-enhancing mutations.
Whereas none of them conveyed increased MIC under low mistrans-
lation, all three conferred increased MIC under high mistranslation,
and the MIC increase relative to wild-type TEM-1 was statistically
significant for two of these three mutations (Figure 3a; One-way
ANOVA: F, ;o =38.677,p = 1.7 x 10™"7; post hoc two-sided Dunnett
tests, p = .011 for both M182T and R120G). Consistent with these
observations, M182T or R120G achieved a higher frequency than
all other mutations in six of eight populations evolved under high
mistranslation, and they did so after merely one round of directed
evolution on cefotaxime (Anc - H and H — H populations in
Figure 2c,d). In addition, all three stability-enhancing mutations were
more beneficial under high mistranslation than under low mistrans-
lation (Figure 3a; two-sided Wilcoxon-Mann-Whitney test, W = 2,

(b)

—
)
-
-
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MIC fold change
MIC fold change
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p =.008576 for M182T, W = 4, p = .02445 for R120G and W = 0,
p = .003 for H153R). We suspect that these stabilizing mutations
convey greater cefotaxime resistance under high mistranslation, be-
cause that is when they are especially important to buffer the del-
eterious effects of phenotypic mutations. In addition, their slower
growth may enable high mistranslation populations (Figure S2) to
persist longer in the presence of antibiotic, such that adaptive TEM-1
variants have more time to degrade cefotaxime and thus convey
greater fitness benefits. This possibility is also consistent with the
cefotaxime-resistance of the six activity-enhancing mutations: Five
of the six mutations convey greater cefotaxime-resistance benefit
under high mistranslation (Figure 3b; Text S1). In sum, mistranslation
can increase the cefotaxime-resistance benefit of multiple single
mutations.

3.4 | Elevated mistranslation promotes the
exploration of alternative evolutionary trajectories

We next engineered the three triple-mutation genotypes that had
attained high-frequency in either low or high mistranslation popula-
tions and measured their cefotaxime MICs in both kinds of hosts
(Table S4). Together with data from the double-mutants (Table S4),
this information allowed us to construct all possible evolutionary
paths to the triple-mutant genotypes, where each step in such a path
involves a single point mutation. We distinguish three kinds of steps
in such a path. An accessible mutational step is one that increases ce-
fotaxime MIC significantly (Figure 4, thick solid arrows), an inaccessi-
ble step is one that does not increase cefotaxime MIC (dashed lines),

and a conditionally accessible step is one that increases cefotaxime

G238S E104K N175D D179G R164H A237T
Activity-improving mutation

FIGURE 3 A greaterincidence of beneficial mutations in TEM-1 subject to high mistranslation. MIC fold change of TEM-1 variants
carrying (a) stabilizing mutations and (b) activity-improving mutations in low-mistranslation (L) and high-mistranslation (H) hosts. We

determined the MIC fold change by dividing the MIC value of the corresponding variant in the L or H host by the MIC value of wild-type
TEM-1 in the corresponding host. Error bars represent one standard deviation. Absent error bars indicate that all replicate measurements
had yielded identical MIC values. Note that MIC-based measurements are semiquantitative, classifying antibiotic resistance into multiple
discrete categories on a logarithmic scale. This is why multiple replicate measurements can yield the same MIC values. To test the statistical
significance of the MIC fold change caused by single mutation in either L or H hosts compared to the wild-type TEM-1 in the corresponding
host, we performed a one way ANOVA using the two-sided Dunnett Test for multiple comparisons to one control (the wild-type TEM-1). To
assess statistical significance of the difference in MIC fold change between L and H hosts caused by a single mutation, we performed a two-
sided Wilcoxon-Mann-Whitney test. We transformed the MIC and MIC fold change values logarithmically (base 2) for performing the above
statistical analyses. *p < .05, **p < .01 and ***p < .001
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FIGURE 4 Elevated mistranslation increases the evolutionary accessibility of mutational pathways under directional selection. The
accessible evolutionary trajectories to the highest cefotaxime-resistance genotype G238S/E104K/M182T (a), to N175D/D179G/M182T
(b) and to R164H/E104K/M182T (c) in low-mistranslating (L) and high-mistranslating (H) hosts. During directed evolution, an accessible
mutational step is one that increases MIC significantly (thick solid lines with arrows), an inaccessible step is one that does not increase MIC
(dashed lines), and a conditionally accessible step is one that increases MIC significantly in the genetic background in which it occurs, but
where wild-type TEM-1 must experience one or more inaccessible mutations that create this kind of genetic background (thin solid lines).
More saturated colours correspond to higher MIC (relative to wild-type TEM-1; see also Tables S3 and S4). We considered a difference in
MIC between two genotypes significant only when p < .05 (One-way ANOVA with post hoc Bonferroni correction)

