Antibiotic Cycling Affects Resistance Evolution
Independently of Collateral Sensitivity
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Abstract

Antibiotic cycling has been proposed as a promising approach to slow down resistance evolution against currently
employed antibiotics. It remains unclear, however, to which extent the decreased resistance evolution is the result of
collateral sensitivity, an evolutionary trade-off where resistance to one antibiotic enhances the sensitivity to the se-
cond, or due to additional effects of the evolved genetic background, in which mutations accumulated during treat-
ment with a first antibiotic alter the emergence and spread of resistance against a second antibiotic via other
mechanisms. Also, the influence of antibiotic exposure patterns on the outcome of drug cycling is unknown.
Here, we systematically assessed the effects of the evolved genetic background by focusing on the first switch between
two antibiotics against Salmonella Typhimurium, with cefotaxime fixed as the first and a broad variety of other drugs
as the second antibiotic. By normalizing the antibiotic concentrations to eliminate the effects of collateral sensitivity,
we demonstrated a clear contribution of the evolved genetic background beyond collateral sensitivity, which either
enhanced or reduced the adaptive potential depending on the specific drug combination. We further demonstrated
that the gradient strength with which cefotaxime was applied affected both cefotaxime resistance evolution and
adaptation to second antibiotics, an effect that was associated with higher levels of clonal interference and reduced
cost of resistance in populations evolved under weaker cefotaxime gradients. Overall, our work highlights that drug
cycling can affect resistance evolution independently of collateral sensitivity, in a manner that is contingent on the
antibiotic exposure pattern.

with the trade-off of enhancing the sensitivity to a second
antibiotic (Imamovic and Sommer 2013; Lazar et al. 2013,
2014; Oz et al. 2014; Yen and Papin 2017; Yoshida et al.
2017; Imamovic et al. 2018). This enhanced sensitivity dur-
ing treatment with the second antibiotic can in principle
lead to an enhanced extinction of the bacterial population,
by reducing the pool of surviving cells from which resistant
mutants can emerge or by rendering the effect size of re-

Introduction

The overuse and misuse of antibiotics during the last dec-
ades were accompanied by a fast spread of (multi-)resistant
pathogens. In 2019, it was estimated that about 4.95 million
deaths were associated with antimicrobial resistance among
which 1.27 million were directly attributable to antimicro-
bial resistance (Murray et al. 2022). These numbers are ex-
pected to increase to 10 million deaths annually by 2050

(O'Neill 2016; Collins 2018). Resistant bacteria can arise de
novo even within the course of a single chronic infection,
and multidrug resistant bacteria can easily gain additional
resistance (Musher et al. 2002; Lieberman et al. 2017;
Stone et al. 2011). The development of novel strategies
that slow the spread of resistance is therefore crucial. The
most straightforward approaches are those that employ
drugs that are currently already available.

One possible approach recently gaining popularity is
the rational cycling between different antibiotics based
on the concept of collateral sensitivity. Collateral sensitiv-
ity occurs when resistance against a first antibiotic comes

sistance mutations insufficient for them to spread.
Alternatively, if only a subpopulation acquired resistance
to the first antibiotic and thus collateral sensitivity to
the second, this can result in a counter-selection of resist-
ance to the first antibiotic and therefore reduced multi-
drug resistance (Imamovic and Sommer 2013; Barbosa
et al. 2019). Collateral sensitivity has been widely found
in laboratory and clinical strains of many species and ex-
tensive networks of collateral sensitivity/cross-resistance
between antibiotics have been established (Lazar et al.
2013; Kim et al. 2014; Lazar et al. 2014; Oz et al. 2014;
Barbosa et al. 2017; Jahn et al. 2017). It is well-recognized
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that the utility of these networks for medical applications
is strongly dependent on their repeatability within and
across conditions. Therefore, several studies have focused
on comparing collateral sensitivity evolution among paral-
lel bacterial populations (i) exposed to the same treatment
(Oz et al. 2014; Barbosa et al. 2017; Nichol et al. 2019) or (ii)
subjected to different antibiotic exposure patterns (e.g.,
strong vs. weak antibiotic gradients) or experimental con-
ditions (e.g., population size) (Oz et al. 2014; Jahn et al.
2017), whereas other studies (iii) evaluated the stability
of collateral sensitivity over time (Yen and Papin 2017;
Yoshida et al. 2017).

A number of recent studies have put the strategy into
practice and followed microbial adaptation in evolution
experiments where antibiotic pairs were cycled once or
multiple times at short (e.g., daily) or longer time inter-
vals (Imamovic and Sommer 2013; Kim et al. 2014; Yen
and Papin 2017; Yoshida et al. 2017; Imamovic et al.
2018; Barbosa et al. 2019). These experiments yielded
promising results and showed high extinction rates and
low rates of (multi)drug resistance evolution for specific
drug combinations, and a clear dependency of the
resistance-associated mutational patterns on drug types
and order. It is currently unclear, however, to which ex-
tent these evolutionary outcomes are solely dependent
on collateral sensitivity effects of resistance mutations
to the first antibiotic and their subsequent impact on
the emergence and spread of resistance mutations
against the second antibiotic. Alternatively, mutations
accumulated in the genetic background during exposure
to the first antibiotic (including but not limited to those
encoding collateral sensitivity) might alter the emergence
and spread of resistance mutations against second anti-
biotics in additional ways. Knowledge of such additional
effects of the genetic background on the evolutionary po-
tential is of critical importance to assess the value of col-
lateral sensitivity networks for designing drug cycling
strategies since these networks merely summarize the ef-
fects of collateral sensitivity. A systematic evaluation of
the importance of effects of the genetic background
that go beyond collateral sensitivity requires a combination
of elements not included in prior evolution experiments: (i)
eliminating differences in the effect size of collateral sensitiv-
ity by normalization of the antibiotic doses during the
second treatment, (ii) direct comparison of resistance
evolution against the second drug between populations
adapted to the first drug and nonadapted populations,
and (jii) inclusion of a sufficient number of parallel replicates
to assess repeatability for the given condition. Finally, as for
collateral sensitivity, it is important to assess to which ex-
tent the effects might be dependent on the applied drug ex-
posure patterns and selective pressures.

Here, we aimed to systematically assess the impact of
the effects of the genetic background on resistance evolu-
tion during drug cycling that go beyond the effects of col-
lateral sensitivity, by focusing on the first switch between
two antibiotics, with the B-lactam cefotaxime fixed as
the first antibiotic and a broad variety of other drugs as
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the second antibiotic. We first exposed five parallel popu-
lations of the model pathogen Salmonella Typhimurium to
a linear gradient of cefotaxime to evolve resistance and as-
sessed collateral sensitivity/cross-resistance against the se-
cond antibiotic. Next, we normalized the applied
concentration of the second antibiotic to eliminate the ef-
fects of collateral sensitivity or cross-resistance and com-
pared the extinction rates with populations that were
not preadapted to cefotaxime, but only to the growth me-
dium. Our focus on extinction rate as an evolutionary out-
come is motivated by its high relevance for clinical
treatment and the possibility of high parallel experiments
(500 repeats per antibiotic included in total). In order to
elucidate the potential effects of the antibiotic exposure
pattern, we repeated the whole analysis for populations
that were exposed to four additional, steeper cefotaxime
gradients. To further substantiate the impact of the genet-
ic background on the evolutionary potential, we finally ex-
plored differences in mutational patterns upon exposure
to different cefotaxime gradients and correlated these to
cefotaxime resistance levels, costs of resistance, and ultim-
ately extinction rates to second antibiotics.

Results

Influence of Preadaptation to Cefotaxime on
Resistance Evolution to Second Antibiotics
Adaptation to Linearly Increasing Cefotaxime
Concentrations Results in High Resistance Levels
In order to unravel the role of exposure to a first antibiotic
in resistance evolution against second antibiotics, the
common enteropathogen S. Typhimurium (EFSA and
ECDC 2018; Wang et al. 2019) was first evolved in the pres-
ence of the clinically relevant B-lactam antibiotic cefotax-
ime (EFSA and ECDC 2018). Hereto, five parallel S.
Typhimurium ATCC14028 lineages (CTX A—E) were serial-
ly passaged for 66 days in the presence of linearly increas-
ing cefotaxime concentrations until the populations
reached a maximum concentration (C,) of four times
the ancestral minimal inhibitory concentration (4 X MICx
or 095 pg/mL) (supplementary fig. S1 and table S1,
Supplementary Material online). This concentration is of-
ten used in clinical treatment since B-lactam antibiotics
show time-dependent killing characteristics, that is the
time above the MIC is more important than the applied
antibiotic concentration. Moreover, several studies stated
that the time above 4XMIC is an important target in
achieving positive treatment outcomes in critically ill pa-
tients (Tam 2002; Drusano 2004; Sime et al. 2012; Osthoff
et al. 2016; Carrié et al. 2018). In parallel to the cefotaxime-
treated populations, five parallel populations were trans-
ferred for 66 days without cefotaxime to control for adapta-
tions to culturing conditions (controls A-E) (fig. 1A).
After 66 days of evolution either in the presence or ab-
sence of cefotaxime, resistance levels at the population le-
vel were measured using a MIC assay (fig. 1B). The median
resistance levels of the ancestors, based on a minimum of
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Fic. 1. Cefotaxime exposure for 66 days results in a strong increase in cefotaxime resistance and impacts potential to adapt to second antibiotics.
(A) Experimental setup—Step 1: Five ancestral populations (ancestors A-E) were each transferred for 66 days in the absence (controls A-E) or
presence of linearly increasing cefotaxime concentrations (CTX A-E) until a maximum concentration (Cyax) of 4 X MIC, (0.95 pg/mL) was
reached. Next, the cross-resistance (CR) and collateral sensitivity (CS) levels against 12 additional antibiotics were determined using a MIC assay
in step 2. These MIC values were used to normalize (1.5 X MIC) the applied antibiotic concentration in the next step. Finally, in step 3, popula-
tions previously evolved in either the absence or presence of cefotaxime were evolved (1.5 X MIC from step 2) against five second antibiotics (AB
2). (B) (Top) Populations evolved in the presence of cefotaxime showed elevated cefotaxime resistance levels (ug/mL) compared with the con-
trols and ancestors. Ancestral clones (A—E) represent clones from which the five parallel lineages were initiated. Controls (A—E) were transferred
for 66 days in absence of cefotaxime and populations (CTX A-E) were exposed for 66 days to linearly increasing cefotaxime concentrations. Each
dot represents the MIC of one independent biological repeat. Horizontal lines represent the median MIC of at least three repeats (n > 3). Dashed
line indicates the maximum cefotaxime concentration (Cp,,,) at day 66 (4 X MIC4 or 0.95 pg/mL). P-values were derived from the nonparametric
Kruskal-Wallis test followed by a post hoc Dunn’s multiple comparison test. (Bottom) Cefotaxime resistance-conferring mutations were mainly
present in high frequencies in four-key driver genes of antibiotic resistance. The frequencies of the mutated variants are indicated in descending
order per population and per gene; frequencies in one row do not necessarily represent the same variant. (C) Heatmap showing resistance levels
against 12 antibiotics of populations evolved in the absence (controls A—E) or presence of cefotaxime (CTX A-E). Cross-resistance (P < 0.0001)
and/or collateral sensitivity (P =0.0233) is more commonly observed in cefotaxime pretreated populations. Color scales indicate fold increase
(cross-resistance) or decrease (collateral sensitivity) in antibiotic resistance relative to an untreated ancestral S. Typhimurium. P-values are de-
rived from the Fischer’s Exact test. (D) Preadaptation to cefotaxime impacts the potential to adapt to second antibiotics even after normalization
(1.5 X MIC) of the antibiotic dose. Populations that were preadapted to cefotaxime show an elevated adaptation compared with the controls
when exposed to ampicillin and tetracycline. In contrast, the controls show more adaptation when treated with chloramphenicol, ciprofloxacin,
and kanamycin. The percentages of populations able to adapt to the second antibiotic are shown; cefotaxime (CTX), ampicillin (Amp), tetra-
cycline (Tet), chloramphenicol (Chl), ciprofloxacin (Cip), and kanamycin (Kan). P-values were derived from a Fisher’s Exact test. These data were
analyzed after exclusion of hypermutator strains. However, hypermutator strains did not have an effect on the conclusions (supplementary fig.
S4, Supplementary Material online). Source data underlying these figures can be found in supplementary tables S4-S6, Supplementary Material
online.

three repeats per population, ranged between 0.125 and than C,,,,, indicating a strong overshoot in cefotaxime re-
0.250 pg/mL. The populations that evolved for 66 days in sistance (fig. 1B). Populations able to survive and replicate
the presence of cefotaxime showed a strong increase in re- in higher antibiotic concentrations than those they have
sistance compared with the ancestors. Moreover, the me- adapted to have also been observed in previous evolution
dian resistance level (16 pg/mL) of all cefotaxime-treated experiments with Escherichia coli (Imamovic and Sommer
populations combined was more than 16 times higher 2013; Jahn et al. 2017) and Pseudomonas aeruginosa
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(Imamovic et al. 2018). In contrast, the resistance levels of
the controls, which were evolved for 66 days in absence of
cefotaxime, only minimally increased to at most double of
the ancestor’s MIC (fig. 1B). Similar minor increases in re-
sistance during experimental evolution without antibiotic
exposure have previously been observed for Salmonella
(Knoéppel et al. 2017). Overall, the median resistance levels
of the five lineages evolved under the same specific condi-
tion were similar, supporting the reproducibility of our ex-
perimental setup. Moreover, the MIC levels of 10 randomly
selected colonies isolated from each cefotaxime-adapted
population were similar to the MIC levels at the population
level suggesting that the cefotaxime resistance-conferring
mutations are present in high frequencies (supplementary
fig. S2 and table S2, Supplementary Material online).

