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Abstract

Experimental evolution studies have shown that weak antibiotic selective pressures (i.e., when the antibiotic concen-
trations are far below the minimum inhibitory concentration, MIC) can select resistant mutants, raising several un-
answered questions. First, what are the lowest antibiotic concentrations at which selection for de novo resistance
mutations can occur? Second, with weak antibiotic selections, which other types of adaptive mutations unrelated
to the antibiotic selective pressure are concurrently enriched? Third, are the mutations selected under laboratory
settings at subMIC also observed in clinical isolates? We addressed these questions using Escherichia coli populations
evolving at subMICs in the presence of either of four clinically used antibiotics: fosfomycin, nitrofurantoin, tetracyc-
line, and ciprofloxacin. Antibiotic resistance evolution was investigated at concentrations ranging from 1/4th to
1/2000th of the MIC of the susceptible strain (MICy.ceptible)- Our results show that evolution was rapid across all
the antibiotics tested, and selection for fosfomycin- and nitrofurantoin-resistant mutants was observed at a concen-
tration as low as 1/2000th of MICccptible- Several of the evolved resistant mutants showed increased growth yield
and exponential growth rates, and outcompeted the susceptible ancestral strain in the absence of antibiotics as well,
suggesting that adaptation to the growth environment occurred in parallel with the selection for resistance. Genomic
analysis of the resistant mutants showed that several of the mutations selected under these conditions are also found
in clinical isolates, demonstrating that experimental evolution at very low antibiotic levels can help in identifying
novel mutations that contribute to bacterial adaptation during subMIC exposure in real-life settings.
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largely unclear. A few studies have shown the emergence
of resistance mutations that are found in clinical isolates
under subMIC antibiotic exposure, for example, for fluoro-
quinolone (Sanz-Garcia et al. 2022) and streptomycin
(Wistrand-Yuen et al. 2018) subMIC levels selected for mu-
tations in the fluoroquinolone target DNA gyrase (gyrA)

Introduction

Preexisting and de novo-generated resistant mutants can
be selected at very low antibiotic concentrations that are
well below the minimum inhibitory concentration
(subMIC) of a given antibiotic (Davies et al. 2006;
Olofsson et al. 2007; Gullberg et al. 2011, 2014; Westhoff

et al. 2017; Wistrand-Yuen et al. 2018; Sanz-Garcia et al.
2020; Stanton et al. 2020; Gu et al. 2021). These results im-
ply that the selection of antibiotic resistance is likely to also
occur in many environments where antibiotics are present
at low concentrations due to anthropogenic pollution, for
example in soil, surface water, and wastewater treatment
plants, as well as in certain tissues/compartments in
antibiotic-treated humans and animals (Baquero and
Negri 1997, Kimmerer and Henninger 2003; Berge et al.
2005; Chee-Sanford et al. 2009; Heuer et al. 2017;
McManus 2014; Gao et al. 2015; Shenje et al. 2015;
Thabit et al. 2019). Although these studies have demon-
strated that subMIC antibiotic levels can indeed select
for resistance, the potential for the emergence of clinically
relevant mutations under such selection regimes remains

and the gidB gene (encodes an enzyme that modifies the
ribosome), respectively. These limited number of studies
accentuate the need to systematically determine if clinic-
ally relevant resistance mutations are selected under
subMIC exposure and to examine the nature of these
mutations.

Furthermore, since selection for resistance at antibiotic
levels much below the MIC is weak, other concurrent se-
lective pressures present in these environments, such as
adaptation to the specific growth conditions (energy/car-
bon sources, temperature, and pH), as well as compensa-
tory evolution to reduce the fitness costs of any
emerging resistance mutations (Bjorkman et al. 2000;
Moura de Sousa et al. 2015; Gifford et al. 2016), will also
influence the evolutionary trajectory. These considerations
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raise questions regarding the relative importance of bona
fide resistance mutations and media adaptive mutations,
respectively, at subMIC levels and also whether certain
mutations can concomitantly increase resistance and con-
fer media adaptation. Precedent for the existence of the
latter type of mutations comes from two previous studies
which showed that a small fraction of mutants selected for
adaptation to the specific growth media, in the absence of
any antibiotic exposure, coincidentally also showed in-
creased resistance to some antibiotics (Knoppel et al.
2017; Lamrabet et al. 2019). These results suggest that
there exist a pool of mutations that pleiotropically can
cause both increased resistance and media adaptation,
and thus, they could potentially play a role during
subMIC evolution. Regarding compensatory evolution at
subMIC, to the best of our knowledge, only a single study
utilizing Streptomyces coelicolor and subMIC exposure of
streptomycin (Westhoff et al. 2017) has suggested the
role of compensatory mutations in the selection of resist-
ant mutants.

