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The evolution of multidrug antibiotic resistance in commensal bacteria is an
important public health concern. Commensal bacteria such as Escherichia
coli, Streptococcus pneumoniae or Staphylococcus aureus, are also opportunistic
pathogens causing a large fraction of the community-acquired and hospital-
acquired bacterial infections. Multidrug resistance (MDR) makes these
infections harder to treat with antibiotics and may thus cause substantial
additional morbidity and mortality. Here, we develop an evolutionary
epidemiology model to identify the factors favouring the evolution of MDR
in commensal bacteria. The model describes the evolution of antibiotic resist-
ance in a commensal bacterial species evolving in a host population subjected
to multiple antibiotic treatments. We combine statistical analysis of a large
number of simulations and mathematical analysis to understand the model
behaviour. We find that MDR evolves more readily when it is less costly
than expected from the combinations of single resistances (positive epistasis).
MDR frequently evolves when bacteria are in contact with multiple drugs pre-
scribed in the host population, even if individual hosts are only treated with a
single drug at a time. MDR is favoured when the host population is structured
in different classes that vary in their rates of antibiotic treatment. However,
under most circumstances, recombination between loci involved in resistance
does not meaningfully affect the equilibrium frequency of MDR. Together,
these results suggest thatMDR is a frequent evolutionaryoutcome in commen-
sal bacteria that encounter the variety of antibiotics prescribed in the host
population. A better characterization of the variability in antibiotic use
across the host population (e.g. across age classes or geographical location)
would help predict which MDR genotypes will most readily evolve.
1. Introduction
The emergence of antibiotic-resistant bacterial strains is a public health problem.
Infections by antibiotic-resistant strains result in longer duration of hospital stay,
poorer prognosis and additional costs compared with infections by sensitive
strains [1–9].Multidrug resistance (MDR) is evenmore critical, as itmay be associ-
ated with an even higher risk of inappropriate therapy and a longer time to
appropriate treatment than single resistances [10–13]. In spite of the clinical
importance of MDR, there are much fewer models investigating the factors
favouring the evolution of MDR than the evolution of single resistance.

It is useful to distinguish between the factors that explain the origin of MDR
and those that explain their proliferation [14]. MDR strains can originate because
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a single biological mechanism confers resistance to multiple
drugs, because several genes conferring resistances to several
antibiotics are genetically linked together on the chromosome
or a plasmid, or because multiple mutations conferring resist-
ance to multiple antibiotics have evolved over the course of
treatment in a host. This latter explanation may explain MDR
in bacterial species causing chronic infections such asMycobac-
terium tuberculosis [15]. Here, we focus on the evolutionary
forces that promote the proliferation of MDR strains once
they have originated. Three hypotheses have been proposed
for MDR strain proliferation [14]:

(i) When resistance is associated with a fitness cost,
the overall cost of MDR may be lower than predicted
by combining the costs of individual resistances,
which would favour the evolution of MDR over single
resistances.

(ii) The use of multiple antibiotics in the host population
may favour MDR. In particular, many bacterial species
are mainly commensal, and thus primarily in contact
with antibiotics not because they caused an infection
themselves, but because their host is treated for
infections caused by other species: this phenomenon
is called ‘bystander selection’ [16]. These species
would experience occasional antibiotic selection by
the full diversity of antibiotics prescribed in the host
population, which may select for MDR.

(iii) If the host population is structured in different classes
taking antibiotics at different rates, MDR may be over-
represented at the whole population level because
MDR strains are favoured in the classes with high
rates of antibiotic treatments.

Until recently, few theoretical studies had examined these
three hypotheses for the proliferation of MDR. Lehtinen et al.
[17] developed an epidemiological model to describe the
evolution of MDR when the host population is structured
(e.g. different age classes or geographical regions). This study
found that MDR is over-represented when two criteria are
met: firstly, variation in antibiotic consumption rates across
host classes is correlated for different antibiotics (‘aligned
use’—classes with high consumption of one antibiotic
also consume other antibiotics at a high rate); and secondly,
the classes are strongly assortatively mixing: transmission
within classes is much more frequent than transmission
between classes.