Mutations are Mainly Found in Four Antibiotic
Resistance-Related Genes

Populations were whole genome sequenced to identify the
mutations contributing to the increased resistance levels.
To exclude mutations initially present in the populations,
the five ancestors were also sequenced. In total, we found
4,288 mutations over all 15 populations compared with
the reference strain S. Typhimurium [NC_016856.1] (for
additional information see Materials and Methods and
supplementary table WGS, Supplementary Material on-
line). In order to more easily identify the adaptive muta-
tions, synonymous mutations, mutations occurring in
<10% of all sequenced populations, and mutations initially
present in the ancestors were removed from further ana-
lysis. After this filtering step, a total of 155 mutations
were retained, of which 96 in all the controls together
and 59 in all the cefotaxime-treated lineages combined
(supplementary table S3, Supplementary Material online).
The difference between the controls and cefotaxime-
treated populations can be attributed to the presence of
two hypermutator populations in the controls (control B
and control D). 72% of the cells in control D had a muta-
tion in mutS (Pro472f), which is known to cause a hyper-
mutator phenotype (Barrick and Lenski 2013; Sheng et al.
2020). In addition, control B also developed hypermutators,
since it was for 30% mutated in mutlL (deletion of Leu72 and
Ala73) (Barrick and Lenski 2013; Sheng et al. 2020)
(supplementary table S4, Supplementary Material online).
Exclusion of these hypermutator populations resulted in
an on average similar number of mutations per population
in controls and cefotaxime-treated populations (on average
11 and 11.8, respectively) (supplementary tables S3 and S4,
Supplementary Material online).

Four genes well-known to contribute to cefotaxime resist-
ance were found to be repeatedly mutated across all
cefotaxime-exposed populations, namely envZ, acrB, ramR,
and ftsl (Lazar et al. 2014; Oz et al. 2014; Sun et al. 2014;
Adler et al. 2016, Trampari et al. 2021) (g 1B ;
supplementary table S4, Supplementary Material online).
Mutations in these genes accounted for 37 out of 59 muta-
tions in the cefotaxime-exposed populations (supplementary
table S3, Supplementary Material online). envZ mutations
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reached fixation in every cefotaxime-exposed population
(fig. 1B-supplementary table S4, Supplementary Material on-
line). This gene codes for the sensor histidine kinase of the
two-component system EnvZ/OmpR that coordinates the
expression of the outer membrane proteins OmpF and
OmpC (Khorchid et al. 2005; Sun et al. 2009). Mutations in
envZ are therefore known to influence membrane permeabil-
ity during treatment with B-lactam antibiotics (Sun et al.
2009; Adler et al. 2013, 2016). Specifically, mutations were
found in the second transmembrane domain (EnvZq¢3_179)
and the cytoplasmic domain (EnvZy,3_450) of EnvZ, respon-
sible for signal transduction and kinase activity, respectively
(Tanaka et al. 1998; Inouye et al. 1999; Khorchid et al. 2005;
Kishii et al. 2007). EnvZ mutations in the cytoplasmic domain
were previously reported in Salmonella after cefotaxime ex-
posure, further supporting that these mutations contribute
to cefotaxime resistance (Trampari et al. 2021). The second
gene that was mutated across all populations is acrB, coding
for a multidrug efflux RND transporter permease subunit
which is part of the multidrug eflux pump AcrAB/TolC,
known to export B-lactam antibiotics (Vargiu and Nikaido
2012; Yamaguchi et al. 2015). AcrB mutations were fixed in
four out of five cefotaxime-adapted populations (fig. 1B;
supplementary table S4, Supplementary Material online).
Four out of six mutations were found in the periplasmic re-
gion of AcrB, which is responsible for substrate translocation
and interacts with AcrA (Baucheron et al. 2004; Yamaguchi
et al. 2015). Mutations in the periplasmic region of acrB
have also been observed previously after repeated treatment
with cefotaxime (Trampari et al. 2021). The third mutated
gene is ramR, a TetR family transcriptional regulator repres-
sing the expression of ramA, which in turn regulates the ex-
pression of acrAB (Abouzeed et al. 2008; Baucheron et al.
2012; Yamasaki et al. 2013). Every cefotaxime-evolved
population accumulated mutations in ramR; however, they
never reached fixation (fig. 1B; supplementary table S4,
Supplementary Material online). These mutations were
found both in the DNA-binding domain (RamRy_4o), which
interacts upstream of ramA to repress ramA transcription,
and the substrate binding domain (RamRs,_403) acting as a
cytosolic multidrug sensor (Yamasaki et al. 2013). Finally, all
five cefotaxime-evolved populations obtained mutations in
STM14_RS01190 coding for a peptidoglycan glycosyltransfer-
ase. These mutations were fixed in three out of five
cefotaxime-evolved populations (fig. 1B; supplementary
table S4, Supplementary Material online). This gene shows
at least 88% sequence similarity with the ftsl gene in E. coli
which codes for the penicillin-binding protein 3, the target
of B-lactam antibiotics such as cefotaxime (Sauvage et al.
2014; Sun et al. 2014; Adler et al. 2016). Moreover, BlastP re-
vealed that the protein sequence is for 96% homologous to E.
coli (Altschul et al. 1990; Madden 2003; Agarwala et al. 2018).
Therefore, STM14_RS01190 will be designated ftsl from here
on. All mutations in ftsl are located in the penicillin-binding
domain (ftsly3;_sg;) (Sauvage et al. 2014; Sun et al. 2014).
Strikingly, controls C, D, and E also accumulated mutations
in ftsl; in Pro311Leu in 47% and Gly481del in 0.7% of control
C, in Ser85Gly in 88% of control B, and in Pro524GIn in 11% of
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control D. However, these mutations differ from the ones
present in the cefotaxime-exposed lineages, except for
Gly481del in control C. Although mutations Pro311Leu
and Pro524Gln are also located in the penicillin-binding do-
main, these mutations are not necessarily associated with in-
creased resistance of the controls (fig. 1B). Indeed, previous
research also observed fixation of ftsl mutations in E. coli dur-
ing experimental evolution in the absence of antibiotics and
these mutations did not induce enhanced resistance against
B-lactam antibiotics (Knoppel et al. 2017; Knoppel et al.
2018). Altogether, these data suggest that fts/ also has a
role in growth medium adaptation (Kndppel et al. 2018).

From the remaining 22 out of 59 mutations in the
cefotaxime-treated populations, only one mutation
reached fixation (supplementary table S4, Supplementary
Material online). This mutation was found in ftsW
(99.52% in population CTX D), which is known to interact
with ftsl in E. coli (Leclercq et al. 2017). The remaining mu-
tations in the CTX-treated populations did not reach fix-
ation in any population (highest allele frequency was
only 47.66%), although parallelism was observed for a
few of these mutations which might still suggest a role
in adaptation. Indeed, populations CTX A (8%), CTX B
(13%), CTX D (8%), and control E (11%) accumulated
exactly the same single nucleotide polymorphism muta-
tion in bigA. BigA functions as an adhesin, that has how-
ever not been associated with resistance before. In
addition, pathway level parallelism was observed in popu-
lations CTX A, CTX C and CTX E, which accumulated mu-
tations in three genes (moaD, moaE, and moeB,
respectively) involved in the molybdopterin biosynthesis
pathway. These genes, except moak, were however also
mutated in every control population (supplementary
table S4, Supplementary Material online), suggesting that
these mutations play a role in growth medium adaptation
rather than resistance evolution. Control populations did
not accumulate further mutations showing pathway paral-
lelism that were not present in cefotaxime-treated popula-
tions. Overall, the data thus suggest that the mutations in
envZ, acrB, ramR, and ftsl are the main drivers for cefotax-
ime resistance (supplementary table S4, Supplementary
Material online). These findings will be further supported
by the mutational dynamics over time, which will be de-
scribed further on.

Cross-resistance is Omnipresent in Cefotaxime-Treated
Populations

Before studying the effect of cefotaxime preadaptation on
resistance evolution during treatment with a set of second
antibiotics, we first determined the initial levels of
cross-resistance and collateral sensitivity against these
antibiotics. Hereto, we selected 12 antibiotics, spanning a
wide range of common antibiotics and antibiotic classes
(table 1). Cross-resistance occurred in 70% (42/60) of the
cefotaxime-treated populations (fig. 1C). Moreover, cross-
resistance levels against individual antibiotics did not devi-
ate with more than one MIC dilution between parallel
evolved populations, indicating high repeatability. As

expected, cefotaxime-treated populations showed the high-
est levels of cross-resistance against the B-lactam antibiotics
ampicillin and cefoxitin, except for population CTX A which
did not show any cross-resistance against both antibiotics
(fig. 1G supplementary table S5, Supplementary Material
online). Remarkably, we also observed increased resistance
levels in 33.33% (20/60) of the control lineages (fig. 1G
supplementary table S5, Supplementary Material online).
This increased resistance in the controls might be due to
an elevated standing genetic variation compared with the
ancestors as the controls accumulated 95 mutations occur-
ring with frequency >10% compared with their ancestors
(supplementary table S3, Supplementary Material online).
In line with this, the hypermutator populations of controls
B and D showed the highest incidence of resistance amongst
all five control populations. These hypermutator pheno-
types further increase the mutational variety and conse-
quently enhance the possibility that a resistant mutant
resides in the population (Martinez and Baquero 2000;
Barrick and Lenski 2013). However, while hypermutators
also occur in nature (Jolivet-Gougeon et al. 2011; Tanner
and Kingsley 2018; Sheng et al. 2020), these phenotypes
could potentially bias our results due to the limited num-
ber of parallel lineages. If these lineages were removed
from the dataset, only 19.44% (7/36) of the controls
showed increased resistance (supplementary table S5,
Supplementary Material online). Regardless of hypermu-
tators, elevated resistance was significantly more com-
mon in the cefotaxime-treated populations compared
with the controls (P <0.0001, Fisher’s Exact test). In add-
ition, for the nine antibiotics against which an increased
resistance was observed, the resistance levels were signifi-
cantly higher for the cefotaxime-treated populations
than for the controls with or without hypermutators
(P < 0.0001 for both conditions; Wilcoxon rank-sum test).

In contrast to cross-resistance, collateral sensitivity only
occurred in a limited number of cefotaxime-treated popu-
lations (13.33%-8/60, fig. 1C; supplementary table S5,
Supplementary Material online), whereas no increased sus-
ceptibility was observed in the control populations (P <
0.0233, Fisher’s Exact test—fig. 1C supplementary table
S5, Supplementary Material online). In addition, the im-
pact of collateral sensitivity on resistance levels was rela-
tively weak, resulting in maximum a 2-fold reduction in
resistance. In line with literature, collateral sensitivity oc-
curred predominately to the aminoglycosides kanamycin
and tobramycin (Imamovic and Sommer 2013; Lazar
et al. 2013; Barbosa et al. 2019), although, the opposite,
that is collateral sensitivity of aminoglycoside resistant
strains against other drug classes, including B-lactam anti-
biotics, has been reported much more commonly
(Imamovic and Sommer 2013; Lazar et al. 2013; Oz et al.
2014; Barbosa et al. 2019). In addition, population CTX A
also developed collateral sensitivity to the macrolide eryth-
romycin (fig. 1C). As a result, the cefotaxime-treated popu-
lations showed a significantly lower resistance against these
three antibiotics compared with the control populations
(P=0.0001, Wilcoxon rank-sum test—supplementary table
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Table 1. Overview of Antibiotics Used Throughout This Study.

Name Abbreviation Class Target Type Solvent
Cefotaxime CTX p-Lactam Cell wall synthesis Bactericidal Water
Ampicillin AMP p-Lactam Cell wall synthesis Bactericidal 50% ethanol
Cefoxitin CXT p-Lactam Cell wall synthesis Bactericidal DMSO
Ciprofloxacin (@] Fluoroquinolone DNA gyrase Bactericidal Water (HCI)
Nalidixic acid NAL Quinolone DNA gyrase Bactericidal Water
Nitrofurantoin NIT Nitrofuran Multiple mechanisms Bactericidal DMSO
Kanamycin KAN Aminoglycoside Protein synthesis, 30S Bactericidal Water
Tobramycin TOB Aminoglycoside Protein synthesis, 30S Bactericidal Water
Tetracycline TET Tetracycline Protein synthesis, 30S Bacteriostatic 70% ethanol
Doxycycline DOX Tetracycline Protein synthesis, 30S Bacteriostatic Water
Chloramphenicol CHL Amphenicol Protein synthesis, 505 Bacteriostatic 95% ethanol
Erythromycin ERY Macrolide Protein synthesis, 505 Bacteriostatic 95% ethanol
Trimethoprim TMP Aminopyrimidine Folic acid biosynthesis Bacteriostatic DMSO

S5, Supplementary Material online). The same result was ob-
tained when hypermutator strains B and D were removed
from the dataset (P =0.0032, Wilcoxon rank-sum test).

Cefotaxime Preadaptation Impacts Subsequent Resistance
Evolution to Second Antibiotics

Multiple studies already highlighted the potential of anti-
biotic cycling based on collateral sensitivity networks in or-
der to tackle the antibiotic resistance crisis (Imamovic and
Sommer 2013; Lazar et al. 2013; Kim et al. 2014; Yen and
Papin 2017; Imamovic et al. 2018; Barbosa et al. 2019)
and a few even observed that antibiotic cycling can impair
resistance evolution in evolution experiments (Imamovic
and Sommer 2013; Kim et al. 2014; Yen and Papin 2017;
Yoshida et al. 2017; Barbosa et al. 2019). To date, the
underlying mechanisms that interfere with adaptation
during treatment with second antibiotics after pre-
exposure to a first antibiotic are, however, poorly under-
stood. Often this diminished resistance evolution against
second antibiotics is attributed to higher initial susceptibil-
ity levels against the second antibiotic due to collateral
sensitivity. However, adaptation could also be influenced
in other ways by the genetic background evolved during
drug cycling, that is by all mutations accumulated during
exposure to the first antibiotic, and their potential inter-
play with the emergence and accumulation of mutations
needed to adapt to the second antibiotic. In order to ana-
lyze the contribution of such additional effects, we aimed
to level out the effect of differences in initial sensitivity to
the second antibiotic and assess potential contributions of
the genetic background beyond collateral sensitivity. We
specifically focused on the first switch between two anti-
biotics and measured extinction over time. To eliminate
potential differences in initial sensitivity, we exposed the
cefotaxime preadapted and control populations to differ-
ent second antibiotics, but normalized the applied con-
centration for each individual second antibiotic based on
its MIC against each individual population (cefotaxime
pretreated or control). We chose to normalize based on
MIC as this is standard practice in studies that need to
standardize antibiotic concentrations for other purposes
(Baym et al. 2016; Mehta et al. 2018; Santos-Lopez et al.
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2019). In order to gain the most general insight, we did
not limit our analysis to the antibiotics where collateral
sensitivity was observed. Specifically, each population
was exposed to 1.5 times the MIC of five antibiotics (ampi-
cillin, tetracycline, chloramphenicol, ciprofloxacin, kana-
mycin) that represent different antibiotic classes and
experience different levels of cross-resistance or collateral
sensitivity (fig. 1A—C—table 1). The adaptive potential to
the second antibiotic was then assessed by measuring
the optical density (ODsos) of the population after 1-3
days (depending on the antibiotic’s stability) and the
population was considered adapted if its optical density
reached the threshold value of ODsgs, pjank + 4 X standard
deviation. Otherwise the population was considered ex-
tinct. Next to being most relevant for clinical practice,
this focus on survival/extinction rates has the key advan-
tage of permitting high parallel experiments to assess re-
peatability. In total, 50 repeats per population and per
antibiotic were evaluated, resulting in 2,500 evolved popu-
lations, among which 1,250 controls and 1,250 cefotaxime
pretreated populations. To also elucidate the effect of the
hypermutator phenotype, the results were analyzed with
and without taking the hypermutator lineages (controls
B and D) into account.