For this study, we examined antibiotics that are clinical-
ly relevant and are used to treat human and animal infec-
tions caused by E coli, including nitrofurantoin,
ciprofloxacin, and fosfomycin (Wagenlehner et al. 2013;
Pérez et al. 2014; Huttner et al. 2015; Papich 2017;
Huttner et al. 2018; Kot 2019; Drekonja et al. 2021; Leuin
et al. 2021). We also included the antibiotic tetracycline,
which is used for other types of infections (Roberts
2003) and is commonly found at low concentrations in
many natural environments (Liu et al. 2018; Song et al.
2021; Wang et al. 2021). For each of these antibiotics,
the selection was carried out over a wide-range of
subMIC antibiotic levels to determine the minimal select-
ive concentration (MSCs), where MSC is defined as the
lowest antibiotic concentration where the fitness cost of
the resistance is balanced by the antibiotic-conferred se-
lection for the resistant mutant (Gullberg et al. 2011).
Individual resistant mutants were characterized with re-
gard to their resistance level, relative fitness (in single
batch culture and by competitions), and cross-resistance
to other antibiotics, and were whole-genome sequenced
to identify the genes and mutations that conferred in-
creased resistance and/or growth-media adaptation.

Results

Selection of Resistant Mutants at subMIC

of Antibiotics

We serially passaged eight lineages of E. coli K-12 MG1655
at different subMIC antibiotic concentrations of fosfomy-
cin, tetracycline, nitrofurantoin, and ciprofloxacin to
determine the lowest antibiotic concentrations that
would result in the selection of resistant mutants (fig. 1).
As a control, bacteria were also serially passaged in the
absence of antibiotics and under these conditions, no in-
crease in resistance was observed. The antibiotic concen-
trations used in our experiments ranged from 1/4th of
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MIC  sceptible  t0 1/2000th  of MIC ysceprible  (Where
MICsysceprible refers to the MIC of the susceptible E. coli
K-12 strain for each antibiotic). After every ~30 genera-
tions of serial passage, approximately 10° bacterial cells
were plated from each lineage on plates containing anti-
biotic concentrations of 2X-, 4X- 8X- and 16X
MIC,ysceprible to determine the frequency of resistant mu-
tants in the evolving population. For all the antibiotics
tested, we observed an increase in the frequency of resist-
ant mutants over the course of the experiment, although
the rate of increase and the lowest concentration at which
selection for resistant mutants observed is antibiotic-
specific (supplementary fig. S1, Supplementary Material
online). For example, fosfomycin selection occurred rapid-
ly and fixation of high-level resistant mutants was ob-
served at concentrations of 1/20th of MIC sceprible at
~30 generations, while an increase in the frequency of re-
sistant mutants continued to occur even at concentra-
tions below it, although at a slower rate. Despite this
difference in rates, the selection of high-level fosfomycin-
resistant mutants (ability to grow at an antibiotic concen-
tration of 16 X MIC,ysceprible) Was observed at all the
different subMICs of fosfomycin, although they only
reached fixation at subMICs of 1/50th of MIC,,scepcibie
and above. On the other hand, the selection of resistant
mutants for ciprofloxacin was observed only at concentra-
tions of 1/4th of MIC,cepcible and 1/10th of MIC,scepeible
after ~200 generations of cycling, with high-level resistant
mutants (ability to grow at an antibiotic concentration of
8X  MICysceprible) Only being selected at 1/4th of
MIC,ysceprible- FOr the remaining two antibiotics, the rate
of enrichment of resistant mutants ranges between these
two extremes (supplementary fig. S1, Supplementary
Material online). Thus for tetracycline, high-level resistant
mutants (ability to grow at an antibiotic concentration of
16 X MICysceprible) Were observed at subMICs of 1/50th of
MIC,ysceprible and above, but were only fixed in the popu-
lation at concentrations of 1/4th of MIC,scepribles While re-
sistant mutants that could grow at 4 X MIC;ceprible Were
observed at all the subMICs tested, and reached fixation at
concentrations of 1/200th of MIC,scepeible and above. For
nitrofurantoin, mutants that could grow at concentrations
of 16X MICysceprible Were observed only at 1/4th of
MICsyscepribles but did not reach fixation during the course
of the experiment, while the mutants that could grow at
4 X MICgysceprible Were observed at all the subMICs tested.