The structure of the host population may thus play a cen-
tral role in the evolution of MDR but some questions remain
unanswered. First of all, many previous models for the evol-
ution of resistance do not explicitly consider hosts that are
under treatment. These models assume that treatment either
does not affect resistant bacteria at all, and that treatment
instantaneously removes all sensitive bacteria from the host
and is stopped. Yet, treated hosts form a protected niche in
which resistant strains preferentially replicate, which can
favour the coexistence of both resistant and sensitive strains
[18]. Secondly, in a structured host population, which resist-
ance genotypes evolve must depend on the interaction
between the rate of transmission across different classes
(mixing), and how the use of different antibiotics varies
across classes. Thirdly, recombination between resistance
loci should also affect the evolution of MDR. This is true
both in the context of a single host population and when the
host population is structured. In a structured host population,
mixing and recombination of different genotypes from dis-
tinct classes may create maladapted genotypes that are
distinct from those that would be favoured in the absence of
recombination. It is not clear, in these more general scenarios
of heterogeneity in antibiotic use, variable mixing and recom-
bination, which genotypes will evolve. Lehtinen et al.’s study
explored the role of non-aligned variation in antibiotic use,
mixing and recombination, in separate extensions of their
main model. But, to our knowledge, no study has examined
the more general scenario with explicit treatment, arbitrary
variations in antibiotic use and level of transmission between
classes, and recombination.

Here,we develop amodel examining the evolution ofMDR
in a structured host population that complements existing
models in these aspects: we explicitly model the dynamics of
untreated and treated individuals, in contrast with previous
models often assuming that treatment instantaneously clears
individuals colonized by a sensitive strain, and does not
affect individuals colonized by a resistant strain. We model
recombination between different strains, and finally, we
extend this model to a host population structured in different
classes and we examine how the variation in antibiotic use,
the rate of transmission between classes and recombination
affect MDR evolution.
2. Methods
2.1. The model
2.1.1. General features of the model
We model the evolution of antibiotic resistance using a compart-
mental model describing the dynamics of different types of
hosts. We assume that the overall host population size is stable
(scaled to one without loss of generality) and we describe the
dynamics of the frequency of hosts colonized by the bacterial
strain i, under treatment m, denoted by Xi,m. We define R� the
set of all possible bacterial strains, and R the set of all possible
colonization states of the hosts, R ¼ R� < ; where the empty
set ; denotes the absence of colonization. We denote by T �

the set of possible antibiotic treatments (m [ T �) and by
T ¼ T � < ; the set of all possible host treatment status, includ-
ing no treatment. A treatment can be a combination of multiple
drugs.

The following events change the frequencies of the different
host types: colonization of uncolonized hosts by a bacterial
strain (transmission), clearance of colonized hosts, antibiotic
treatment and supercolonization. Supercolonization describes
the colonization by a challenger strain of a host already colonized
by a resident strain.

We assume that the bacterial species has a mainly commensal
lifestyle. Therefore, we do not model the occasional infection
by the focal species, but only its asymptomatic (commensal)
carriage by hosts. This assumption corresponds to some
common species (e.g. Escherichia coli, Streptococcus pneumoniae,
Staphylococcus aureus). We also assume that de novo evolution
of resistance is negligible: resistance is primary, i.e. caused by
resistant strains already circulating in the population.

2.1.2. Colonization of uncolonized hosts
An uncolonized host is colonized at a rate βi,mXi,m by a strain of
genotype i in a host under treatment m. The parameter βi,m is the
transmission rate of the strain i carried by a host under treatment
m (all parameters are summarized in table 1 below). Trans-
mission is reduced by the cost of resistance [19,27] and



Table 1. Description of the variables and the parameters. All rates are expressed in units of month−1.

variables and notations

Xi,m density of individuals colonized by strain i under treatment m

ηj,k,m→i probability that a host with strain j and treatment m invaded by the challenger strain k is eventually colonized with strain i following recombination

and within-host competition

γi,m total gains for the strain i in hosts under treatment m upon supercolonization

πi,m total losses for the strain i in hosts under treatment m upon supercolonization

parameters

name meaning

sampling

range

sampling

method justification

βi,m transmission rate of strain i under

treatment m

— — composed of baseline transmission rate β, transmission cost of

resistance χi, and effect of treatment on transmission ψi,m

β baseline transmission rate [2, 12] uniform tuned to obtain a prevalence ranging from approximately 15% to

95%, corresponding to commensal bacterial species

χi transmission cost of resistance for strain i composed of: transmission costs of resistance largely unknown. In vitro,

resistance mutations reduce fitness by −30% to 0% [19].