Remarkably, cefotaxime preadaptation significantly im-
pacted subsequent resistance evolution to second antibio-
tics even if the applied antibiotic concentrations were
adjusted to compensate for initial differences in resistance,
and thus effects of collateral sensitivity and cross-resistance
(fig. 1D; supplementary table S6, Supplementary Material
online). Disregarding hypermutator populations, exposure
of cefotaxime pretreated populations to ampicillin or tetra-
cycline resulted in a significantly higher degree of resistance
evolution and survival rate compared with the controls, des-
pite the cefotaxime pretreated populations experiencing
higher ampicillin and tetracycline concentrations (fig. 1D).
In contrast, cefotaxime pretreated populations were less
able to adapt to ciprofloxacin and chloramphenicol
(fig. 1D), even though the cefotaxime pretreated popula-
tions initially showed higher resistance toward these second
antibiotics (fig. 1C). Although the applied ciprofloxacin and
chloramphenicol concentrations were normalized to 1.5
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times the MIC for every population, the decreased adapta-
tion of the cefotaxime preadapted populations could be the
result of over-normalization due to a potentially nonlinear
relation between antibiotic concentration and resistance
evolution. To eliminate possible effects of nonlinearity in
antibiotic concentration, the ciprofloxacin concentration
was reduced to 1 X MIC for cefotaxime pretreated popu-
lations only, but kept at 1.5 X MIC for the control popu-
lations. Even at this lower antibiotic concentration,
cefotaxime pretreated populations still showed a re-
duced adaptation compared with the controls (1.5X
MIC), albeit not significantly (supplementary fig. S3A,
Supplementary Material online). This observation further
supports that effects of the evolved genetic background
on mutations needed to adapt to the second antibiotic
are the main contributor to reduced resistance evolution
for these populations, rather than differences in initial in-
hibition by the normalized antibiotic concentrations.
Additionally, the cefotaxime pretreated populations
also adapted less well to the presence of kanamycin
(fig. 1D), an antibiotic toward which the cefotaxime pre-
treated lineages showed collateral sensitivity (fig. 1C).
The inclusion of the hypermutator lineages did not influ-
ence these findings, indicating that the hypermutators
did not significantly alter the adaptation to secondary
antibiotics (supplementary fig. S3B and S4 and table S6,
Supplementary Material online).

As antibiotic resistance evolution is clearly impacted by
prior adaptations even if the treatment concentration is
normalized, our results indicate that the genetic back-
ground of cefotaxime preadapted populations influences
the emergence and spread of mutations required to de-
velop resistance against the second antibiotics, independ-
ently of effects of collateral sensitivity or cross-resistance.
On the one hand, mutations present in the genetic back-
ground might change the emergence of novel resistance
mutations, for example by influencing the mutation rate
under stress-induced conditions (Hall 1998). On the other
hand, mutations accumulated in the genetic background
during exposure to the first antibiotic might interact
with mutations emerged during treatment with the se-
cond antibiotic. Both additive and epistatic interactions
might occur. The former means that the effect of the mu-
tations against both antibiotics are additive (Knopp and
Andersson 2018; Barbosa et al. 2019); the latter that the
combined effect of the mutations deviates from what is ex-
pected based on their individual effects. Recent systematic
evaluations of engineered combinations of resistance mu-
tations support the potential for both additive (Knopp
and Andersson 2018; Barbosa et al. 2019), as well as posi-
tive and negative epistatic interactions to occur (Ward
et al. 2009; Barbosa et al. 2019; Porse et al. 2020;
Liakopoulos et al. 2021). Moreover, drug cycling between
gentamicin and carbenicillin was found to result in addi-
tive interactions and negative epistatic interactions be-
tween mutations in pmrB and nalC/nalD with regard to
resistance to carbenicillin and gentamicin, respectively
(Barbosa et al. 2019).

Effect of Cefotaxime Gradient Strength on Resistance
Evolution Against Second Antibiotics

Cefotaxime Resistance Evolves Under Different Gradient
Strengths

The cefotaxime resistant strains in the previous section
were obtained by exposing populations to a slowly increas-
ing antibiotic concentration gradient until they reached
Cimax after approximately 66 days. This setup is representa-
tive of situations where bacteria are experiencing a tem-
poral antibiotic gradient with concentrations increasing
over time or, by extension, where bacteria are gradually mi-
grating through a spatial antibiotic gradient. Such antibiot-
ic gradients are often found in the human body due to
poor antibiotic penetration into tissues or due to periodic
antibiotic administration (Martinez and Baquero 2000;
Zhang et al. 2011; Hermsen et al. 2012; Andersson and
Hughes 2014; Oz et al. 2014; Moreno-Gamez et al. 2015;
Baym et al. 2016; Hol et al. 2016; Jahn et al. 2017;
Harmand et al. 2018). In addition, antibiotic gradients
may occur in biofilms where antibiotics migrate slowly
through the biofilm matrix (Tseng et al. 2013) or in soil
communities where bacteria produce antibiotics to com-
pete with species occupying the same niche (Romero
et al. 2011; Hol et al. 2016). Previous research already
showed that the strength of the applied antibiotic gradient
influences the time required for adaptation as well as the
obtained resistance levels (Zhang et al. 2011; Baym et al.
2016). Moreover, differences in gradient strengths have
also been shown to impact subsequent collateral sensitiv-
ity or cross-resistance to other antibiotics (Oz et al. 2014;
Jahn et al. 2017). Therefore, we aimed to evaluate the im-
pact of the applied cefotaxime gradient on our previous
findings. We expected that more evolutionary trajectories
will be open for populations exposed to weak gradients, re-
sulting in an increased mutational diversity and selection
for resistance-conferring mutations with a relatively low
fitness cost, as was previously observed by Lindsey et al.
(2013) and Jahn et al. (2017). In contrast, strong gradient
strengths might select for high-impact mutations in
order to survive the treatment even if this imposes a larger
fitness cost (Oz et al. 2014; Jahn et al. 2017), resulting in less
mutational diversity (Lindsey et al. 2013). Consequently,
populations exposed to weak gradients might have a high-
er potential for adapting to second antibiotics due to their
increased genomic diversity (and mutational interactions)
and the lower fitness cost of acquired resistance
mutations.

Thus, to further expand on how antibiotic gradients in-
fluence resistance evolution and to investigate whether
subsequent adaptation to other antibiotics is also im-
pacted, we first evolved five parallel S. Typhimurium
lineages for 66 days in four additional, steeper, cefotaxime
gradients. We started from the same five ancestral clones
used to initiate the weakest gradient and the controls de-
scribed before. In each concentration gradient the cefotax-
ime concentration was increased with steps equal to a
constant fraction of the ancestral MIC (MIC, = 0.24 pg/mL)
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(supplementary fig. S1 and table S1, Supplementary
Material online), resulting in the following gradients: 1 X
MIC,, 1/2XMICy, 1/4X MIC,, 1/8 X MIC, and 1/16 X
MIC, (fig. 2A). In total, the evolution experiment thus con-
sisted of 30 populations, including the controls and the
five cefotaxime-treated populations described above
(CTX A-E which will be labeled 1/16 X MIC, A-E from
here on), in which each gradient strength is represented
by five parallel lineages. Since bacteria can only colonize
niches with a higher antibiotic concentration once they
have acquired the necessary adaptations, we allowed the
cells to adapt to the applied cefotaxime concentrations
before increasing the concentration. This process was re-
peated until the populations reached the same maximum
concentration (C.x) of 4 X MIC . Populations evolved un-
der the stronger gradient strengths thus reached C,,., fas-
ter than the populations subjected to the weaker gradient
strengths  (supplementary table S7, Supplementary
Material online). To correct for these time differences,
the lineages were afterwards maintained at C,,, until
the endpoint (day 66) where the last population (1/16 X
MIC, B) reached C... (fig. 2A). The populations were
checked for contaminations at every time point. As a con-
sequence, population 1/2XMIC, B was completely re-
moved from further analysis and populations 1/2 X MICx
C and 1/2 X MIC5 D were removed from analysis at day
66, since they contained a Bacillus spp. contamination.
The following sections focus on the impact of changing
gradient strengths on resistance evolution against the ini-
tial applied antibiotic cefotaxime. Later we discuss the im-
pact on resistance against second antibiotics.

Cefotaxime Gradient Strength Negatively Impacts Resistance
Evolution

We started our analysis by comparing the survival rate of
the populations subjected to different cefotaxime gradient
strengths. Three out of five populations exposed to the
strongest gradient (1 X MIC,) went extinct before reach-
ing day C.x (i.e, the day that C,.. [4XMIC,] was
reached). This day is different for every population, where-
as all other lineages survived (supplementary table S7,
Supplementary Material online). To investigate whether
this high extinction rate of the strong gradient populations
is a sampling artifact due to the small number of popula-
tions or whether the harsh initial conditions are respon-
sible, 20 additional populations were evolved under
the strongest increasing gradient (1X MIC,). In total, 8
out of 25 lineages exposed to 1X MIC, went extinct
(supplementary table S8, Supplementary Material online),
resulting in a significantly lower survival rate (68% survival)
compared with the survival rate of the populations sub-
jected to the other gradients (P=0.0065, Fisher's Exact
Test). Indeed, all 19 populations evolved to the other gra-
dient strengths survived (100% survival), most probably
because they were initially subjected to sublethal cefotax-
ime concentrations, giving them the opportunity to
acquire and select resistance-conferring mutations. In con-
trast, populations evolved under strong gradients were
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immediately exposed to the MIC giving them less oppor-
tunity to acquire the resistance-conferring mutations ne-
cessary for growth (Lindsey et al. 2013; Jahn et al. 2017).

Next, we compared the level of cefotaxime resistance,
the fitness cost of resistance, and the mutational diversity
between the different gradient strengths as these para-
meters are expected to influence adaptation to treatment
with a second antibiotic (Barbosa et al. 2019). We per-
formed this analysis for populations isolated at two differ-
ent time points. A first time point is the day the lineage
reached the maximum concentration (day Cpa)-
However, as the time required to reach this concentration
strongly differs between the various gradient strengths
(supplementary table S7, Supplementary Material online),
we also analyzed all populations at the time point the
weakest gradient reached these maximum concentrations
(day 66). In addition, we determined the resistance levels
and mutations at day 6 (the day at which the steepest gra-
dient reached C,,.,) in order to be able to delineate the
mutational dynamics, which contributes to the identifica-
tion of adaptive mutations (see further).

At day 6, the populations evolved under the stronger
gradient strengths showed higher resistance levels
compared with the populations exposed to the weaker
gradient strengths (fig. 2B; supplementary table S9,
Supplementary Material online). However, the overshoot
in resistance, the ratio of the observed resistance level to
the exposed cefotaxime concentration, was higher in po-
pulations evolved under weaker gradients than strong gra-
dients (supplementary table S9, Supplementary Material
online). In contrast, at day C,,, the resistance levels of
the populations evolved under a strong gradient strength
(1XMIC4 and 1/2 X MIC,) were remarkably lower (ran-
ging from 2 to 4 pug/mL) than populations evolved under
an intermediate or weak gradient strength (1/4 X MIC,,
1/8 X MIC, and 1/16 X MIC,) (ranging between 4 and
8 ug/mL) (fig. 2C). The overshoot in resistance also re-
mained higher for the weaker gradients (supplementary
table S10, Supplementary Material online). These results
suggest that, at the moment they reach the same cefotax-
ime concentration, weaker gradient strengths result in
higher resistance levels. At the final time point, day 66, re-
sistance levels further increased starting from the level ob-
served at day Cp,., for almost every population (fig. 2D).
The strongest increase in resistance was observed for the
populations subjected to the strong gradient strengths
1X MIC, and 1/2 X MIC,, while populations evolved to
1/16 X MIC, showed only a slight increase in resistance.
Eventually, all lineages obtained similar resistance levels
at day 66 regardless of the applied cefotaxime gradient
(fg. 2D).