Minimal Selective Concentrations for Different
Antibiotics and Resistance Levels of Mutants
Selection of resistant mutants occurs over a broad range of
subMICs in our experiments, allowing us to determine the
minimum selective concentration (MSC) for each of the
four antibiotics used in our study (fig. 2, Table 1 and
supplementary Table S2, Supplementary Material online).
The lowest antibiotic concentration at which the selection
of resistant mutants was observed is reported as the MSC
in our dataset. To determine the MSC for resistant
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Fic. 1. Selection of resistant bacteria at the subMICs of four antibiotics. (A) The antibiotic concentrations used in the selection experiments
ranged from 1/4th to 1/2000th MIC,ysceprible- Eight lineages were used for each concentration of a given antibiotic, and the experiment was
carried out by transferring 20 pl of overnight-grown cultures into 180 pl of fresh media every 12 h. (B, C) The frequency of resistant bacteria
was measured over the course of the experiment by plating approximately 10° cells/lineage on agar plates containing antibiotic concentrations
of 2X-, 4X -, 8X-, and 16 X - MICysceprible- (D—F) Resistant mutants were characterized by measuring the growth rates at different antibiotic
concentrations, by identifying adaptive mutations using whole-genome sequencing, and by determining relative fitness using competition assays

between fluorescently marked susceptible and resistant strains.

mutants with different levels of resistance, we screened for
the emergence of mutants at antibiotic concentrations of
2X-, 4X-, 8X-, and 16 X of MIC,ysceprible. AS SUMMar-
ized in figure 2, depending on the antibiotic, the lowest
concentration at which resistant mutants are selected
(i.e, MSC) is either 1/20th (ciprofloxacin), 1/200th (tetra-
cycline), or 1/2000th (fosfomycin and nitrofurantoin) of
MICsysceprible- In addition, and as expected, the higher
the antibiotic concentration used for selection, the high-
er the resistance level of the resistant mutants. This was
observed for nitrofurantoin, tetracycline, and ciprofloxa-
cin, but not for fosfomycin, where even the lowest con-
centration (1/2000th of MICscepibie) Was selected for
mutants that could grow at all tested concentrations.
Importantly, the subMIC exposure resulted in the selec-
tion of mutants with resistance levels above the clinical
break-point (fosfomycin and nitrofurantoin) or just be-
low (ciprofloxacin), whereas for tetracycline, no clinical
breakpoint has been set for E. coli (fig. 3).

Clinically Relevant Resistance Mutations Can be
Selected at subMICs of Antibiotics

To identify the resistance mutations that were enriched in
these experiments, we, whole-genome sequenced a subset
of resistant clones isolated at the end-point of the

evolution experiment for each antibiotic. Thus, eight
clones were whole-genome sequenced from lineages
each evolving at antibiotic concentrations of 1/4th and
1/200th of MIC,ysceprible- For fosfomycin, resistant clones
selected at antibiotic concentrations of 1/2000th of
MIC,yscepeible Were also whole-genome sequenced, while
ciprofloxacin-resistant clones selected at 1/10th of
MICsceprible (instead of 1/200th of MICysceprible) Were
whole-genome sequenced. To ensure that we sequenced
mutants with potentially different resistance mutations,
we first determined the growth rate of the isolated mu-
tants at different concentrations of the appropriate anti-
biotic. This allowed us to choose mutants with different
growth rates (and potentially different types of mutations)
for whole-genome sequencing (supplementary fig. S2,
Supplementary Material online). We also determined if
any of the selected mutants were mutator strains by per-
forming the Luria—Delbruck fluctuation test with rifampi-
cin resistance as the test marker. If the resistant clone was
identified as a mutator strain then, wherever possible, it
was not whole-genome sequenced because of the diffi-
culty in making any meaningful genotype-phenotype cor-
relations in mutants carrying many mutations.

This analysis demonstrates the presence of multiple
clinically relevant antibiotic resistance mutations among
the isolated resistant clones (fig. 4, supplementary fig. S3
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FiG. 2. Minimal selective concentrations (MSCs) for resistant mutants. Minimal selective concentrations for mutants with different levels of re-
sistance toward the antibiotics (A) fosfomycin, (B) tetracycline, (C) nitrofurantoin, and (D) ciprofloxacin. In cases where the emergence of re-
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resistance. The MIC for each antibiotic, as determined by broth microdilution assay, is represented by the horizontal line.

Table 1. Minimal Selective Concentrations (MSC) for Resistant Mutants With Different Levels of Resistance (2-64XMIC) on Fosfomycin, Tetracycline,
Nitrofurantoin, and Ciprofloxacin.

Minimal Selective Concentration mg/L (xMICy7)

8xMIX 16xMIX 32xMIX 64xMIX
Fosfomycin <0.001 — <0.001 <0.001 — —
(<1/2000) (<1/2000) (<1/2000)

Tetracycline — 0.0031-0.0013

(1/200-1/500)

0.0031-0.0013
(1/200-1/500)

0.0125-0.0031 — —
(1/50-1/200)

Nitrofurantoin — <0.0013 0.013-0.005 0.625-0.25 — -
(<1/2000) (1/200-1/500) (1/4-1/10)
Ciprofloxacin 0.0015-0.0007 —_ 0.0038-0.0015 >0.0038 —_ —_
(1/10-1/20) (1/4-1/10) (>1/4)

MSC values were calculated based on the enrichment of resistant mutants in evolution experiments at subMICs of antibiotics.