Epistasis assumed to be symmetric around 0 and small

single resistance costs [5 × 10−4, 0.5] logarithmic

pairwise transmission cost epistasis [−0.05, 0.05] uniform

ψi,m effect of treatment m on the transmission of strain i, composed of effective antibiotic treatment should reduce transmission. Since

the magnitude of this effect is unknown, we examine a wide

range. Drug interactions assumed to be symmetric around 0

and small

single drug effects [0, 1] uniform

pairwise drug interactions [−0.05, 0.05] uniform

ωi,m competitive ability of the strain i

under treatment m

— — composed of within-host costs ci and effect of treatment εi,m

ci within-host cost of resistance for strain i composed of: within-host costs of resistance largely unknown. The sampling

ranges are assumed to be the same as for transmission costssingle resistance costs [5 × 10−4, 0.5] logarithmic

pairwise within-host cost epistasis [−0.05, 0.05] uniform

εi,m effect of treatment m on within-host competitive ability of strain i,

composed of:

effective antibiotic treatment should reduce within-host

competitive ability. Since the magnitude of this effect is

unknown, we examine a wide range. Drug interactions

assumed to be symmetric around 0 and small

single drug effects [0, 1] uniform

pairwise drug interactions [−0.05, 0.05] uniform

tT1 rate of treatment T1 [0, 0.2] uniform rate of treatment is of the order of 0.1–1 per year across

countries [20,21]tT2 rate of treatment T2 [0, 0.2] uniform

tT1,2 rate of combination treatment T1,2 [2 × 10−4, 0.2] logarithmic combination treatment is rare. Treatment of common infections

relies on single drug therapy [22]

νm rate of end of treatment m. 1/νm is

the mean duration of the

antibiotic course

[1, 6] uniform an antibiotic course typically lasts for a few days to weeks

ui natural clearance rate of strain i [0.1, 3] uniform (same

for all

strains)

timescale of clearance of S. pneumoniae or E. coli is of the order

of a few weeks to months [23–25]

ai,m rate of clearance of strain i by

treatment m

set to 20 (when strain i is sensitive

to treatment m)

set to a large enough value to ensure a sensitive strain is

cleared during the few days to a week of a typical

antibiotic course

σ probability of successful

supercolonization

[0, 1] uniform unknown, we assume a wide range

ρ probability of recombination during

a supercolonization event

[10−4, 1] logarithmic unknown; assumed to be typically small as many

variants conferring resistance appear confined in stable

clones [26]
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reduced by effective treatment. That is, βi,m= β(1 − χi)(1− ψi,m)
where β is the baseline transmission rate, χi is the transmission
cost of resistance of strain i (equal to 0 when the strain is fully
sensitive) and ψi,m is the effect of treatment m on the trans-
mission rate (equal to 0 when the strain is resistant to
treatment m). For a given genotype, the reduction in trans-
mission due to the cost, 1 − χi, is computed by multiplying the
effects of individual resistances that the genotype carries and
pairwise interactions between all pairs of resistances. This intro-
duces cost epistasis, whereby the cost of carrying
multiple resistance may not be equal to the multiplication of
all individual resistances’ costs. Negative cost epistasis in par-
ticular may favour the evolution of MDR. For example, if there
are only two drugs, the reduction in transmission for the
double resistant is 1� xR1,2

¼ (1� xR1
)(1� xR2

)(1� xe) where χe
is the transmission cost epistasis parameter. In a similar way,
the effect of treatment in reducing transmission 1 − ψi,m depends
on the multiplicative effects of individual drugs present in the
treatment and pairwise interactions for all pairs of drugs to
which genotype i is sensitive [28,29].
17:20200105
2.1.3. Treatments
The rate of start of treatment with treatment m is denoted τm, and
the rate of treatment stop is denoted νm. Thus, 1/νm is the expected
duration time of the treatment m. These rates do not depend on
the colonization status of the host. This results from the assump-
tion that the focal species is mainly a commensal: as a
consequence, antibiotic treatment is most of the time linked to
an infection unrelated to the focal species (‘bystander’ antibiotic
selection, [16]).
2.1.4. Clearance
The strain may be cleared from a host, either naturally or by anti-
biotic treatment. We denote ui the natural rate of clearance of the
strain i, and ai,m the rate of clearance of the strain i by antibiotic
treatment m. We assume ai,m= 0 when the strain i is resistant to
treatment m (perfect resistance).
2.1.5. Supercolonization and within-host competition
Supercolonization corresponds to individuals already colonized
by a strain i under treatment m that are colonized by a challenger
strain j replacing the resident strain i. The outcome of super-
colonization is decided by within-host competition between
the resident and the challenger strain. Supercolonization occurs
with a reduced probability compared to transmission to uncolo-
nized hosts. The probability of successful supercolonization is
denoted σ and is assumed to be the same for all pairs of (resident,
challenger) strains.

