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W
hat is the role of selection in the emergence of an-
tibiotic resistance? This phenomenon is thought to arise
within specific concentrations of antibiotic known as the

mutant selection window (MSW),1 where mutants are selected at spe-
cific, fixed concentrations of antibiotic. However, it was later shown
that selection of resistance can occur outside this window.2 This has
been explained based on ecological interactions as the main driver
of the emergence of resistance. This process, known as competitive
release,3 suggests that the clearance of susceptible microbes by an-
tibiotics let resistance flourish with plenty of resources, taking place
within a specific concentration of antibiotic. This idea assumes pre-
existentmicrobial diversity and is driven by elementary population
genetics, for which the strength of selection is directly proportional
to the strength of the selection pressure (antibiotic concentration).4,5

This principle is demonstrated in the short-term by the so-called
susceptibility tests,6 whereby the clearance of microbes is propor-
tional to the dose of the antibiotic used, but does this proportional-
ity hold at all times?

I. Method
We addressed this question using a combination of mathematical
modelling and evolutionary experiments based on different modi-
fications of the wild type strain of Escherichia coli K-12, focusing on
the multidrug efflux pump system AcrAB-TolC, and compared the
results for each of them. For this latter purpose, we used batch cul-
tures grown in 96-wellsmicroplates and certified the linear relation-
ship between cell density and optical densitymeasured at λ = 600nm
(OD600).

Mathematical model

The concept and assumptions that we based our mathematical
model on are summarised as follows:
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Figure1. Representation of the mathematical model that we used to address our question. A
carbon source S and an initial dose of antibiotic A0 are supplied in the environment. Each cell
contains an enzyme able to take S from the environment, and process it with an efficiency e in
order to grow . At the same time, A diffuses into the cell at a rate φ, and binds to the enzyme with
an affinity κ interrupting the cell growth. The cellsmay removeAwith a genericmechanism of re-
sistance such as an efflux pump p ,7,8 contained in different numbers depending on the genotype,
reducing the effect of A on cell growth. Cells can ‘mutate’ and see their efflux pumps increased or
reduced as a function of δ. We assume that the efflux pump may incur in a metabolic cost, ∆.

Quantifying antibiotic sensitivity

To quantify the sensitivity of E. coli, we defined cell growth in terms
of OD600 as a function of antibiotic concentration (‘dose-response’
profile) and calculated the concentration of antibiotic inhibiting 99%
of growth compared to an antibiotic-free condition. The strains
used are AG100 (wild type), AG100-A (∆acrAB), TB108 (acrB-sfGFP)
and eTB108 (evolved TB108). We measured cell growth both in
terms of OD600, and normalised fluorescence (nGFP). We used the
ratio nGFP per OD600 as a proxy for the number of copies of the
acr operon including acrB. The antibiotic used is the macrolide ery-
thromycin.
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Figure2. Dose-response profiles for the different strains of E. colimeasured after 24h. The plot
in the left reflects the intermediate sensitivity of the strain TB108 due to the interfering sfGFP.
The evolved strain (eTB108) shows an identical sensitivity to erythromycin after a week of growth
with 10µg/mL of erythromycin. OD600 is represented in the y-axis, whilst the concentration of
erythromycin is represented in logarithmic scale in the x-axis. The IC99± 95% confidence interval
is shown for each strain on top of the x-axis.

a) b)
Figure3. Proposed transportmechanism (a), and structure of themultidrug efflux pumpAcrAB-
TolC (b) from References 9 (a) and 10 (b). The pump rests on a structure formed by AcrB and
AcrZ in the innermembrane, opened to the cytoplasm. In the outermembrane lies TolC forming
a pore opened to the environment. AcrA connects both in the periplasm, and forms a vestibule in
the periplasm with AcrB. The drug binding pocket is hidden in the vestible. The drug is captured
and ejected to the environment powered by protons (H+) from the periplasm. Note that further
studies of this pump allowed to establish the cytoplasmic section of AcrB as a completely different
component, AcrZ also produced by the acr operon.