and Table S3, Supplementary Material online). For fosfo-
mycin, this included mutations in genes glpT (glycerol
3-phosphate:phosphate antiporter), uhpT (hexose-6 phos-
phate:phosphate antiporter), uhpC (inner membrane
protein sensing glucose 6-phosphate), and uhpA (tran-
scriptional activator for genes encoding proteins sensing
glucose 6-phosphate). Mutations in these genes have
been shown to confer fosfomycin resistance by reducing
fosfomycin uptake (Nilsson et al. 2003; Fu et al. 2015).
Resistance to the antibiotic nitrofurantoin was linked to

4

mutations in genes nfsA (nitroreductase), nfsB (nitrore-
ductase), and a deletion in the intergenic region between
the genes marA-marB (“multiple antibiotic resistance”
genes). Proteins encoded by genes nfsA and nfsB are en-
zymes known to activate the inactive form of nitrofuran-
toin inside the cell, and mutations that result in the loss
of function or reduced function in these genes would
thus result in lower levels of the activated antibiotic inside
the cell (Sandegren et al. 2008; Wan et al. 2021).
Additionally, proteins encoded by the marA-marB genes
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Fic. 3. de novo-resistant mutants selected at subMICs of antibiotics have resistance levels that are above the clinical break-points. Resistance
levels of mutants selected at subMICs of 1/4th, 1/200", and 1/2000th MIC,yscepribie are plotted for (A) fosfomycin, those selected at subMICs 1/
4th and 1/200th MIC,ceprible are plotted for (B) tetracycline, (C) nitrofurantoin, and those selected at subMICs of 1/4th and 1/10th MICceprible
are plotted for (D) ciprofloxacin. The absolute antibiotic concentrations used for selection are shown as dotted lines, while the clinical break-
points are shown as solid lines. For fosfomycin, data points shown in the gray bar represent MIC values that are greater than the maximum that
could be measured using an E-test, that is, the MIC for these strains is >1024 mg/L.

are known to regulate the expression of genes involved in
conferring antibiotic resistance and resistance to oxidative
stress (Barbosa and Levy 2000; Chollet et al. 2002).
Ciprofloxacin-resistant mutants included mutations in
genes gyrA (DNA gyrase subunit A) and gyrB (DNA gyrase
subunit B). These are the target genes for ciprofloxacin,
and mutations in these genes result in reduced binding
of ciprofloxacin to DNA gyrase (Lee et al. 2005; Garoff
et al. 2020). Tetracycline-resistant mutants had mutations
in the gene envZ (sensor histidine kinase). Although it is
unclear how mutations in this gene confer resistance to-
ward tetracycline, they have been shown to be clinically
relevant for other antibiotics (Adler et al. 2016).

Both Increased Resistance and Media Adaptation
Contribute to the Increased Fitness at subMIC of
Antibiotics

Our experimental design allowed us to determine the con-
tributions of resistance evolution and growth environment
adaptation to the enrichment of mutants at the subMIC
levels of antibiotics. To this end, we measured the relative
fitness of 40 resistant mutants (isolated from the end-
point of the evolution experiment) both in the presence
and absence of the antibiotic by competition with the

wild-type susceptible ancestral strain. Out of these 40 re-
sistant mutants, 34 showed an increase in fitness both in
the presence and absence of the antibiotic, one had higher
fitness than the wild-type susceptible strain in the pres-
ence of the antibiotic but had the same fitness in its ab-
sence, and five showed a reduction in fitness under both
these conditions (fig. 5). The latter observation is peculiar,
but it most likely indicates the presence of non-transitive
fitness interactions in our experiments (Paquin and
Adams 1983; Rainey and Travisano 1998; Buskirk et al.
2020), such that a competition with the ancestral parent
strain does not correctly reflect the fitness trajectory of
the evolving population. These mutants were not investi-
gated further.

To determine the contribution of increased antibiotic
resistance to the increase in fithess among the remaining
35 resistant mutants, we calculated the difference between
the selection coefficients measured in the presence and
absence of the antibiotic (fig. 6). Out of the 35 resistant
mutants investigated, 16 mutants showed a measurable
and statistically significant effect of the presence of the
antibiotic on fitness (fig. 6). Among the remaining 19 mu-
tants, 13 did not have a value that was statistically different
from 0. It is possible that in these 13 cases, the fitness ad-
vantage due to increased antibiotic resistance was too
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Fic. 5. Relative fitness of resistant mutants in the presence and absence of the antibiotic. Forty resistant mutants isolated at the endpoint of the
experiment competed with the susceptible ancestral strains in the presence (circles) and absence of the antibiotic (squares). The concentration
of the antibiotic used in competition experiments was the same as that used during the selection experiments. Relative fitness is given as se-
lection coefficients. Different colors represent different antibiotics. Eight independent competitions were performed in each case. The error bars
represent a standard deviation. Two-tailed Student’s t-test was performed to test for statistically significant differences at P =0.05. Black * in-
dicates that relative fitness is statistically different from 0, both in the presence and absence of the antibiotic, while gray * indicates that relative
fitness is statistically different from 0 only in the presence of the antibiotic.