MIC significantly in the genetic background in which it occurs, but
where wild-type TEM-1 would first have to experience one or more
inaccessible steps to create this kind of genetic background (thin
solid lines). The first of the triple-mutants we analysed was the ca-
nonical or standard (S) combination G2385/E104K/M182T favoured
under low mistranslation. The other two were the alternative (A)
genotypes N175D/D179G/M182T and R164H/E104K/M182T fa-
voured under high mistranslation (Figure 2). We will refer to them as
the S, A1, and A2 triple-mutant genotypes, respectively. The cefo-
taxime MIC of the standard genotype was significantly higher than
those of both alternative genotypes under both high and low mis-
translation (Table S5). Thus, if the alternative genotypes are fitness
peaks in the TEM-1 adaptive landscape, they are local rather than
global peaks, consistent with the observation that replicate 4 of the
Anc = H populations and replicates 1 and 3 of the H = H popula-
tions attain lower cefotaxime MICs (Figure 2). Among the total num-
ber of six paths to the standard high fitness genotype, three were
accessible under low mistranslation and five were accessible under
high mistranslation (Figure 4a). Thus, high mistranslation increases
the number of accessible paths to this genotype.

Just as for the standard triple-mutant genotype, high mistrans-
lation increased the number of paths to the alternative genotypes.
For the Al genotype, the difference is most extreme. Specifically,

under low mistranslation, not a single path to this genotype is

accessible, unless the mutations N175D, D179G or M182T are
fixed in advance (Figure 4b). In contrast, under high mistranslation,
TEM-1 can follow two evolutionary pathways towards this geno-
type. What is more, an additional mutation A237T, which became
fixed together with the A1l genotype in one high-mistranslating
population, and causes an increase in cefotaxime MIC specifically
under high mistranslation, also increases the accessibility of this
genotype (Figure S5). For the A2 genotype, there are three ac-
cessible paths under low mistranslation, and two additional paths
become accessible under high mistranslation (Figure 4c). In sum,
high mistranslation increases the accessibility of all three high
cefotaxime-resistance genotypes, and can thus help diversify the

evolutionary trajectories of populations.

3.5 | Elevated mistranslation does not qualitatively
change pairwise epistasis between mutations

Changing epistatic relationships between pairs of mutations can
affect whether a population reaches a high fitness genotype from
the same wild-type genotype. For example, in positive (synergis-
tic) epistasis of beneficial mutations, the joint occurrence of two
beneficial mutations conveys a greater fitness benefit than the

sum of their individual benefits. In negative (antagonistic) epistasis,
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their joint benefit is smaller than that of their individual effects.
Epistatic interactions like these might differ between low- and
high-mistranslating strains, which may change the evolutionary
pathways that such strains follow. To find out whether this may be
the case, we engineered multiple pairs of individual mutations into
wild-type TEM-1, and measured their MIC under both low and high
mistranslation (Table S4). We found strong positive epistatic in-
teractions in the following mutation pairs: G238S/E104K, G238S/
M182T, R164H/E104K, R164H/M182T, N175D/D179G, D179G/
M182T and N175D_D179G/A237T (Figure Sé). (Because N175D
and D179G always appeared together in our replicate popula-
tions (Table S5), and because they convey a cefotaxime-resistance
increase jointly but not individually under low mistranslation, we
considered the double mutant N175D_D179G as a single mu-
tant in our pairwise epistasis analysis.) Likewise, we found strong
negative sign epistatic interactions in several other paired muta-
tions: G238S/R164H, G238S/N175D_D179G and R164H/N175D_
D179G (Figure S7 and Table Sé). However, these interactions did
not change qualitatively between low- and high-mistranslating
strains. They can therefore not be the sole cause of altered evolu-

tionary trajectories.

3.6 | An epistatic network can help explain genetic
diversification between populations under elevated
mistranslation

The observation that high mistranslation increases the accessi-
bility of all three genotypes raises the question why the standard
triple-mutant genotype is less prevalent under high mistranslation,
especially since it has higher cefotaxime MIC than the alternatives.
To resolve this apparent paradox, we turned again to an analysis of
pairwise epistasis, but in the context of the triple-mutant high cefo-
taxime resistance genotypes (Figure 5).