Previous paragraphs indicated that the populations at
day Cp.x already showed higher cefotaxime MIC levels
compared with the applied cefotaxime concentration
(4 X MIC,). Nevertheless, the cefotaxime resistance levels
continued to increase between day C,,,,, and day 66, while
the administered cefotaxime concentration was held con-
stant at 4 X MIC, (fig. 2C-D). These observations suggest
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Fic. 2. Gradient strength influences cefotaxime resistance levels and potential for adaptation to second antibiotics. (A) Experimental setup—Five
ancestral clones were exposed to five linearly increasing cefotaxime gradients (step 1). Next, resistance levels against 12 additional antibiotics
were determined using a MIC assay in step 2. These data were normalized to 1.5 X MIC for every population. Based on these normalized data
from step 2, the populations previously exposed to the strongest or weakest cefotaxime gradient strength were evolved against five additional
antibiotics (ampicillin, tetracycline, chloramphenicol, ciprofloxacin, and kanamycin) in step 3. (B) Cefotaxime resistance levels (ug/mL) at day 6
are higher for the populations exposed to the stronger cefotaxime gradient strengths, while (C) at day C,,,., resistance levels seem to increase
with a decreasing gradient strength. (D) Between day C,,.x and day 66, cefotaxime resistance levels kept increasing, resulting in similar resistance
levels across all populations, regardless of the applied gradient strength. In order to measure the MIC more accurately the resolution of the MIC
assay at day 66 was increased to steps of 1 ug/mL between 8 and 16 pg/mL instead of using the standardized 2-fold dilution series. Horizontal
lines indicate the median MIC of at least three independent biological repeats (n > 3), each data point represents the MIC of one independent
biological repeat. Dashed line indicates C,,,.,, the maximum concentration to which the populations were exposed (4 X MIC, or 0.95 pg/mL). (E)
Heatmap showing resistance levels against 12 antibiotics between populations evolved in the presence of the strongest and weakest cefotaxime
gradient strengths and control populations. No differences in cross-resistance (P = 0.6462) or collateral sensitivity (P =0.5626) were observed
across different cefotaxime gradient strengths. Color scales indicate fold increase (cross-resistance) or decrease (collateral sensitivity) in antibiot-
ic resistance relative to an untreated ancestral S. Typhimurium. P-values were derived from the Fischer’s Exact test. (F) The gradient strength in
which populations were pretreated with cefotaxime impacts the potential to adapt to subsequent antibiotics. Populations that were adapted to
the weakest cefotaxime gradient strength showed more adaptation compared with the populations exposed to stronger cefotaxime gradients
when exposed to kanamycin and tetracycline. In contrast, no significant differences in adaptation were found between cefotaxime gradient
strengths when exposed to chloramphenicol, ciprofloxacin, and ampicillin. Shown are the percentages of populations able to adapt to the se-
cond antibiotic; cefotaxime (CTX), ampicillin (Amp), tetracycline (Tet), chloramphenicol (Chl), ciprofloxacin (Cip), and kanamycin (Kan).
P-values are derived from a Fisher’s Exact test. The data were analyzed after exclusion of the hypermutator populations. Inclusion of hypermu-
tators removed the differences observed between the strongest and weakest cefotaxime gradients when kanamycin or tetracycline was applied
as second antibiotic (supplementary fig. S7, Supplementary Material online). Additional source data underlying these figures can be consulted in
supplementary tables S5, S6, S9, and S10, Supplementary Material online.

that there was still selection pressure for new or additional
mutations after reaching Cp,.. In order to provide add-
itional support, the fitness at day C,,., and day 66 was de-
termined by growth curve analysis (area under the growth
curve) in the presence of cefotaxime for each population
evolved in each cefotaxime gradient strength. Data were
pooled together per cefotaxime gradient strength. In order

to obtain sufficient data points, the data from 1X MICx
and 1/2 X MIC, were grouped together. The fitness levels
at day C,,., were found to be significantly lower than the
untreated ancestral strain for all gradient strengths, but
significantly improved between day C,.x and day 66, sug-
gesting that the populations indeed acquired additional
mutations that increased their growth and MIC in the
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Fitness measured in presence of cefotaxime

A
P =0.0082
P <0.0001
P=0.0018
157 P <0.0001
P =0.0109
4 H —_—
() P =0.0004
o | S |
< 1.04 P <0.0001 P <0.0001 P <0.0001 P =0.0008
s : I — —
@
c 1
x
N
g
5 0.5
c
[3}
4 1
0.0— \ T
f e AR NS
9
& &L &9 & 9
& (Jo‘\ NG v
N VSRR S
3 QRSN
& AW
N A
B Fitness measured in absence of cefotaxime (cost of resistance)
1.5 P=0.0319
P=0.0464
G b P=0.0217
=
< P=0.3398 P =0.2455 P =0.0029 P=0.1116
— 1.0 — —
a
]
c ]
S
£
9]
2 0.5
o
9]
4 ]
0.0 ‘
L \o N N
o
& & \(,&7’+ O?'\b « N
-
ORI & O O
<@ NN
& '1)+ \\q, \b‘+
\)Q& \\\ S S

Fic. 3. Fitness increases between day C,,., and day 66 both in the
presence and absence of cefotaxime, but remains below the level
of the untreated ancestral strain. Fitness (A) in the presence and
(B) in the absence of 4 X MIC, (0.95 pg/mL) cefotaxime is measured
as the area under the growth curve, and expressed relative to an un-
treated ancestral S. Typhimurium. Relative fitnesses at day C,,,., and
day 66 are represented by open and filled bars, respectively. Color
gradient indicates the applied cefotaxime gradient strength. Data
from the strongest gradient strengths (1 X MIC, and 1/2 X MIC,)
were pooled together to obtain sufficient data points. P-values
were derived from ANOVA or Welch ANOVA if standard deviations
were significantly different (P < 0.5) and followed by Dunnett’s (T3)
(compare groups with a control group)—Tukey’s (compare every
group with every other group) or Sidak’s (selected set of compari-
sons) multiple comparisons test. P-values related to comparisons
with the untreated ancestral strain can be found in supplementary
tables S11 and S12, Supplementary Material online. Error bars de-
note SEM, n = 3. Source data are provided in supplementary tables
$11 and S12, Supplementary Material online.

presence of cefotaxime (fig. 3A; supplementary table S11,
Supplementary Material online). The fitness at day 66,
however, remained below the level of the untreated
ancestor and control evolved populations, indicating
that further adaptation could be possible (fig. 3A;
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supplementary table S11, Supplementary Material on-
line). Hereby the fitness levels of the strongest gradient
strength (1(/2) X MIC,) was on average significantly low-
er than the intermediate (1/4 X MIC, and 1/8 X MIC,)
and weakest cefotaxime gradient strength (1/16X
MIC,) at both time points (fig. 3A; supplementary table
S11, Supplementary Material online). Similar observa-
tions were found if we analyzed the fitness levels of the
evolved populations separately (supplementary fig. S5A,
Supplementary Material online).

Cefotaxime Gradient Strength is Positively Related to Fitness
Cost of Resistance

A high fitness cost of resistance has previously been
associated with an impaired adaptation to secondary
treatment (Barbosa et al. 2019). Therefore, we here deter-
mined the fitness cost of cefotaxime resistance
by measuring the growth curves in the absence of
cefotaxime. As expected, the fitness levels at day C,.x
were found to be significantly lower as compared
with the ancestral strain for all cefotaxime gradient
strengths (pooled data analysis; fig. 3B; supplementary
table $12, Supplementary Material online) and the major-
ity of the cefotaxime-evolved populations separately
(supplementary fig. S5B and table S12, Supplementary
Material online). Populations exposed to the strongest
cefotaxime gradient had on average a lower fitness than
populations that were exposed to the weakest gradient
strength, which supports the hypothesis that strong gra-
dients initially select for costly high-impact mutations
(1(/2) X MIC4 vs. 1/16 X MIC4 at day Cp . P=0.0464—
Welch ANOVA). This observation is corroborated by pre-
vious work describing that populations evolved under
strong selection pressures show lower fitness (expressed
as growth rates) as compared with populations exposed
to a mild selection pressures, indicating that strong selec-
tion pressures select for survival while mild pressures favor
fitness (Lindsey et al. 2013; Oz et al. 2014; Jahn et al. 2017).
The fitness levels were found to increase between day
Cmax and day 66 in almost every cefotaxime gradient
strength (pooled data analysis fig. 3B; supplementary
table S12, Supplementary Material online) and
cefotaxime-evolved population (supplementary fig. S5B
and table S12,, Supplementary Material online), albeit
not significantly. This suggests that the populations ob-
tained compensatory mutations that ameliorate bacterial
fitness or replaced costly initial resistance mechanisms by
mechanisms that impose a lower fitness cost (Andersson
and Hughes 2010; Schulz zur Wiesch et al. 2010). However,
the cost for resistance could not be fully compensated as
fitness levels remained lower than that of the ancestral
strain, an effect that was most outspoken for the stronger
gradients (1(/2) X MICA vs. 1/16 X MIC, at day 66; P=
0.0319—Welch ANOVA). Previous work suggests that
this higher resistance cost in stronger gradients might
negatively impact adaption to second antibiotics
(Yoshida et al. 2017; Barbosa et al. 2019).
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Cefotaxime Gradient Strength is Inversely Related to
Diversity in Adaptive Mutations

We assessed the impact of the cefotaxime gradient
strength on the mutational patterns associated with resist-
ance acquisition to cefotaxime in order to link these pat-
terns to the adaptive potential for resistance acquisition
to the second antibiotics. In order to identify the adaptive
mutations in the different gradient strengths, we evaluated
the parallelism across the different lineages and mapped
the mutational trajectories over time. Hereto, populations
were whole genome sequenced at three time points. Next
to day C,,,.x and day 66, we also sequenced the populations
at day 6, the day on which the populations subjected to
the strongest gradient reached the maximum cefotaxime
concentration. Populations exposed to 1/8 X MIC, were
however not sequenced at day 6 as we were mainly inter-
ested in the differences between the strongest (1(/2) X
MIC,) and weakest gradients (1/16 X MIC,). In total,
17,275 mutations over all sequenced populations were
found compared with the reference strain S
Typhimurium (for additional information see Materials
and Methods and supplementary table WGS,
Supplementary Material online). After filtering, (i.e., re-
moving, synonymous mutations, mutations occurring in
<0% of all sequenced populations, and mutations initially
present in the ancestors) 650 mutations were retained, of
which 548 in the cefotaxime-exposed lineages. Removal of
hypermutator strains further reduced this number to 351,
of which 310 in the cefotaxime-exposed lineages
(supplementary table WGS, Supplementary Material on-
line). On average, the total number of mutations per se-
quenced population compared with the ancestors
continued to increase during the evolution experiment
(supplementary table S13, Supplementary Material on-
line), which further confirms that the populations further
adapted to the imposed treatment conditions. However,
in a minority of populations this number and thus also
the heterogeneity in the population declined between
day Cnax and day 66.

The evolutionary dynamics showed that all populations
exposed to cefotaxime acquired high frequency mutations
(allele frequency above 50%) in envZ-acrB—ramR—ftsl, irre-
spective of the applied gradient strength. These mutations
were also observed previously at the weak cefotaxime
gradient, further supporting that these four genes
contain adaptive mutations for cefotaxime resistance
(supplementary tables S14-518, Supplementary Material
online). Moreover, after filtering and discarding hypermu-
tators (1/2XMIC, A, 1/4X MICA E, 1/8 X MIC, B and
1/8 X MIC, D), mutations in these four genes accounted
on average for 57% of the total number of filtered muta-
tions per sequenced time point (supplementary table
S19, Supplementary Material online). In nearly every popu-
lation, envZ and acrB mutations were already present in
the cefotaxime-treated populations at day 6 (table 2;
supplementary fig. S6A-B and table S14, Supplementary
Material online) and they reached fixation in the majority
of the populations at day C,,,,, and day 66. Similar to the

mutational analysis in the paragraphs above, the majority
of the mutations were found in the cytoplasmic domain
(43/79 mutations) (EnvZ,,3_450) and second transmem-
brane domain (22/79 mutations) (EnvZ,g3_179) of EnvZ.
However, 13 out of 79 mutations were located in the peri-
plasmatic region (EnvZss_¢,), which acts as a osmolarity
sensor and only one mutation was found in the first trans-
membrane domain (Tanaka et al. 1998; Inouye et al. 1999;
Khorchid et al. 2005; Kishii et al. 2007). In AcrB, 47 out of 70
mutations were found in the periplasmic regions. The re-
maining mutations were found in the cytoplasmic (4/70
mutations) or transmembrane regions (19/70 mutations)
(Baucheron et al. 2004; Yamaguchi et al. 2015). These ob-
servations, indicate that mutations in envZ and acrB are
critical for the initial cefotaxime resistance evolution.
Next, cefotaxime-treated populations acquired also muta-
tions in ramR, which were mainly fixed in the strongest
(1XMIC4 and 1/2 X MIC,) and intermediate cefotaxime
gradient strengths (1/4 X MIC, and 1/8 X MIC,) after 66
days of evolution (table 2; supplementary fig. S6C and
tables
S14-518, Supplementary Material online). In the weakest
cefotaxime gradient strength (1/16 X MIC,) multiple
clones were still competing (table 2; supplementary fig.
S6C, Supplementary Material online). Except for one muta-
tion (Lys5fs) these mutations were all located in the
DNA-binding domain (54/88 mutations) or sensor domain
(33/88 mutations) of RamR (Yamasaki et al. 2013).
Mutations in ftsl were the last ones to accumulate, al-
though this gene was predominately mutated in the weak-
est (1/16 X MIC,) and intermediate gradients (1/4 X
MIC, and 1/8 X MIC,) at day C. (supplementary fig.
S6D, Supplementary Material online). The presence of an
ftsI mutation correlated positively with the resistance level
at day C,,. the causality of which was confirmed experi-
mentally (see Addendum in supplementary Data,
Supplementary Material online). Strikingly, at day 66, all
populations accumulated mutations in the penicillin-
binding domain of fts| (Sauvage et al. 2014; Sun et al.
2014), even the populations that lacked a mutation in
this gene at timepoint C,,,, (table 2; supplementary fig.
S6D, Supplementary Material online). This suggests that
ftsI mutations require longer exposure time and probably
contribute to the enhanced resistance observed at day 66
compared with day Cpax

In addition, several genes or metabolic pathways were
repeatedly mutated, albeit at lower frequency and in a
smaller number of populations. Indeed, mutations found
in genes such as ompR, tolA, rsxC, and genes involved in
molybdenum cofactor biosynthesis pathway (moaA,
moaD, moaE, moeA, moeB) were mutated across parallel
evolved lineages. Since these mutations occurred in
multiple populations, they are likely also adaptive
(supplementary tables S14-518, Supplementary Material
online). However, the majority of these variants displayed
an allele frequency below 70% indicating that they are still
competing with other mutations. Some of these muta-
tions, such as those found in ompR, are directly related
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Table 2. (continued)

1/16 X MIC,

1/8 X MIC,

1/4 X MIC,

1/2 X MIC,

1X MIC,

100.0 96.6 98.9 99.9 99.9 31.7 24.0 74.3 79.8 25.1

99.9

96.7 99.7 85.0

99.8

96.4

92.9

ramR

23.2 25.2 20.6 14.6

31.6

2.6

19

2.5

3.1

3.7

13.0

10.5

71

2.4

6.9

9.7

3.7
3.0
64.5

93.1 99.8 97.7 99.9 100.0 99.6 96.2 97.7 99.9 91.9 99.9 99.8 55.4 99.7

99.9

94.8 96.8

99.6

ftsl

99.5 29.7

28.5

8.2

223

95.1

3.4

90.7

4.1

5.7

11.9

2.5

4.2

5.1

NOTE.—The frequencies of the mutated variants are indicated in descending order per population and per gene; frequencies in one row do not necessarily represent the same variant.

to B-lactam resistance whereas for the molybdenum cofac-
tor biosynthesis, which was already identified in the ana-
lysis of the weak gradient, the direct link with antibiotic
resistance is less clear (Kong et al. 2018). Moreover, the
molybdenum cofactor biosynthesis genes were also mu-
tated in the controls, suggesting that these mutations
are important in growth medium adaptation. Next to
adaptive mutations, some of the mutations occurring rela-
tively frequently (allele frequency >10%) did not recur-
rently occur across parallel evolved populations
(supplementary tables S14-518, Supplementary Material
online) indicating they were likely passenger mutations
that got fixed by hitchhiking with adaptive mutations
(Barrick and Lenski 2013; Tenaillon et al. 2016). Except in
the hypermutator populations, very few of such passen-
gers were observed.