small to be measured by our competition assay. The differ-
ence between the selection coefficients for the remaining
six mutants was statistically lower than 0, suggesting po-
tentially complex interactions between mutations confer-
ring resistance and those conferring adaptation to the
growth environment. Despite this complexity, our data
convincingly demonstrate that under these conditions,
there is concomitant selection for increased resistance
and adaptation to the growth environment.

6

We also investigated the growth curves for each of these
35 resistant mutants to determine the relative contribu-
tion of an altered exponential growth rate and/or growth
yield (population density in stationary phase) to increased
fitness at subMICs of antibiotics (fig. 7A and B). A majority
of the resistant mutants showed a higher relative growth
yield both in the presence and absence of the antibiotic
(when compared with the susceptible ancestral strain).
For a small subset of mutants, we also observed a higher
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was performed to test for statistically significant differences at P =0.05.

relative exponential growth rate for the resistant mutants
both in the presence and absence of the antibiotic. Overall,
these findings suggest that selection for increased yield was
the predominant adaptive response during these serial
passage conditions. We further investigated the correl-
ation between increased resistance and these fitness com-
ponents by comparing the relative exponential growth
rate and growth yield for each mutant in the presence
and absence of the antibiotic (fig. 7C). About half (18
out of 35) of the resistant mutants showed either an in-
creased growth-yield (10 out of 35) or higher exponential
growth rate (8 out of 35) that was due to the presence of
the antibiotic, suggesting that selection for an increased
growth yield and a higher exponential growth rate contrib-
uted equally toward resistance evolution at subMIC of
antibiotics. Based on the present data, we cannot deter-
mine which type of mutants emerged first during
selection.

Whole-genome sequencing of these resistant clones al-
lowed us to identify the genetic changes that either con-
tributed to the mutant becoming more resistant or
better adapted to the growth environment. To determine
the contribution of individual mutations, we first per-
formed a literature search to identify mutations that are
known to contribute to either resistance evolution or
those that are known to result in adaptation to the growth
environment (supplementary fig. S3 and supplementary
Table S3, Supplementary Material online). In addition,
we also reconstructed specific mutations to investigate
them individually, including the mutations in genes
kdpD (Arg511Lys), glpT (Asp88Glu), nfsA (Trp 212*), and
envZ (Val49Ala). A total of 95 unique mutations were iden-
tified across 24 genes (fig. 8A-D). Based on the list of mu-
tations identified from the literature and those that were
reconstructed, 47 of them could potentially increase

fitness by increasing resistance, while 48 of them could po-
tentially confer adaptation to the growth environment
(fig. 8A-D). Thus, at all the subMICs for the different anti-
biotics investigated, there was a selection for mutations
conferring antibiotic resistance and growth environment
adaptation.

Resistant Mutants Display Cross-resistance

to Other Antibiotics

To determine if resistant mutants selected in our experi-
ments were cross-resistant to other antibiotics, we mea-
sured the MICs of several different antibiotics for 83
resistant clones isolated from the end-point of our experi-
ment. Cross-resistance was observed for clones selected on
tetracycline and nitrofurantoin, where the former showed
cross-resistance to fosfomycin and ciprofloxacin, and the
latter demonstrated cross-resistance to fosfomycin.
(supplementary Table S4, Supplementary Material online).
The tetracycline-resistant mutants did not have any
known mutations that confer high-level of fosfomycin re-
sistance, whereas the nitrofurantoin-resistant mutants
demonstrating cross-resistance to fosfomycin had a muta-
tion in the uhpT gene, which has previously been impli-
cated in fosfomycin resistance (Nilsson et al. 2003).

Discussion

The Minimal Selective Concentration for the
Enrichment of de novo Resistance Mutations