Two crucial observations can help resolve this paradox. The
first comes from epistatic interactions between the mutations
that are unique to each of the triple-mutant genotypes, and that
distinguish these genotypes from each another. These are G238S
(for the S genotype), N175D_D179G (for A1) and R164H (for A2).
All three of these mutations show strong negative pairwise sign
epistasis with one another (Figure S7). That is, whenever one of
these mutations rises to high frequency, negative sign epista-
sis prevents any of the other two mutations from co-occurring
with it at high frequency. In other words, these mutations mu-
tually exclude each other. This is not only predicted by our
cefotaxime-resistance measurements, it is also demonstrated by
the co-occurrence frequencies of paired mutations in our evolv-
ing populations. Specifically, any two of these mutations occurred
together in less than 0.1% of a population's genotypes (Note that
SMRT sequencing allows us to sequence each full-length TEM-1
variant; Figure S8 and Table S5).

The second observation regards the suppressor mutation

M182T, which does not increase the cefotaxime MIC by itself under

(a) L host

N175D

D179G

(b) H host
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FIGURE 5 Epistatic interactions between mutations under
high and low mistranslation rates. Lines connecting mutations
indicate positive epistasis (green), weak negative epistasis (dashed
black) and strong negative sign epistasis (pink) in relative MIC of
the indicated variants (see also Figures S6 and S7). Filled circles
indicate an increase in MIC of the labelled single mutation relative
to the wild-type, and open circles indicate no increase in MIC.

We determined the relative MIC by dividing the MIC of any one
variant by the MIC of wild-type TEM-1 in the same host (L or H).
The schematic is based on data in Tables S3, S4 and Sé. The strong
negative sign epistasis between G238S and A237T was reported in
a previous study (Salverda et al., 2011)

low mistranslation, but significantly increases the cefotaxime MIC
under high mistranslation (Figure 3a). Even in the absence of cefo-
taxime, the mutation conveys a significantly greater growth bene-
fit on the H host (47.7% increase in cell density) than on the L host
(13.0% increase; two-sided Wilcoxon-Mann-Whitney test, W = O,
p=23.602x 107> Figure S9a,b). Consistent with these observations,
sequencing the high-mistranslating and low-mistranslating popula-
tions after eight generations of selection on ampicillin (and before
even selecting on cefotaxime) showed that M182T reached a 1.94-
fold higher frequency on average in high-mistranslating populations,
a difference that is statistically significant (two-sided Wilcoxon-
Mann-Whitney test, W = 16, p = .02857; Figure S9c). Importantly,
M182T also shows strong epistatic interactions with the three muta-
tions above, but these interactions are positive (Figure 5; Figure S7).
Any one of these mutations, if it co-occurs with M182T, has an in-

creased chance to outcompete the others over time (Figure 5S10). The
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net result is multiple, mutually exclusive paths to a high cefotaxime-
resistance genotype (Text S2).

Similarly, both G238S and R164H also showed strong positive
epistatic interactions with E104K, and both compete with each
other for co-occurrence with E104K (Figure 5), resulting in mutu-
ally exclusive paths to a high cefotaxime-resistance genotype and
genetic diversification (Figure S10). Taken together, these observa-
tions suggest that epistatic interactions among adaptive mutations
can reduce the predictability of adaptive evolution and increase the
genetic divergence between populations. In addition, it can increase

diversity within populations under high mistranslation (Text S3).

4 | DISCUSSION

Elevated mistranslation increases the diversity of evolutionary tra-
jectories towards high cefotaxime-resistance genotypes, and the
genetic mechanism behind this diversification involves two phenom-
ena. First, high mistranslation promotes the accessibility of different
high cefotaxime-resistance genotypes by increasing the individual
cefotaxime-resistance benefit of adaptive DNA mutations (Figures 3
and 4). Second, the adaptive DNA mutations we observed form an
epistatic network that can lead to mutually exclusive evolutionary
trajectories towards different high cefotaxime-resistance genotypes
(Figure 5; Figure S10).