Sequencing populations at multiple time points allows
assigning mutations to individual clones and build muta-
tional trajectories. This revealed that, rather than adapting
to the imposed treatment conditions by sequential fix-
ation through selective sweeps, the majority of the
cefotaxime-treated populations showed clonal interfer-
ence between different adaptive mutations. This competi-
tion between adaptive mutations can result in selection of
less costly cefotaxime resistance mutations, which might
explain the increase in fitness levels observed between
day C,.x and day 66. Moreover, the level of clonal interfer-
ence between the four main resistance genes at day 66 but
not at day C,,,x negatively correlated with the cefotaxime
gradient strength, regardless of the presence of hypermu-
tator 1/2X MIC, A (table 3 and supplementary fig. S6,
Supplementary Material online, Fisher’s Exact test, P=
0.0107). Mutations in these four genes have previously
also been associated with enhanced resistance against sev-
eral other antibiotics, such as ciprofloxacin (Baucheron
et al. 2013; Lazar et al. 2014; Blair et al. 2015), ampicillin
(Baucheron et al. 2004; Lazar et al. 2014; Adler et al.
2016; Adamowicz et al. 2020), tetracycline (Baucheron
et al. 2004 Lazar et al. 2014), chloramphenicol
(Baucheron et al. 2004; Toprak et al. 2012; Lazar et al.
2014), and kanamycin (Lazar et al. 2013; Hoeksema et al.
2019). In addition, on average the total number of muta-
tions before filtering and the number of nonsynonymous
mutations at day 66 (after removing hypermutator strain
1/2X MIC, A) were higher for populations exposed to
weak cefotaxime gradient strengths compared with popu-
lations subjected to stronger cefotaxime gradients, al-
though these results were not significant (table 3). Taken
together, the higher levels of clonal interference and, to
a lower extent, the difference in the number of mutations
therefore suggest that weaker gradients might give rise to
populations with a higher potential to adapt to subse-
quent antibiotics.

Cefotaxime Gradient Strength Does not Impact
Cross-resistance and Collateral Sensitivity Levels
Previous paragraphs showed that the stronger the cefotax-
ime gradient the larger the experienced fitness cost at both
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g £ day C,,.x and day 66. However, it is only at day 66 that the
_ g @ & % populations subjected to the strong gradients displayed
£ E 3 g: | 8 lower levels of clonal interference and mutational diversity
Z § 2 w38 E than the populations subjected to the weak gradient
3 & 3 § RS s strengths. We, therefore, selected the day 66 populations
=) At K ]
5 § - N J 2 exposed to the strongest (1 X MIC, and 1/2 X MIC,) or
K p | 2 Q = weakest (1/16 X MIC,) cefotaxime gradient strengths to
g g ~ 2 further evaluate the impact of the cefotaxime gradient
So = strength and hence the diversity in genetic background
g g 53 g on the adaptive potential to the second antibiotics. We
(%3] k=] . . IR
2| o8 2 9 = first studied the cross-resistance and collateral sensitivity
=] o - o . . e . .
s | & : S 3 i g levels against 12 different antibiotics (table 1-fig. 2A) via
E g R & g2 a MIC assay for these day 66 populations (fig. 2E). Again,
o A ! N g R . L. 0. .
g 5 § § S| 5 cross-resistance levels against individual antibiotics did
2 N~ \ . . .
3 E - 8 o < generally not differ more than one MIC dilution between
8 s § ‘\:/ 5 parallel evolved populations, indicating high repeatability
F4 [ . = . . . .
= g N g across parallel lineages. Moreover, cross-resistance inci-
g < o é dence was found to be similar for both gradient strengths
2 R (P =0.6462, Fisher’'s Exact test—supplementary table S5,
é 5% o ) é Supplementary Material online) with 70% (42/60) of the
o 2| 9 . . . o .
S 58 = 2 S g combinations showing cross-resistance for the weak gradi-
g §s ° s ent strength and 75% of the combinations showing cross-
j= . .
s E resistance (27/36) for the strong gradient strengths
% = (fig. 2E). Similarly, no differences were detected in the oc-
k= g 3 2 2 currence of collateral sensitivity (P =0.5626, Fisher’s Exact
= g gg £ test—supplementary table S5, Supplementary Material
é E QG i & online) with collateral sensitivity frequencies of 13.33%
o s oR K 8|2 (8/60) and 19.44% (4 or 7/36) for the weak and strong
o RS w| g . . _r . .
v : wy § S| 8 gradients, respectively. Also no statistical differences in
2 § ; b g cross-resistance or collateral sensitivity were found when
2 % q % 5 hypermutator population 1/2XMIC, A was included
= $ S 3 g (supplementary table S5, Supplementary Material online).
% ~ § Moreover, the resistance levels of the antibiotics against
< [ which cross-resistance (P =0.5446, Wilcoxon Rank-sum
8] .| 5 39 @ test) or collateral sensitivity (P =0.3891, Wilcoxon rank-
s =] 0 = . . . .
§ S| & T NS S sum test) were observed, did not differ significantly be-
) .—f ga . | < tween the weak and strong gradients, regardless of
o b 5 0 V) o .
2 8 Ry wv| g whether hypermutators were included or not
4] - N ::‘ [N - o . yp
é s § ) § A § g (supplementary table S5, Supplementary Material online).
2 o O ] ]
o E WY a| 33X
> 3 po ] . . . .
5 ;n 0 J= Cefotaxime Gradient Strength Impacts Resistance Evolution
NN 5 . R
3 g R § 2 Against Second Antibiotics
> ~ =1 . .
L < “ =g Although we could not detect differences in cross-
8 22 resistance and collateral sensitivity, we hypothesized that
[ = . . .
5 5 o g‘g populations exposed to weaker gradients of the first anti-
° [ . . . . L. . .
£ s s g g x§$ biotic might adapt more easily to second antibiotics, since
= " Ly Ay - @ . . .
S ] % wo¥ 9 et these populations show higher levels of clonal interference
ooy . . .
S “ sy in the four resistance-associated genes and reduced cost of
[ 25 o8 . . . .
& 2582 resistance against cefotaxime, which has been shown to
= L ow .. . . o . .
I P ositively impact adaptation to second antibiotics
2 sd¢ i
= X o« S5 ¢ (Barbosa et al. 2019). Therefore, we challenged both
~ e .2 .
é S 2 g éﬁ‘; é populations that were exposed to the weakest (1/16 X
8 8 G % 55s MIC,) and strongest (1(/2) X MIC,) cefotaxime gradient
2 5 g £2 < 3 strengths to five additional antibiotics (ciprofloxacin,
a Sagc . : . SN
2 & g S5 E chloramphenicol, tetracycline, ampicillin, kanamycin) in
o . . . . .
A ?mj 2ol § § ; order to determine their adaptive potential against these
2 SSESE| 2SS antibiotics (fig. 2A). Again, the antibiotic concentrations
- = (4 2 0O 3 a . .
- A 3 dlzgss were normalized based on the cross-resistance or collateral
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sensitivity level of the population in order to correct for
differences in initial resistance levels and focus on the ef-
fects of the genetic background beyond collateral sensitiv-
ity (fig. 2F supplementary table S6, Supplementary
Material online). We analyzed 50 replicates per population
and per applied antibiotic, resulting in a total of 3,500
evolved populations, including 1,250 controls, 1,000 strong
gradients and 1,250 weak antibiotic gradients. As before
the data were analyzed both with and without inclusion
of the hypermutator populations.

Even though a correction factor was applied for initial
differences in resistance, almost every population prea-
dapted to cefotaxime showed an altered adaptation to
the second antibiotics compared with the controls and
the effect was clearly dependent on the cefotaxime gradi-
ent strength (fig. 2F; supplementary fig. S7 and table S6,
Supplementary Material online). These data further
support that the genetic background of the cefotaxime-
treated populations strongly influences resistance evolu-
tion against the second antibiotic. Consistent with our
hypothesis, populations exposed to the strongest cefotax-
ime gradients showed reduced adaptation toward tetra-
cycline and kanamycin compared with the weakest
gradient strength (fig. 2F), while no significant differences
in adaptation between gradients were observed for the
other antibiotics. These observations suggest that differ-
ences in clonal interference, mutational diversity, and
cost of resistance between gradients of the first antibiotic
drive subsequent adaptation to a subset of antibiotics.
Inclusion of the hypermutator 1/2 X MICA A population
neutralized the difference between strong and weak gradi-
ent strengths (supplementary fig. S7, Supplementary
Material online), indicating that the strongly increased
mutation rate overrules the effects of gradient strength.

Discussion

Drug cycling is a promising approach to slow down resist-
ance evolution and prolong the use of our currently avail-
able antibiotics. Previous research already showed the
potential of drug cycling (Imamovic and Sommer 2013;
Kim et al. 2014; Yen and Papin 2017; Yoshida et al. 2017;
Barbosa et al. 2019), but it remained unclear to which ex-
tent these promising results were related directly to collat-
eral sensitivity, or to additional effects of mutations
accumulated in the genetic background during exposure
to the first antibiotic on the emergence and spread of mu-
tations during treatment with the second antibiotic. By
normalizing the antibiotic concentration to eliminate ef-
fects of collateral sensitivity, we were able to demonstrate
a clear contribution of the evolved genetic background be-
yond collateral sensitivity to the adaption against a second
antibiotic, which either enhanced or reduced the adaptive
potential depending on the specific drug combination.
Mutations present in the genetic background might
change the emergence of novel resistance mutations by al-
tering the mutation rate (Hall 1998). Alternatively, muta-
tions acquired during treatment with the first antibiotic

might engage in additive or epistatic interactions with mu-
tations emerged during treatment with the second anti-
biotic (Ward et al. 2009; Knopp and Andersson 2018;
Barbosa et al. 2019; Porse et al. 2020; Liakopoulos et al.
2021). We further demonstrated that the applied antibiot-
ic exposure pattern can have a strong impact on the level
of clonal interference in key driver genes of resistance, mu-
tational diversity, and the fitness cost of resistance, with
stronger antibiotic gradients associated with lower levels
of clonal interference and higher costs. These parameters
might explain the lower adaptive potential to certain se-
cond antibiotics we observed in populations that were
preadapted to stronger gradients of the first antibiotic.
The previous evolution experiments in which drug cyc-
ling was evaluated, provide further support for the import-
ance of effects of the genetic background that go beyond
collateral sensitivity, although these studies were not fo-
cused on elucidating such effects. Barbosa et al. (2019) se-
lected 14 drug pairs showing collateral sensitivity and
studied extinction rates in linearly increasing antibiotic
concentrations of the second antibiotic after adaption to
the first antibiotic. The study did however not include a
direct comparison with control lineages that were not
adapted to the first antibiotic, and the doses of the second
antibiotic were only partially normalized based on the ef-
fect size of collateral sensitivity, that is the starting concen-
tration of the gradient was normalized, but not the end
concentration. These differences in set up aside, the results
are still consistent with ours in the sense that clear differ-
ences in extinction rates were observed between the drug
pairs (including drug pairs with the same second antibiot-
ic) and these differences in extinction rates were not re-
lated to the effect size of collateral sensitivity. Directly
consistent with our results of reduced resistance evolution
against kanamycin in cefotaxime pretreated populations,
populations initially exposed to [-lactam antibiotics
were found to experience strong difficulties adapting to
aminoglycosides. Other evolution studies focused on the
effect of drug cycling on the obtained resistance levels, ra-
ther than on extinction rates. Yen and Papin (2017) cycled
different drug pairs at long term intervals, whereas Kim
et al. (2014) and Yoshida et al. (2017) performed short
term cycling in order to evaluate the obtained resistance
levels in time and compare these to mono-treatments.
The first two studies applied the steepest antibiotic gradi-
ent allowing survival by serially transferring the popula-
tions in series of antibiotic concentrations, while the
third study used a morbidostat to adjust the antibiotic
concentration to ensure maintained exponential growth.
These antibiotic-dosing regimens thus normalize the initial
doses based on the effect size of collateral sensitivity, but
normalization is only partial because the doses are ad-
justed in time based on the acquired adaptations, which
are stochastic in nature. These studies nevertheless also
provide support for our hypothesis because drug cycling
was found to strongly affect both the resistance levels ob-
tained as well as the evolved mutations, also for drug com-
binations where no collateral sensitivity or cross-resistance
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was present. Yen and Papin (2017) for example found that
pre-exposure to piperacillin prior to tobramycin resulted
in reduced tobramycin resistance evolution, despite the
absence of collateral sensitivity between piperacillin
and tobramycin. This effect was largely due to chromo-
somal deletions acquired during piperacillin pretreat-
ment. Correspondingly, Kim et al. (2014) found that
cycling between ciprofloxacin and neomycin resulted in
a reduced ciprofloxacin resistance evolution compared
with a treatment with only ciprofloxacin, although collateral
sensitivity is absent between this antibiotic pair. Finally,
Yoshida et al. (2017) showed that cycling with rifampicin
reduced resistance evolution against polymyxin, despite
rifampicin resistance showing cross-resistance toward
polymyxin (Yoshida et al. 2017).