is Antibiotic Dependent

One main objective of this study was to determine the
MSC for de novo resistance mutations for several antibio-
tics. The choice of antibiotics was motivated by clinical
relevance and included fosfomycin, nitrofurantoin, and
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ciprofloxacin, which are all used for E. coli infections.
Furthermore, clinically relevant resistance mutations are
well characterized for these antibiotics, and in most cases,
are a result of de novo occurring mutations. We also in-
cluded tetracycline in our study because of its human
and veterinary use (for other infections than those caused
by E. coli) and common occurrence as an anthropogenic
pollutant in several different environments. These four
antibiotics also inhibit the growth of the bacterium in dif-
ferent ways by interacting with a diverse array of cellular
processes. Thus, fosfomycin interacts with the MurA pro-
tein (Marquardt et al. 1994; Silver 2017) which is involved
in peptidoglycan synthesis (cell-wall synthesis), ciprofloxa-
cin interacts with the DNA gyrase enzyme (Barnard and
Maxwell 2001; Mustaev et al. 2014) (DNA replication),
tetracycline interacts with the ribosome (Chopra and
Roberts 2001) (protein synthesis), while nitrofurantoin is
a pro-dug that is activated to a free radical compound,
which is suggested to have multiple targets within the
cell (Jenkins and Bennett 1976; McOsker and Fitzpatrick
1994). Despite these different modes of actions, selection
for antibiotic resistance was observed for all four antibio-
tics, but the MSC varied between the different antibiotics,
both with regard to absolute concentration and relative to
the MIC,ysceprible- Thus, in our experiments, we observed
selection for fosfomycin and nitrofurantoin resistance mu-
tations at antibiotic concentrations of 1/2000th of
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while different colors represent

Tetracycline different antibiotics.

MIC,yscepribles for tetracycline at 1/500th of MICscepribles
and for ciprofloxacin-resistant mutants, selection was ob-
served at an antibiotic concentration of 1/20th of
MIC,ysceprible- Although this difference in MSCs for differ-
ent antibiotics is in accordance with previously published
studies (Sanz-Garcia et al. 2022), the selection of clinically
relevant resistance mutations for fosfomycin at 1/2000th
of MIC,ysceprible is 10 times lower than the previously pub-
lished values for MSCs for any antibiotic, accentuating the
role of very low antibiotic concentrations as a selective
force that enriches antibiotic resistance mutations in the
environment.

Pervasive Selection of Clinically Relevant Mutations
at subMICs of Antibiotics

Another important observation in this study was the per-
vasive selection of clinically relevant antibiotic-resistance
mutations. Thus, mutations in the genes glpT and genes
of the uhp operon were enriched under the subMICs of
fosfomycin, mutations in genes nfsA and nfsB were se-
lected under the subMICs of nitrofurantoin, mutations
in genes gyrA and gyrB were selected under the subMICs
of ciprofloxacin, and mutations in genes envZ were se-
lected under the subMICs of tetracycline. Mutations in
all these genes have previously been identified in clinical
isolates with resistance to the respective antibiotics
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Fic. 8. Unique mutations contribute to the increase in resistance and growth environment adaptation. Whole-genome sequencing of multiple
clones identified 95 unique mutations across 24 genes that potentially contribute to either an increase in resistance (marked as green) or adap-
tation to the growth (non-antibiotic) environment (marked as red). These are individually shown for each antibiotic (A-fosfomycin,
B-tetracycline, C-nitrofurantoin, and D-ciprofloxacin). The mutations observed in the different mutants are listed next to each gene.
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(Lee et al. 2005; Fu et al. 2015; Adler et al. 2016; Wan et al.
2021), except for the mutations in gene envZ which has
been shown to be clinically relevant for other antibiotics
(Adler et al. 2016). Thus, not only does this study demon-
strate the selection of resistance mutations at extremely
low concentrations, but also shows the selection of known
clinically relevant mutations at these concentrations.
Whole-genome sequencing analysis of multiple resistant
mutants for each selective regime allowed us to determine
that 47 unique mutations were observed across the above-
mentioned targets (fig. 8A-D), further highlighting the
pervasive selection for antibiotic resistance evolution at
subMICs of antibiotics. This observation of a large number
of mutations for increased resistance in clinically relevant
target genes is worrisome, since similar antibiotic concen-
trations have been shown to be present in many different
environments (Chee-Sanford et al. 2009; Heuer et al. 2011;
McManus 2014; Gao et al. 2015). This suggests that several
types of environments could serve as points of emergence
and spread of these clinically relevant mutations.
Furthermore, some of these mutations also conferred
cross-resistance to other antibiotics than those they
were selected on, making them especially problematic.