High mistranslation increased the cefotaxime-resistance ben-
efit of both stability- and activity-enhancing mutations that are
known to be important for cefotaxime resistance (Figure 3). To
understand why stabilizing mutations are especially beneficial
under high mistranslation, it is useful to keep in mind that 10%-
50% of random amino-acid mutations are deleterious to protein
function, and most such deleterious mutations unfold and desta-
bilize proteins (Bloom et al., 2006; Drummond & Wilke, 2008; Guo
et al.,, 2004). Under high mistranslation, more such amino acid
changes occur in the form of phenotypic mutations, which sug-
gests that stabilizing genetic mutations may be more important to
compensate their deleterious effects. This assertion is supported
by the slower growth and lower antibiotic resistance of high mis-
translation populations that harbour wild-type TEM-1 (Figure S2).
It is also consistent with earlier observations that more stabilizing
mutations and fewer destabilizing mutations accumulate during
directed evolution of TEM-1 under high mistranslation (Bratulic
etal., 2015, 2017). Finally, it is consistent with our observation that
all three individual stabilizing mutations did not change the MIC of
cefotaxime under low mistranslation, but increased it significantly
under high mistranslation (M182T, R120G and H153R; Figure 3).
In addition, slower growth may cause adaptive TEM-1 mutants to
convey higher benefits in high mistranslation populations, because
it allows cells to persist longer (Eng et al., 1991), such that these
mutants have more time to degrade cefotaxime. Consistent with
this hypothesis, we observed that all three stabilizing mutations
and five of six activity-improving mutations conveyed significantly

higher fitness benefit under high mistranslation (Figure 3). Taken

together, all these factors allowed TEM-1 populations to evolve
along more pathways to different high cefotaxime-resistance gen-
otypes, thus rendering diverse evolutionary trajectories accessible
under high mistranslation (Figure 4).

Because epistasis can affect which mutations go to fixation
and the order in which they do (Salverda et al., 2011; Weinreich
et al.,, 2006), we suspected that our beneficial mutations interact
epistatically, and that mistranslation alters these interactions. Pairs
of such mutations did indeed show positive epistasis or negative
sign epistasis, but for any one mutation pair, mistranslation did not
alter the nature of this epistasis qualitatively (Figures S6 and S7).
However, we observed a network of pairwise epistatic interactions
that involves up to seven mutations (Figure 5), and that is brought to
the fore by the increased cefotaxime-resistance benefit of individual
mutations under high mistranslation (Figure 3 and Figure 4). It results
in reduced predictability of evolutionary trajectories and genetic di-
versification (Figure 2; Figure S10).

The adaptive evolution of TEM-1 towards cefotaxime resis-
tance involves the stabilizing mutation M182T, which enhances
cefotaxime-resistance under high mistranslation and displays
strong positive epistasis with the activity-enhancing mutations
G238S, R164H and N175D_D179G. The latter three mutations,
in contrast, display strong negative sign epistasis with each other
(Figure 5), which reduces their individual cefotaxime-resistance
benefits (Figure S7). If any one of these mutations co-occurs first
with M182T, it has an increasing chance to outcompete the others
over time (Figure $10). Because the epistatic network we observe
involves both positive epistasis and negative sign epistasis, a specific
high cefotaxime-resistance mutant combination that arises first in a
population may go to fixation by outcompeting other such combina-
tions that arise later. In addition, in several of our populations that
had accumulated standing variation before selection for cefotaxime-
resistance, multiple high-fitness genotypes coexisted within the
same population, at least at the initial stages of adaptive evolution
(Figure 2d; Table S8 and Text S3). This within-population diversi-
fication caused by the epistatic network may render evolutionary
trajectories especially unpredictable, because the relative frequen-
cies and fitness values of the high-fitness genotypes may determine
their probability of going to fixation. In our experiments, such unpre-
dictability is especially evident from replicate populations that were
initially polymorphic for high cefotaxime-resistance genotypes, but
experienced fixation of different such genotypes in different popu-
lations (Figure 2d,f; Table S8 and Text S3).

In sum, high mistranslation can help a population explore diverse
evolutionary trajectories, and thus reduce the predictability of evo-
lutionary pathways and the high fitness genotypes they attain. It can
affect which genetic mutations are adaptive by altering the individ-
ual fitness benefit of such mutations. In combination with epistatic
interactions among such mutations, it can affect the order in which
combinations of such mutations achieve high frequency. The life of
a cell is intrinsically noisy (Kaern et al., 2005; Wilkinson, 2009), and
this stochasticity might have substantial impact on the trajectories

of adaptive evolution.
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