The lower adaptation potential to tetracycline and kana-
mycin we observed in populations preadapted to strong
compared with weak cefotaxime gradients might at least
be partly explained by the higher cost of cefotaxime resist-
ance in populations exposed to strong gradients. Cost of re-
sistance against a first antibiotic was indeed found before to
be negatively associated with adaption to second antibiotics
(Barbosa et al. 2019). The higher cost of resistance itself is
consistent with previous work describing that populations
evolved under strong selection pressures show lower fitness
as compared with populations exposed to mild selection
pressures, indicating that strong selection pressures select
for survival while mild pressures favor fitness (Lindsey
et al. 2013; Oz et al. 2014; Jahn et al. 2017). In addition, we
hypothesize that the lower levels of clonal interference
and mutational diversity observed in populations exposed
to strong cefotaxime gradients also reduce the adaptation
to second antibiotics. This reduced mutational diversity
might be explained by selection of rare high-impact muta-
tions in strong gradients, as compared with the more di-
verse evolutionary trajectories that could be explored in
weak gradients (Lindsey et al. 2013).

Comparison of resistance and cross-resistance levels be-
tween populations exposed to weak and strong cefotax-
ime gradients as intermediate steps in our approach also
yielded a number of insights that shed light on previous,
seemingly contradictory outcomes in the literature.
Specifically, Oz et al. (2014) indicated that strong antibiot-
ic gradients result in higher resistance levels in comparison
to weak gradients, whereas Jahn et al. (2017) showed that
selection under strong or weak gradient strengths results
in similar phenotypes. The former study, however, pheno-
typed the populations at a fixed time point but at different
treatment concentrations (similar to day 6 in our setup),
whereas the latter analyzed the populations at a fixed
treatment concentration (similar to the analysis of day
Cmax in our setup). By analyzing multiple time points,
our study showed that the effect of the antibiotic gradient
is dependent on the choice of the time point to analyze.
Indeed, weak gradients were associated with lower resist-
ance levels than strong gradients at the early fixed time
point (day 6), but strongly increased in resistance after-
wards, resulting in higher levels of resistance in weak
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gradients at the time the maximum concentration Cp,.
was reached. Further prolonging the antibiotic treatment
in all populations till day 66, however, increased resistance
in the strong gradients and leveled out differences between
the gradients. Furthermore, Oz et al. (2014) showed that po-
pulations evolved under strong selection pressure acquired
higher levels of cross-resistance, whereas Jahn et al. (2017)
found no impact of gradient strength on cross-resistance
or collateral sensitivity development. Again this might be
explained by differences in time points analyzed, which
were the same as outlined for the resistance levels above.
Similar to the latter study, we analyzed cross-resistance at
a later stage (day 66) in the antibiotic gradient and obtained
a similar outcome, that is no effect of gradient strength on
cross-resistance or collateral sensitivity. When translating to
clinical practice, overall our results support the current clin-
ical guidelines indicating that antimicrobial therapies should
avoid weak antibiotic gradients in order to reduce the
chance of adaptation and prevent high levels of resistance.
In addition, prolonged antibiotic exposure should be
avoided as we showed that this gives rise to additional re-
sistance evolution and better-adapted populations
(Paterson et al. 2016; losifidis et al. 2017).

In conclusion, our results highlight that not only collat-
eral sensitivity and cross-resistance networks, but also add-
itional effects of resistance mutations on the adaptive
potential toward other antibiotics should be taken into
consideration when designing drug cycling strategies, as
well as their dependencies on the antibiotic exposure
pattern.

Materials and Methods

Bacterial Strains, Media, and Growth Conditions
Ancestral clones used to initiate the evolution experiment
were obtained from Salmonella enterica, subsp. enterica
serovar Typhimurium ATCC14028 (Fields et al. 1986).
Strains were grown overnight (ON) in lysogeny broth
(LB) or colony factor antigen (CFA) (10 g/L casamino
acids, 1.5 g/L yeast extract, 50 g/L MgSO, and 5g/L
MnCl, at pH 7.4) at 37°C with aeriation at 200 rpm or
on solid CFA agar plates (15 g/L bacteriological agar). The
antibiotics used in this study (table 1) were stored in
aliquots at -20°C.

Dose-response Curve for the Ancestor Strain (MIC,)
An ON culture of S. Typhimurium was normalized to an op-
tical density at 595 nm (ODsgs) of 2.5 (Genesys 10S UV-VIS
spectrophotometer, Thermo Fisher Scientific), which corre-
sponds to a cell density of approximately 2.10° cfu/mL.
Subsequently, the normalized culture was diluted 1:200 in
5 mL CFA supplemented with varying cefotaxime concen-
trations (0.05; 0.10; 0.14; 0.19; 0.24; 0.48; 0.95; and 2.39 ug/
mL). After 24 h incubation at 37°C and 200 rpm, the colony
forming units (CFUs) were determined by serial dilution and
plating. The MIC, was defined as the lowest cefotaxime
concentration that prevented growth.
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Experimental Evolution Under Different Cefotaxime
Gradient Strengths

Five random S. Typhimurium clones (named “A”-“E”) were
each evolved to five different cefotaxime gradient strengths
in which the concentration was let to increase with a differ-
ent fraction of the MIC, (1XMICp, 1/2XMIC,, 1/4 X
MIC,, 1/8 X MIC, and 1/16 X MIC,). Hereto, five ON cul-
tures, originating from the five clones (“A”-“E"), were nor-
malized to an ODsgs of 2.5 and diluted 1:100 in test tubes
containing 5 mL CFA. Each normalized cell culture was
used to inoculate six different test tubes: one control with-
out cefotaxime and five tubes with increasing concentra-
tions of cefotaxime (see above), resulting in a total of 30
populations. These populations were incubated for 24 h
at 37°C and 200 rpm.

After 24 h of incubation, a first fraction of each lineage
was stored at —80°C in 25% glycerol. A second fraction
was used to measure the ODso; of the populations.
Populations for which the ODsys of the cefotaxime-exposed
population was equal to or greater than 1/2 X ODsgs of the
antibiotic-free populations were diluted 1:100 in 5 mL CFA
and the cefotaxime concentration was raised with one step
in accordance to the applied concentration gradient (1 X
MICs 1/2XMICs 1/4XMICs, 1/8XMIC, and 1/16X
MIC,). If the criterion was not met, half of the population
(25 mL) was washed twice in 1xPBS (88 g/L NaCl,
1.24 g/L K;HPO, and 0.39 g/L KH,PO,) and resuspended
in 5 mL CFA. Subsequently, the same amount of cefotaxime
as on the previous day was added. This resulted in a 2-fold
dilution of the cells and gave them additional time to adapt
to the imposed treatment conditions.

This process was repeated every day until the popula-
tions reached the maximum cefotaxime concentration
(Cnax) Of 4 X MIC4. After reaching C,..y the populations
were daily diluted 1:100 to fresh medium, while keeping
the cefotaxime concentration constant at C,,,,. All popu-
lations were evolved for a total of 66 days, the number of
days at which the last population exposed to the weakest
gradient strength reached C, ..

All evolved populations were controlled regularly for
contaminations during the evolution experiment as well
as at the three analysis points (day 6, day C,., and day
66), by checking their colony morphology on CFA.
Subsequently, doubtful colonies were characterized by
Sanger sequencing the 16S rRNA (Eurofins Genomics—
supplementary table S20, Supplementary Material online).

Selecting Single Colonies From Evolved Populations
Populations evolved to cefotaxime were streaked on CFA
agar supplemented with 0.95 ug/mL (4 X MIC,) cefotax-
ime after reaching C.,.x. Subsequently, 10 single colonies
were randomly selected and grown ON in 96-well microti-
ter plates in CFA supplemented with 0.95 pug/mL (4 X
MIC,) cefotaxime and frozen at —80°C in 25% glycerol.
Prior to MIC tests these frozen cultures were streaked on
CFA agar supplemented with 0.95 ug/mL cefotaxime.

MIC Assays

MIC assays were performed based on a standard linear
broth microdilution protocol with minor modifications
(Wiegand et al. 2008). Briefly, 100 pL of frozen population
samples or ON cultures (ftsl mutants) were diluted
in CFA to achieve a final inoculation density of +5.10°
CFU/mL. Subsequently, the samples were inoculated in a
96-well microtiter plate filled with CFA and a 2-fold anti-
biotic dilution series. The 96-well plates were closed with
a breathable sealing membrane (Greiner Bio-One) to avoid
excessive evaporation during static incubation at 37°C.
After 20-24 h incubation, the ODsg5 was measured using
the Multimode synergyTM multireader MX (BioTek). The
MIC was defined as the lowest antibiotic concentration
at which the ODsos, popuiation reached the threshold of:
ODsos, population > ODsos, blank + 2Xstandard deviation, pjank.

ftsI Mutant Construction

Evolved populations at day C,,., containing an ftsl mutation
were reverted to allele of an ancestral S. Typhimurium strain
via homologous recombination. First, random colonies were
selected from populations 1/4 X MIC, A-D, 1/8 X MIC,A A,
and 1/16 X MIC, B-D-E and the presence of a specific ftsl
mutation was confirmed by Sanger Sequencing. In a second
step, a kanamycin resistance (KanR)-cassette was inserted at
the 5’ site of the neighboring mraZ gene in the ancestral S.
Typhimurium (Datsenko and Wanner 2000). Finally, the
Kan®-cassette was transferred via phage P22 transduction to
the selected ftsl containing colonies. The P22 head packages
DNA fragments up to + 44 kbp (Casjens and Weigele 2005),
resulting in the transfer of the Kan®-cassette together with
surrounding DNA. Selective plating on kanamycin allowed
to select for transformants containing the Kan®-cassette.
Next, 10 colonies per acceptor strain were randomly selected
and screened for the presence of the wildtype ftsl allele. By per-
forming MIC assays, we confirmed that the Kan®-cassette did
not impact cefotaxime resistance (supplementary table S21,
Supplementary Material online). The template and primers
used for the construction of these mutants are listed in
supplementary table S20, Supplementary Material online.

Preparing Genomic DNA for Whole Genome
Sequencing

In total, 68 populations were submitted to whole genome
sequencing (WGS; 5 ancestors, 5 controls at day 6 and day
66, 14 populations at day 6, 21 populations at day Cay
and 18 populations at day 66—supplementary table S13,
Supplementary Material online). Genomic DNA (gDNA)
was extracted from frozen population samples by thawing
100 pL of the frozen sample and adding 4.9 mL CFA sup-
plemented with the appropriate cefotaxime concentration
(supplementary tables S9, S10, Supplementary Material
online). After 24 h incubation at 37°C and 200 rpm,
gDNA was extracted using the Qiagen Blood & Tissue
DNeasy kit (Qiagen). 100 pL nuclease free water was
used to elute the gDNA from the binding column. The
DNA concentration and quality of the gDNA was analysed
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using the Nanodrop® ND-1000 Spectrophotometer
(Thermo Fischer Scientific). Subsequently, the samples
were sent packaged in dry ice to Genewiz incorporation
for lllumina Sequencing with a coverage of 800x.

Further Analysis of WGS

Prior to aligning the sequencing reads to the reference gen-
ome; read quality was assessed using FASTQC, adapter se-
quences were removed using TrimGalore and the base
quality was recalibrated using Dindel. Next, the sequencing
reads were aligned to the Salmonella enterica subsp. enter-
ica serovar Typhimurium str. 14028S reference genome
(Accession number NC_016856; Version NC_016856.1;
Gl: 378448274). Variant calling was done by LoFreq-V2,
which allowed the detection of low-frequency variants.
Finally, SnpEff was used to predict the impact of a mutation
on the protein sequence. Mutations found in the evolved
populations compared with the reference strain are listed
in supplementary table WGS, Supplementary Material on-
line. Since the five ancestor clones “A”-“E”, used to initiate
the evolution experiment, also acquired mutations com-
pared with the reference strain, all cefotaxime-evolved po-
pulations and controls were analysed with reference to
their respective ancestors, for example the genome of
population 1X MIC, B was compared with the genome
of ancestor B. After removing ancestral mutations, also syn-
onymous mutations and mutations that are present in
<10% of all sequenced populations were removed from
further analysis.

Adaptation to a Second Antibiotic

ON cultures were normalized to an ODsg5 of 2.5 in 1 X PBS
and subsequently diluted in CFA, supplemented with the
appropriate antibiotic concentration, to obtain a final in-
oculation density of 5.10° CFU/mL. This solution was in-
oculated into 96-well plates and sealed with a breathable
sealing membrane. Populations were subjected to an anti-
biotic concentration of 1.5 times the MIC of the applied
antibiotics (ampicillin, tetracycline, chloramphenicol, ci-
profloxacin, kanamycin), unless stated otherwise. The
96-well microtiter plates were incubated at a temperature
of 37°C, while continuously shaken at 200 rpm for one to
maximum three days. The duration was set to 60% of the
reported antibiotic stability at 37°C (supplementary table
S22, Supplementary Material online). After incubation, the
ODs9s was measured using the SynergyTM multimode
reader MX. Populations were considered to have adapted,
if the ODsg5 reached the cut-off value of ODsgs, pjank + 4 X
standard deviation.