Adaptation to the Growth Environment Plays a

Significant Role Under the subMIC Selection Regime
Another significant observation in our study was that be-
sides the selection for increased resistance, adaptation to
the growth environment (non-antibiotic related) was
also a significant selective pressure. Thus, out of the 40
resistant mutants isolated from populations evolving at
the subMICs of different antibiotics and where fitness
was measured using competition experiments, 34 had
higher fitness than the starting susceptible ancestral
strain, even in the absence of the antibiotic.
Whole-genome sequencing analysis of these resistant
clones further shows that a total of 48 mutations could
potentially increase fitness to the growth environment
across these isolated resistant clones (fig. 8A-D).
Intuitively, evolution under the subMIC selective regime
could either proceed via the evolution of “specialist”
types where adaptation against the antibiotics could re-
present one fitness peak, while adaptation to the growth
environment might represent a second fitness peak.
Alternatively, these environments could select for “gen-
eralist” strains that are adapted to both the environment
and against the antibiotics, implying the occurrence of
multiple selective sweeps, where the adaptive mutations
for both these selective pressures occur in the same
background, and/or that pleiotropic mutations that
confer both resistance and media adaptation are se-
lected (Knoppel et al. 2017; Lamrabet et al. 2019). Our re-
sults suggest that the evolutionary trajectory under the
subMIC selective regime is inclined toward the selection
of these generalist strains that are both resistant to the
antibiotics and better adapted to the growth environ-
ment. Although several studies have shown the
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evolution of antibiotic resistance at low antibiotic con-
centrations, the occurrence of adaptation to the growth
environment in such environments is usually unaccount-
ed for. Our results imply that the selection of resistance
mutations under the subMIC selection regime should be
extended to include mutations that confer a general
growth adaptation, and their role in influencing the evo-
lutionary outcome when the antibiotic selection is weak,
should further be investigated.

Materials and Methods

Bacterial Strains, Antibiotics and Growth Conditions
The bacterial strain Escherichia coli K-12 MG1655 was used
as the susceptible parental strain for all the experiments.
All the evolved resistant clones that were investigated in
this study are listed in supplementary Table S1,
Supplementary Material online. The antibiotics used for
the evolution experiments included fosfomycin
(Mlcsusceptible/Etest =0.380 mg/L and MICsusceptibIe/broth
micro.= 2 mg/L), tetracycline (Mlcsusceptible/Etest =
0.750 mg/L and MICsusceptible/broth micro.= 0.625 mg/l-)r ni-
trofuranotoin (MIC,ysceptible/erest = 2 mg/L and
MICsceptible/broth  micro= 2.5 mg/L), and ciprofloxacin
(N\Icsusceptible/Etest =0.012 mg/l— and Mlcsusceptible/broth micro.
=0.015 mg/L). The liquid and solid media used for all the ex-
periments were Mueller—Hinton broth and Mueller—Hinton
Agar (Becton Dickinson, MD, USA). All the experiments
were performed at 37 °C. Glucose-6-phosphate was added
to the media at a concentration of 50 mg/L for experiments
involving fosfomycin.

Experimental Evolution Set-up and Determining the
Emergence and Frequency of Resistant Mutants

The evolution experiments are performed in 96-well plates
with eight lineages evolving per subMIC of the antibiotic
(fig. 1). Eight replicate populations were also evolved in
an antibiotic-free media and these served as control popu-
lations to determine the basal mutation rate for antibiotic
resistance mutations. Several subMICs were used for each
antibiotic, ranging from 1/4th of MIC,sceprible to 1/2000th
of MICcceprible- Each well contained 200 pl of the appro-
priate media, and the bacteria was allowed to grow for
12 h after which 20 pl of grown cells was transferred to
180 pl of fresh media. This resulted in ~3.3 generations
of growth per cycle. At different time points during the
course of the experiment (supplementary fig. S1,
Supplementary Material online), 1 pl from each well was
plated on antibiotic-containing plates to determine the
occurrence and frequency of resistant mutants. Since we
were broadly interested in the evolutionary dynamics at
each subMIC of the antibiotic and not in the individual
population-level dynamics, we mixed 1 ul each from four
lineages that were evolving under the same condition
and plated the mixture on a single antibiotic-containing
plate. Thus, the frequency measured is a cumulative fre-
quency of resistant mutants combined from four lineages.
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In each case, dilutions of this mixture were also plated on
non-antibiotic-containing plates to approximate the
population size for the lineages. MSC is reported as the
lowest antibiotic concentration where enrichment of
the resistant mutants was observed. Fixation of high-level
resistant mutants was assumed when a bacterial lawn
was observed on the antibiotic-containing plates. The anti-
biotic concentrations used to screen for resistant mutants
ranged from 2X-MICgysceprible t0 16X-MICqycceprible-

Growth Analysis of Resistant Mutants and
Identification of Mutator Strains

Growth curves for all the resistant mutants were plotted
by measuring growth using a BioscreenC analyzer at
ODygg0, With measurements taken every 4 min. A 1:1,000 di-
lution of an overnight-grown culture was used to start the
experiment, and the maximum exponential growth rate
was calculated using the optical density (ODgg0) values be-
tween 0.02 and 0.09. Both the susceptible and resistant
strains were grown in the absence and presence of differ-
ent concentrations of the antibiotic to determine pheno-
typic differences between the resistant mutants. Six
replicates were used in each case.

The potential occurrence of hyper-mutators among the
isolated resistant mutants was determined by calculating
the resistant mutant frequency for the antibiotic rifampi-
cin. Briefly, 100 pl from an overnight-grown culture (for
both resistant and susceptible strains) was plated on plates
containing 100 pg/ml of rifampicin, and the plates were
then incubated at 37 °C for 20 h. Four biological replicates
were grown for each strain. In each case, dilutions were
also plated on non-antibiotic-containing plates to deter-
mine the total number of cells being plated so as to calcu-
late the frequency of rifampicin-resistant mutants.