Quantifying evolution

We computed cell growth (G ) by fitting the following models using
the functions fitlm and fitnlm as implemented inMATLAB 2014A

G (t) = G0 + t · r , (1a)

G (t) = G0 +C
t ·r , (1b)

G (t) = G0 +
K

1 +C · e−t ·r (1c)

G0 being the cell growth at t=0h, K the carrying capacity, r the per
capita growth rate, andC ≫ 1 a correction factorG0-dependant. We
calculated the best fit as the model with the lowest corrected Akaike
information criterion (AICc). Based on fitted data (F ), we later cal-
culated the area under the curve (AUC ) to estimate the growth rate
as

AUC :=

∫ 24h

0
F (t) · dt , (2a)

AUC24h :=

∫ 24h

24h−∆
F (t) · dt , (2b)

r (h−1) := AUC24h · AUC −1 ·∆−1 (2c)

∆ being the time interval at which the cultures were read (1/3h). To
quantify evolution, we used the so-called ‘rate of adaptation’11 (α).
The rate of adaptation is defined as the relationship between∆r and
the adaptive time (ta), ∆r being the difference between the growth
rates at the beginning and at the end of the experiment (see figure
4).
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Figure4. Rationale to measure the rate of adaptation (α). The growth rate, r , changes through
time as the culture adapts to the environmental conditions. We define the adaptive time (ta) as
the time at which the condition r = r0+∆r /2 is satisfied. The rate of adaptation is thus defined as
α := ∆r/2

ta
. We use the notation αAUC to denote that the growth rate that we used is based on AUC.

II. Results
Model prediction
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Figure5. Prediction from our mathematical model. The concentration of antibiotic is repre-
sented in the x-axis, whereas the growth in terms of OD600 is represented on the y-axis. The black
line shows the total population, conformed by bacteria without the efflux pump (blue), and with
one copy of the efflux pump (red). This model states that the initial antimicrobial dose-response
profile is monotone. Nevertheless, different genotypes with increasing number of pumps appear
and are selected by increasing doses of antibiotic turning the monotone dose-response profile
into a non-monotone profile. The plateau in the blue subpopulation is produced by the loss of
efflux pumps from other genotypes. Starting with an ‘inoculum’ of cells with no pumps, in a) we
represent the prediction when δ > 0 whereas in b) is the prediction when δ = 0
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Figure6. Erythromycin dose-response profiles for the strains of E. coli AG100 (a) and AG100-A
(b) measured every 24h (± standard error of the mean, n=8). The readings for OD600 are repre-
sented in the y-axis, and the concentration of erythromycin is represented in the x-axis. For the
subplots, the y-axis represent the slope of the dose-response profiles. In this latter case, the slopes
were measured in intervals of 5 (a) and 0.2 (b) µg/mL of erythromycin, and using a tailored, un-
paired t-test we looked for significantly positive (green dots) or negative (red dots) slopes with
α = 0.01. The top subplot shows the result of this analysis at t=24h, whereas the bottom subplot
shows the result at t=120h. Having (a) or not (b) the multidrug efflux pump AcrAB-TolC drives the
ability of E. coli to respond non-monotonically to erythromycin, as predicted by our model.
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Figure7. Erythromycin dose-response profiles for the strains of E. coli eTB108 measured every
24h (± standard error of the mean, n=8). The readings for OD600 (a) or relative normalised GFP
per OD600 (b) are represented in the y-axis, and the concentration of erythromycin is represented
in the x-axis. For the subplots, the y-axis represent the slope of the dose-response profiles. In
this latter case, the slopes were measured in intervals of 5µg/mL of erythromycin, and using a
tailored, unpaired t-test we looked for significantly positive (green dots) or negative (red dots)
slopes with α = 0.01. The top plot shows the result of this analysis at t=24h, whereas the bottom
plot shows the result at t=120h. In this case, the dose-response profile remains monotone at 24h
intervals in terms of OD600, although with a significant increase in the slope through time. This
increase overlaps with an non-monotone increase in the relative normalised GFP per OD600, the
fastes sweep occurring with 30µg/mL of erythromycin.

Evolutionary ‘coldspots’& ‘hotspots’
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Figure8. Selection landscape for the different strains of E. coli as a function of the concentration
of erythromycin. The plots show the rate of adaptation per replicate based on AUC (αAUC ). Black
colour represents the lowest rate of adaptation, whereas white colour represents the highest. Note
the existence of a ‘window’ where the rate of adaptation the highest, and another ‘window’ where
the adaptation is the lowest. Moreover, the second ‘window’ sits below the antibiotic-free level,
suggesting the existence of concentrations of antibiotic were adaptation has been slower in the
presence of erythromycin than in its absence.

III. Discussion
The existence of evolutionary ‘coldspots’ and ‘hotspots’ challenges
the principle formerly introducedwhereby selection is directly pro-
portional to the strength of selective pressure (here antibiotics).
This non-linearity in the selection landscape is a signature quantifi-
able when the sensitivity to erythromycin becomes non-monotone
through time, caused in our system by the varying number of
the multidrug efflux pump AcrAB-TolC. The boundaries of the
‘hotspots’ do not match those of the MSW,1 but the non-linear na-
ture of selectionmayhelp to a better of the emergence through time
of resistance to antibiotics.
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