Growth Analyses and Relative Fitness

Bacterial growth curves of day C,,. and day 66 populations
were determined in either the presence or absence of cefo-
taxime. Hereto, the ODsys of ON cultures was measured
and normalized to an ODsy; of 2.5 and subsequently diluted
1:1000 in CFA presence or absence of cefotaxime to obtain
an inoculation density of 5.10° cfu/mL. 300 pL of each
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sample was incubated in Honeycomb Microplates (Oy
Growth Curves Ab Ltd) for 24 h at 37°C, continuously shak-
ing at 200 rpm. The ODsy5 was measured every 15 min by
using the Bioscreen C device (Oy Growth Curves Ab Ltd).
In total, three biological repeats were performed, each con-
sisting of five technical repeats. The relative fitness was then
calculated as the ratio of the area under the curve (integral
of the growth curve) between a cefotaxime-evolved
population or a control population and an ancestral
S. Typhimurium. The integral of the growth curve incorpo-
rates three growth parameters namely, the lag phase, the ex-
ponential growth rate and the carrying capacity (Dunai
et al. 2019; Ram et al. 2019; Spohn et al. 2019). Prior to cal-
culating the area under the growth curve, blanks containing
only growth medium, were subtracted from the raw ODsqs
data. Afterwards, the data were scaled to zero (at time =0)
by taking the natural logarithm of ODsg5/ODsgs, (= o
Hereto, negative values were removed by subtracting the
lowest OD-value from the entire dataset.

Criteria for Detecting Clonal Interference in
Sequenced Populations

Only mutations present in the four main genes of interest
(ftsl, acrB, envZ and ramR) with a frequency above 10%
were taken into account to detect differences in levels of
clonal interference between the strongest and weakest gra-
dient strengths. Clonal interference was defined if multiple
nonfixed mutations are present simultaneously in a gene.

Statistics

All data were obtained from at least three independent bio-
logical repeats (n). Data from the MIC assay (fig. 1B) were
analysed using the nonparametric Kruskal-Wallis test fol-
lowed by the post hoc Dunn’s multiple comparisons test.
The Wilcoxon rank-sum test was used to detect differences
in cross-resistance/collateral sensitivity levels between two
groups (CTX pretreated vs. controls or strong CTX gradi-
ents vs. weak CTX gradients). The Fisher’s exact test was
used to detect differences between proportions of two cat-
egorical variables, specifically differences (i) in the propor-
tion of cross-resistance/collateral sensitivity between CTX
pretreated and control groups (fig. 1C) or between strong
CTX gradients and weak CTX gradients (fig. 2E) and (ii) dif-
ferences in adaptation toward second antibiotics (fig. 1D,
fig. 2F, supplementary figs. S3, S4, S7, Supplementary
Material online). Statistical differences in relative fitness
(fig. 3 and supplementary fig. S5, Supplementary Material
online) or the minimum inhibitory concentration of the
ancestor (MIC,) (supplementary fig. S1, Supplementary
Material online) were determined via the following ap-
proach: Normality of the parametric data was first tested
using the D’Agostino-Pearson Omnibus test if n>6,
when n<6 normal distribution was assumed. If data
were normally distributed, One-Way ANOVA or Welch
ANOVA if SD were significantly different (P < 0.5) was per-
formed to compare multiple groups. Dunnett’s T3 (per-
formed after Welch ANOVA), Sidak’s (Selected pairwise
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comparisons), Tukey’s (compare every group with every
other group), or Dunnett’s (compare every group to a con-
trol group) multiple comparison tests were used as post
hoc test to search for differences between the different
groups. The unpaired Student’s t-test with Welch'’s correc-
tion if SD was significantly different (P < 0.05) was applied
to determine differences between two populations (table
3).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.

Acknowledgements

We thank Ami De Weerdt for experimental assistance. This
work was supported by the Fonds Wetenschappelijk
Onderzoek - Vlaanderen (FWO) under grant agreements
3G045620, G046318N, and G.0371.06, KU Leuven
Research Council (24/18/046, STG/16/022, PDM/20/123)
and Bijzonder Onderzoeksfonds Ugent (BOF-01J06219).
Kenny Appermans and Pauline Brepoels acknowledge the
receipt of a PhD fellowship from Agentschap voor
Innovatie door Wetenschap en Technologie (IWT) (IWT
141658) and Fonds Wetenschappelijk Onderzoek -
Vlaanderen (FWO) (1S83819N), respectively.

Author Contributions

P.B. and K.A. performed all biological experiments; C.A.P
analyzed the whole genome sequencing data; P.B, KA,
CAP,B.L, KM, and H.S. designed the study and discussed
the results. P.B, B.L, K.M,, and H.S. wrote and edited the
manuscript.

Data Availability

The data underlying this article are available in the article
and in its online supplementary material. Raw sequencing
reads are available via the SRA repository of NCBI (www.
ncbi.nlm.nih.gov/sra), Bioproject number PRJNA894947,
samples SAMN31476771-SAMN31476838.

Conflict of Interest Statement

The authors declare no competing interests.

References

EFSA, ECDC. 2018. The European union summary report on anti-
microbial resistance in zoonotic and indicator bacteria from hu-
mans, animals and food in 2016. EFSA J. 16:270.

Abouzeed YM, Baucheron S, Cloeckaert A. 2008. Ramr mutations in-
volved in efflux-mediated multidrug resistance in Salmonella en-
terica serovar Typhimurium. Antimicrob Agents Chemother. 52:
2428-2434.

Adamowicz EM, Muza M, Chacén JM, Harcombe WR. 2020.
Cross-feeding modulates the rate and mechanism of antibiotic

resistance evolution in a model microbial community of
Escherichia coli and Salmonella enterica. PLoS Pathog. 16:
€1008700.

Adler M, Anjum M, Andersson DI, Sandegren L. 2013. Influence of
acquired B-lactamases on the evolution of spontaneous carba-
penem resistance in Escherichia coli. ] Antimicrob Chemother.
68:51-59.

Adler M, Anjum M, Andersson DI, Sandegren L. 2016. Combinations
of mutations in envZ, ftsl, mrdA, acrB and acrR can cause high-
level carbapenem resistance in Escherichia coli. | Antimicrob
Chemother. 71:1188-1198.

Agarwala R, Barrett T, Beck J, Benson DA, Bollin C, Bolton E, Bourexis
D, Brister JR, Bryant SH, Canese K, et al. 2018. Database resources
of the national center for biotechnology information. Nucleic
Acids Res. 46:D8-D13.

Altschul SF, Gish W, Miller W, Myers EW, Lipman D). 1990. Basic local
alignment search tool. ] Mol Biol. 215:403-410.

Andersson DI, Hughes D. 2010. Antibiotic resistance and its cost: is it
possible to reverse resistance? Nat Rev Microbiol. 8:260-271.
Andersson DI, Hughes D. 2014. Microbiological effects of sublethal

levels of antibiotics. Nat Publ Gr. 12:465-478.

Barbosa C, Roemhild R, Rosenstiel P, Schulenburg H. 2019.
Evolutionary stability of collateral sensitivity to antibiotics in
the model pathogen pseudomonas aeruginosa. Elife. 8:¢51481.

Barbosa C, Trebosc V, Kemmer C, Rosenstiel P, Beardmore R,
Schulenburg H, Jansen G. 2017. Alternative evolutionary paths
to bacterial antibiotic resistance cause distinct collateral effects.
Mol Biol Evol. 34:2229-2244.

Barrick JE, Lenski RE. 2013. Genome dynamics during experimental
evolution. Nat Rev Genet. 14:827-839.

Baucheron S, Coste F, Canepa S, Maurel MC, Giraud E, Culard F,
Castaing B, Roussel A, Cloeckaert A. 2012. Binding of the RamR
repressor to wild-type and mutated promoters of the ramA
gene involved in efflux-mediated multidrug resistance in
Salmonella enterica serovar typhimurium. Antimicrob Agents
Chemother. 56:942—948.

Baucheron S, Le HS, Doublet B, Giraud E, Weill FX, Cloeckaert A.
2013. Ramr mutations affecting fluoroquinolone susceptibility
in epidemic multidrug-resistant Salmonella enterica serovar
Kentucky ST198. Front Microbiol. 4.

Baucheron S, Tyler S, Boyd D, Mulvey MR, Chaslus-Dancla E,
Cloeckaert A. 2004. AcrAB-TolC directs efflux-mediated multi-
drug resistance in Salmonella enterica serovar typhimurium
DT104. Antimicrob Agents Chemother. 48:3729-3735.

Baym M, Lieberman TD, Kelsic ED, Chait R, Gross R, Yelin |, Kishony
R. 2016. Spatiotemporal microbial evolution on antibiotic land-
scapes. Science. 353:1147-1152.

Blair JMA, Bavro VN, Ricci V, Modi N, Cacciotto P, Kleinekathofer U,
Ruggerone P, Vargiu A V, Baylay A), Smith HE, et al. 2015. Acrb
drug-binding pocket substitution confers clinically relevant re-
sistance and altered substrate specificity. Proc Natl Acad Sci U
S A. 112:3511-3516.

Carrié C, Petit L, d’'Houdain N, Sauvage N, Cottenceau V, Lafitte M,
Foumenteze C, Hisz Q, Menu D, Legeron R, et al. 2018.
Association between augmented renal clearance, antibiotic expos-
ure and clinical outcome in critically ill septic patients receiving high
doses of B-lactams administered by continuous infusion: a pro-
spective observational study. Int | Antimicrob Agents. 51:443—449.

Casjens S, Weigele P. 2005. DNA Packaging by bacteriophage P22,
editors. Viral genome packaging machines: genetics, structure,
and mechanism. Boston (MA): Springer US. p. 80-88.

Collins A. 2018. The global risks report 2018, 13th edition.

Datsenko KAA, Wanner BLL. 2000. One-step inactivation of chromo-
somal genes in Escherichia coli K-12 using PCR products. Proc
Natl Acad Sci U S A. 97:6640—6645.

Drusano GL. 2004. Antimicrobial pharmacodynamics: critical inter-
actions of ‘bug and drug’. Nat Rev Microbiol. 2:289-300.

Dunai A, Spohn R, Farkas Z, Lazar V, Gyorkei AG, Boross G,
Szappanos B, Grézal G, Faragd A, et al. 2019. Rapid decline of

19

€20z Jaquiedas /z uo 1senb Aq 901889/ GZOBSW/Z L/6E/2I0IE/Aq/WO0"dNO™dILSPEIE/:SA]Y WO} POPEO|UMO(


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac257#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac257#supplementary-data
http://www.ncbi.nlm.nih.gov/sra
http://www.ncbi.nlm.nih.gov/sra
https://doi.org/10.1093/molbev/msac257

Brepoels et al. - https://doi.org/10.1093/molbev/msac257

MBE

bacterial drug-resistance in an antibiotic-free environment
through phenotypic reversion. Elife. 8:e47088.

Fields PI, Swanson R V, Haidaris CG, Heffron F. 1986. Mutants
of Salmonella typhimurium that cannot survive within
the macrophage are avirulent. Proc Natl Acad Sci U S A. 83:
5189-5193.

Hall BG. 1998. Adaptive mutagenesis at ebgR is regulated by PhoPQ.
] Bacteriol. 180:2862.

Harmand N, Gallet R, Martin G, Lenormand T. 2018. Evolution of
bacteria specialization along an antibiotic dose gradient. Evol
Lett. 2:221-232.

Hermsen R, Deris JB, Hwa T. 2012. On the rapidity of antibiotic resist-
ance evolution facilitated by a concentration gradient. Proc Nat/
Acad Sci U S A. 109:10775-10780.

Hoeksema M, Jonker M), Brul S, Ter Kuile BH. 2019. Effects of a pre-
viously selected antibiotic resistance on mutations acquired dur-
ing development of a second resistance in Escherichia coli. BMC
Genomics. 20:284.

Hol FJH, Hubert B, Dekker C, Keymer JE. 2016. Density-dependent
adaptive resistance allows swimming bacteria to colonize an
antibiotic gradient. ISME J. 10:30-38.

Imamovic L, Ellabaan MMH, Dantas Machado AM, Citterio L, Wulff
T, Molin S, Krogh Johansen H, Sommer MOA. 2018. Drug-Driven
phenotypic convergence supports rational treatment strategies
of chronic infections. Cell. 172:121-134.e14.

Imamovic L, Sommer MOA. 2013. Use of collateral sensitivity net-
works to design drug cycling protocols that avoid resistance de-
velopment. Sci Trans| Med. 5:204.

Inouye M, lkura M, Tomomori C, Tanaka T, Dutta R, Park H, Saha SK,
Zhu Y, Ishima R, Liu D, et al. 1999. Solution structure of the
homodimeric core domain of Escherichia coli histidine kinase
EnvZ. Nat Struct Biol. 6:729-734.

losifidis E, Quattrocchi A, Monnet D, Weist K, Catchpole M. 2017.
Proposals for EU guidelines on the prudent use of antimicrobials
in humans. Stockholm: ECDC.

Jahn L), Munck C, Ellabaan MMH, Sommer MOA. 2017. Adaptive la-
boratory evolution of antibiotic resistance using different selec-
tion regimes lead to similar phenotypes and genotypes. Front
Microbiol. 8:816.

Jolivet-Gougeon A, Kovacs B, Le Gall-David SL, Le Bars H, Bousarghin
L, Bonnaure-Mallet M, Lobe B, Guillé F, Soussy CJ, Tenke P. 2011.
Bacterial hypermutation: clinical implications. ] Med Microbiol.
60:563-573.

Khorchid A, Inoue M, Ikura M. 2005. Structural characterization of
Escherichia coli sensor histidine kinase EnvZ: the periplasmic
C-terminal core domain is critical for homodimerization.
Biochem . 385:255-264.

Kim S, Lieberman TD, Kishony R. 2014. Alternating antibiotic treat-
ments constrain evolutionary paths to multidrug resistance. Proc
Natl Acad Sci U S A. 111:14494-14499.

Kishii R, Falzon L, Yoshida T, Kobayashi H, Inouye M. 2007. Structural
and functional studies of the HAMP domain of EnvZ, an osmo-
sensing transmembrane histidine kinase in Escherichia coli*. ] Biol
Chem. 282:26401-26408.

Knopp M, Andersson DI. 2018. Predictable phenotypes of antibiotic
resistance mutations. MBio. 9:e00770-18.