Whole-genome Sequencing and ldentification

of Mutations

To identify resistance mutations and other adaptive muta-
tions in the evolving populations, single clones were iso-
lated and whole-genome sequenced. DNA extraction
was done with 1 ml of overnight-grown cultures using
the Epicenter DNA extraction kit following the manufac-
turer’s protocol. lllumina’s Nextera XT kit was used to
make whole-genome DNA libraries (2 X 300) that were
then sequenced on Illumina’s Miseq platform. Samples
were dual-indexed and pooled together. The average
whole-genome coverage per sample was 30 X. Analysis
of the fastq files obtained from Miseq sequencing was per-
formed using CLC genomics Workbench version 11. This
tool was used to identify point mutations and small indels.
To identify large deletions or transposon movements, the
fastq files were also analyzed using Breseq (version 0.27.1a)
(Deatherage and Barrick 2014). In each case, the reads were
mapped onto the susceptible E.coli K-12 MG1655 strain
that was also whole-genome sequenced and was the an-
cestral strain for all the evolved resistant mutants.

Determination of the Minimum Inhibitory
Concentration

The MIC for different antibiotics for all the strains used in
this study was determined using Etests, as per the instruc-
tions from the manufacturer (bioMérieux, Marcy I'Etoile,
France). Briefly, overnight-grown cultures were diluted
1:20 in phosphate-buffered saline and then spread on
Mueller—Hinton plates using a cotton swab. The Etests
were then placed on the plates after which these were in-
cubated at 37 °C for 16-18 h. Two biological replicates
were done in each case.

Determining the Relative Fitness of Resistant Mutants
by Competition Experiments

Competition experiments were performed by genetically
tagging the different strains with genes encoding for fluor-
escent markers [yellow fluorescent protein (YFP) and blue
fluorescent protein (BFP)]. Fluorescently labeled strains
were grown overnight in Mueller—Hinton media in the ab-
sence of antibiotics, and then mixed in a 1:1 ratio to start
the competition experiments. All competitions were per-
formed in 96-well plates, where 20 pl of an overnight-
grown culture was transferred to 180 pl of media each
day, resulting in ~3.3 generations per day. The frequencies
for each strain were determined at the beginning of the ex-
periment and after ~10 generations. Strain frequencies at
generations ~20 and ~30 were also measured for compe-
tition experiments involving nitrofurantoin-resistant mu-
tants. Measurement of fluorescently tagged cells was
done by making 40-fold dilutions of cultures from each
well in phosphate-buffered saline. One Hundred
Thousand cells were counted and the fraction of BFP
and YFP positive cells was determined by flow cytometry
(MACSQuant VYB, Miltenyi Biotec). Competition experi-
ments for each strain were also performed by swapping
the fluorescent markers so as to determine any fitness
costs that might have been associated with the expression
of the fluorescent proteins. The rate of change of the dif-
ferent strains is plotted as the natural log of the ratio of
different strains at different timepoints. The slope of this
line is calculated and reported as the selection coefficient.
Eight replicates were used in each case. A two-tailed
Student’s t-test was performed to test for statistically sig-
nificant differences at P = 0.05.

Re-constructing Resistance-conferring Mutations
Using A-red Recombineering

A subset of the different resistance mutations was recon-
structed using the A-red recombineering technique
(Yu et al. 2000). This involved using a 500 pl of an
overnight-grown culture of E. coli K-12 MG1655 strain con-
taining the pSIM5-Tet plasmid (Koskiniemi et al. 2011)
(grown at 30 °C) and inoculating 50 ml of LB broth con-
taining 10 mg/L of tetracycline. These cells were allowed
to grow at 30 °C until the optical density (ODgq) reached
~0.2, after which they were transferred to a 42 °C shaking
water bath for 20 min. At the end of 20 min, the cells were
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placed on ice for 5 min and then washed thrice with 10%
glycerol. The pellet was resuspended in the residual 10%
glycerol. A cat-sacB marker was then inserted in these cells
at the desired location by electroporation. The cat-sacB
marker, which was generated by PCR-amplification and
consisted of over-hangs that were homologous to the
site of insertion on the E. coli genome, consists of the se-
lectable cat marker (allowing selection on chlorampheni-
col plates) and the counter-selectable sacB marker
(resulting in cell-death in sucrose-containing plates).
Once the marker is inserted at the desired position, similar
steps are followed as above, to replace it with a single-
stranded oligonucleotide containing the desired mutation
and counter selecting them on plates containing 5% su-
crose. Clones that can grow on sucrose-containing plates
were isolated and the presence of the desired mutation
was confirmed by Sanger sequencing.
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