Knoppel A, Knopp M, Albrecht LM, Lundin E, Lustig U, Nasvall J,
Andersson DI. 2018. Genetic adaptation to growth under labora-
tory conditions in Escherichia coli and Salmonella enterica. Front
Microbiol. 9:756.

Knoppel A, Nasvall ), Andersson DI. 2017. Evolution of antibiotic re-
sistance without antibiotic exposure. Antimicrob Agents
Chemother. 61:¢01495-17.

Kong H-K, Pan Q, Lo W-U, Liu X, Law COK, Chan T, Ho P-L, Lau TC-K.
2018. Fine-tuning carbapenem resistance by reducing porin per-
meability of bacteria activated in the selection process of conju-
gation. Sci Reports. 8:1-11.

Lazar V, Nagy |, Spohn R, Csérgé B, Gyorkei A, Nyerges A, Horvath B,
Vords A, Busa-Fekete R, Hrtyan M, et al. 2014. Genome-wide

20

analysis captures the determinants of the antibiotic cross-
resistance interaction network. Nat Commun. 5:4352.

Lazar V, Pal Singh G, Spohn R, Nagy I, Horvath B, Hrtyan M,
Busa-Fekete R, Bogos B, Méhi O, Csorgo B, et al. 2013. Bacterial
evolution of antibiotic hypersensitivity. Mol Syst Biol. 9:700.

Leclercq S, Derouaux A, Olatuniji S, Fraipont C, Egan AJF, Vollmer W,
Breukink E, Terrak M. 2017. Interplay between penicillin-binding
proteins and SEDS proteins promotes bacterial cell wall synthe-
sis. Sci Reports. 7:1-13.

Liakopoulos A, Aulin LBS, Buffoni M, Fragkiskou E, van Hasselt JGC,
Rozen DE. 2021. Allele-specific collateral and fitness effects deter-
mine the dynamics of fluoroquinolone-resistance evolution.
bioRxiv. preprint bioRxiv:2020.10.19.345058.

Lieberman TD, Michel JB, Aingaran M, Potter-Bynoe G, Roux D, Davis
MR, Skurnik D, Leiby N, Lipuma J), Goldberg JB, et al. 2011.
Parallel bacterial evolution within multiple patients identifies
candidate pathogenicity genes. Nat Genet. 43:1275.

Lindsey HA, Gallie ), Taylor S, Kerr B. 2013. Evolutionary rescue from
extinction is contingent on a lower rate of environmental
change. Nature. 494:463-467.

Madden T. 2003. Chapter 16 the BLAST sequence analysis tool. In:
McEntyre ), Ostell J, editors. The NCBI handbook [Internet]. 2nd
ed. Bethesda: National Center for Biotechnology Information
(US). p. 1-17.

Martinez JL, Baquero F. 2000. Mutation frequencies and antibiotic re-
sistance. Antimicrob Agents Chemother. 44:1771-1777.

Mehta HH, Prater AG, Shamoo Y. 2018. Using experimental evolu-
tion to identify druggable targets that could inhibit the evolu-
tion of antimicrobial resistance. | Antibiot (Tokyo). 71:279.

Moreno-Gamez S, Hilla AL, Rosenbloom DIS, Petrov DA, Nowak MA,
Pennings PS. 2015. Imperfect drug penetration leads to spatial
monotherapy and rapid evolution of multidrug resistance. Proc
Natl Acad Sci U S A. 112:E2874—E2883.

Murray CJ, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar G, Gray
A, Han C, Bisignano C, Rao P, Wool E, et al. 2022. Global burden of
bacterial antimicrobial resistance in 2019: a systematic analysis.
Lancet. 399:629-655.

Musher DM, Dowell ME, Shortridge VD, Flamm RK, Jorgensen JH, Le
Magueres P, Krause KL. 2002. Emergence of macrolide resistance
during treatment of pneumococcal pneumonia. N Engl | Med.
346:630-631.

Nichol D, Rutter J, Bryant C, Hujer AM, Lek S, Adams MD, Jeavons P,
Anderson ARA, Bonomo RA, Scott JG. 2019. Antibiotic collateral
sensitivity is contingent on the repeatability of evolution. Nat
Commun. 10:1-10.

O'Neill J. 2016. Tackling drug-resistant infections globally: final re-
port and recommendations. Rev Antimicrob Resist:1-84.

Osthoff M, Siegemund M, Balestra G, Abdul-Aziz MH, Roberts JA. 2016.
Prolonged administration of -lactam antibiotics-a comprehensive
review and critical appraisal. Swiss Med Wkly. 146:w14368.

Oz T, Guvenek A, Yildiz S, Karaboga E, Tamer YT, Mumcuyan N, Ozan
VB, Senturk GH, Cokol M, Yeh P, et al. 2014. Strength of selection
pressure is an important parameter contributing to the complex-
ity of antibiotic resistance evolution. Mol Biol Evol. 31:2387-2401.

Paterson IK, Hoyle A, Ochoa G, Baker-Austin C, Taylor NGH. 2016.
Optimising antibiotic usage to treat bacterial infections. Sci
Reports. 6:1-10.

Porse A, Jahn U, Ellabaan MMH, Sommer MOA. 2020. Dominant re-
sistance and negative epistasis can limit the co-selection of de
novo resistance mutations and antibiotic resistance genes. Nat
Commun. 11:1-9.

Ram Y, Dellus-Gur E, Bibi M, Karkare K, Obolski U, Feldman MW,
Cooper TF, Berman J, Hadany L. 2019. Predicting microbial
growth in a mixed culture from growth curve data. Proc Natl
Acad Sci U S A. 116:14698-14707.

Romero D, Traxler MF, Lopez D, Kolter R. 2011. Antibiotics as signal
molecules. Chem Rev. 111:5492-5505.

Santos-Lopez A, Marshall CW, Scribner MR, Snyder DJ, Cooper VS.
2019. Evolutionary pathways to antibiotic resistance are

€20z Jaquiedas /z uo 1senb Aq 901889/ GZOBSW/Z L/6E/2I0IE/Aq/WO0"dNO™dILSPEIE/:SA]Y WO} POPEO|UMO(


https://doi.org/10.1093/molbev/msac257

Antibiotic Cycling & Resistance Evolution - https://doi.org/10.1093/molbev/msac257

MBE

dependent upon environmental structure and bacterial lifestyle.
Elife. 8:e47612.

Sauvage E, Derouaux A, Fraipont C, Joris M, Herman R, Rocaboy M,
Schloesser M, Dumas J, Kerff F, Nguyen-Disteche M, et al. 2014.
Crystal structure of penicillin-binding protein 3 (PBP3) from
Escherichia coli. PLoS One. 9:1-11.

Schulz zur Wiesch P, Engelstadter J, Bonhoeffer S. 2010. Compensation
of fitness costs and reversibility of antibiotic resistance mutations.
Antimicrob Agents Chemother. 54:2085-2095.

Sheng H, Huang ), Han Z, Liu M, Ll Z, Zhang Q, Zhang, Yang ), Cui S,
Yang B. 2020. Genes and proteomes associated with increased
mutation frequency and multidrug resistance of naturally occur-
ring mismatch repair-deficient Salmonella hypermutators. Front
Microbiol. 11:770.

Sime FB, Roberts MS, Peake SL, Lipman J, Roberts JA. 2012. Does beta-
lactam pharmacokinetic variability in critically Il patients justify
therapeutic drug monitoring? A systematic review. Ann Intensive
Care. 2:35.

Spohn R, Daruka L, Lazar V, Martins A, Vidovics F, Grézal G, Méhi O,
Kintses B, Szamel M, Jangir PK, et al. 2019. Integrated evolution-
ary analysis reveals antimicrobial peptides with limited resist-
ance. Nat Commun. 10:1-13.

Stone NRH, Woodford N, Livermore DM, Howard J, Pike R, Mushtaq S,
Perry C, Hopkins S. 2011. Breakthrough bacteraemia due to
tigecycline-resistant  Escherichia  coli with New  Delhi
metallo-B-lactamase (NDM)-1 successfully treated with colistin in
a patient with calciphylaxis. ] Antimicrob Chemother. 66:2677-2678.

Sun S, Berg OG, Roth JR, Andersson DI. 2009. Contribution of gene
amplification to evolution of increased antibiotic resistance in
Salmonella typhimurium. Genetics. 182:1183-1195.

Sun S, Selmer M, Andersson DI. 2014. Resistance to 3-lactam antibio-
tics conferred by point mutations in penicillin-binding proteins
PBP3, PBP4 and PBP6 in Salmonella enterica. PLoS One. 9:1-10.

Tam VH. 2002. Pharmacodynamics of cefepime in patients with
gram-negative infections. | Antimicrob Chemother. 50:425-428.

Tanaka T, Saha SK, Tomomori C, Ishima R, Liu D, Tong KI, Park H,
Dutta R, Ling Q, Swindells MB, et al. 1998. NMR Structure of
the histidine kinase domain of the E. coli osmosensor envZ.
Nature. 396:88-92.

Tanner JR, Kingsley RA. 2018. Evolution of salmonella within hosts.
Trends Microbiol. 26:986-998.

Tenaillon O, Barrick JE, Ribeck N, Deatherage DE, Blanchard JL,
Dasgupta A, Wu GC, Wielgoss S, Cruveiller S, Médigue C, et al.

2016. Tempo and mode of genome evolution in a
50,000-generation experiment. Nature. 536:165.

Toprak E, Veres A, Michel )B, Chait R, Hartl DL, Kishony R. 2012.
Evolutionary paths to antibiotic resistance under dynamically
sustained drug selection. Nat Genet. 44:101-105.

Trampari E, Holden ER, Wickham GJ, Ravi A, Martins LO, Savva GM,
Webber MA. 2021. Exposure of Salmonella biofilms to antibiotic
concentrations rapidly selects resistance with collateral trade-
offs. NPJ Biofilms Microbiomes. 7:3.

Tseng BS, Zhang W, Harrison J), Quach TP, Song JL, Penterman ),
Singh PK, Chopp DL, Packman Al, Parsek MR. 2013. The extra-
cellular matrix protects Pseudomonas aeruginosa biofilms by
limiting the penetration of tobramycin. Environ Microbiol. 15:
2865-2878.

Vargiu A V, Nikaido H. 2012. Multidrug binding properties of the
AcrB efflux pump characterized by molecular dynamics simula-
tions. Proc Natl Acad Sci. 109:20637-20642.

Wang X, Biswas S, Paudyal N, Pan H, Li X, Fang W, Yue M. 2019.
Antibiotic resistance in salmonella typhimurium isolates recov-
ered from the food chain through national antimicrobial resist-
ance monitoring system between 1996 and 2016. Front
Microbiol. 10:985.

Ward H, Perron GG, Maclean RC. 2009. The cost of multiple drug re-
sistance in Pseudomonas aeruginosa. J Evol Biol. 22:997-1003.

Wiegand |, Hilpert K, Hancock REW. 2008. Agar and broth dilution
methods to determine the minimal inhibitory concentration
(MIC) of antimicrobial substances. Nat Protoc. 3:163-175.

Yamaguchi A, Nakashima R, Sakurai K. 2015. Structural basis of
RND-type multidrug exporters. Front Microbiol. 6:1-19.

Yamasaki S, Nikaido E, Nakashima R, Sakurai K, Fujiwara D, Fujii |,
Nishino K. 2013. The crystal structure of multidrug-resistance
regulator RamR with multiple drugs. Nat Commun. 4:1-7.

Yen P, Papin JA. 2017. History of antibiotic adaptation influences mi-
crobial evolutionary dynamics during subsequent treatment.
PLoS Biol. 15:¢2001586.

Yoshida M, Reyes SG, Tsuda S, Horinouchi T, Furusawa C, Cronin L.
2017. Time-programmable drug dosing allows the manipulation,
suppression and reversal of antibiotic drug resistance in vitro.
Nat Commun. 8:1-11.

Zhang Q, Lambert G, Liao D, Kim H, Robin K, Tung C, Pourmand N,
Austin RH. 2011. Acceleration of emergence of bacterial anti-
biotic resistance in connected microenvironment. Science.
333:1764-1767.

21

€20z Jaquiedas /z uo 1senb Aq 901889/ GZOBSW/Z L/6E/2I0IE/Aq/WO0"dNO™dILSPEIE/:SA]Y WO} POPEO|UMO(


https://doi.org/10.1093/molbev/msac257

	Antibiotic Cycling Affects Resistance Evolution Independently of Collateral Sensitivity
	Introduction
	Results
	Influence of Preadaptation to Cefotaxime on Resistance Evolution to Second Antibiotics
	Adaptation to Linearly Increasing Cefotaxime Concentrations Results in High Resistance Levels
	Mutations are Mainly Found in Four Antibiotic Resistance-Related Genes
	Cross-resistance is Omnipresent in Cefotaxime-Treated Populations
	Cefotaxime Preadaptation Impacts Subsequent Resistance Evolution to Second Antibiotics

	Effect of Cefotaxime Gradient Strength on Resistance Evolution Against Second Antibiotics
	Cefotaxime Resistance Evolves Under Different Gradient Strengths
	Cefotaxime Gradient Strength Negatively Impacts Resistance Evolution
	Cefotaxime Gradient Strength is Positively Related to Fitness Cost of Resistance
	Cefotaxime Gradient Strength is Inversely Related to Diversity in Adaptive Mutations
	Cefotaxime Gradient Strength Does not Impact Cross-resistance and Collateral Sensitivity Levels
	Cefotaxime Gradient Strength Impacts Resistance Evolution Against Second Antibiotics


	Discussion
	Materials and Methods
	Bacterial Strains, Media, and Growth Conditions
	Dose–response Curve for the Ancestor Strain (MICA)
	Experimental Evolution Under Different Cefotaxime Gradient Strengths
	Selecting Single Colonies From Evolved Populations
	MIC Assays
	ftsI Mutant Construction
	Preparing Genomic DNA for Whole Genome Sequencing
	Further Analysis of WGS
	Adaptation to a Second Antibiotic
	Growth Analyses and Relative Fitness
	Criteria for Detecting Clonal Interference in Sequenced Populations
	Statistics

	Supplementary Material
	Acknowledgements
	Author Contributions
	Data Availability
	Conflict of Interest Statement
	References