During supercolonization, recombination and within-host
competition occur. Recombination happens with probability ρ
and may produce new genotypes. Resistance to each drug is
determined by a single diallelic locus (sensitive or resistant
allele). These genotypes compete within the host and a single
genotype eventually dominates. We assume that these processes
of recombination and within-host competition occur on a fast
timescale compared to epidemiological events, and are, therefore,
instantaneously resolved upon supercolonization to give rise to a
host colonized by a single genotype. We denote by ηi,j,m→k the
probability that a colonization by strains i and j within a host
with treatment status m gives rise to a majority strain k. These
probabilities verify

P
k[R hi,j,m!k ¼ 1. These probabilities are

calculated by first considering whether recombination happens
within the host (with probability ρ), and second deciding which
of the genotypes emerges as the winner, which is affected by
the strain’s competitive ability ωk,m. We define the set ϱi,j as the
set of all genotypes that can be generated by recombination
between genotypes i and j. Then, the probabilities defining
supercolonization transitions are

hi,j,m!k ¼ 0 if k� {i,j}, k� @i,j

hi,j,m!k ¼ r
vk,mP
l[@i,j

vl,m
if k� {i,j}, k[ @i,j

hi,j,m!k ¼ r
vk,mP
l[@i,j

vl,m
þ (1� r)

vk,m

vi,m þv j,m
if k[ {i,j}

:

The first case corresponds to the situation where genotype k
is different from both i and j, and cannot be generated by recom-
bination. The second case corresponds to the situation where
genotype k is different from both i and j and must, therefore,
be generated by recombination. Recombination happens with
probability ρ, and will give rise to genotype k only if k belongs
to the set ϱi,j of genotypes generated by recombination between
i and j. The third case corresponds to the situation where k is
one of i or j and can, therefore, be the winning strain in the
event of recombination or not. The fractions describe the out-
come of within-host competition, whereby a strain k present in
the host will win the competition between all strains present
with a probability equal to its within-host competitive ability
ωk,m divided by the summed competitive abilities of all strains
present. This model is a simple way to implement differential
competitive abilities but does not explicitly describe within-
host evolutionary dynamics. In this model, recombination
between i and j is assumed to always generate all intermediate
genotypes ϱi,j.

Within-host competitive abilities ωk,m depend on the cost of
resistances carried by the bacterial genotype (and the potential
interactions between them), and on the effect of treatment on
these genotypes (and the potential interaction between drugs).
In mathematical terms, the within-host competitive ability
for strain i under the treatment m is ωi,m= (1− ci) (1− εi,m). The
term 1− ci is calculated as the multiplication of all costs of indi-
vidual resistances and pairwise epistasis between all pairs of
resistances. The term 1− εi,m is calculated as the multiplication
of all effects of individual drugs to which genotype i is sensitive
and interactions for all pairs of drugs.

The instantaneous change in density of a strain i under treat-
ment m resulting from all the possible events of supercolonization
can be written:

X
j[R

X
k[R

X
n[T

sbk,nXk,nX j,mh j,k,m! i

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
gi,m

�
X
j[R

X
k[R

X
n[T

sbk,nXk,nXi,mhi,k,m! j

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
pi,m

:

The first term composed of three sums, denoted by γi,m
(supercolonization gains), is the sum of all possible supercoloni-
zations leading to strain i in a host of treatment m (all challenger
strains k × treatments n × resident strains j ). Similarly, the
second term, denoted by πi,m (supercolonization losses), is the
sum of all possible supercolonizations removing the resident
strain i under treatment m (all possible challenger strains k ×
treatments n).
2.1.6. Mathematical form of the model
We model the four following events: colonization of uncolonized
(susceptible) hosts, treatment use, clearance of colonized hosts
and supercolonization (during which recombination and
within-host competition happen on a fast timescale). Hosts can
be uncolonized and untreated (X;,;), uncolonized and treated
(X;,m), colonized and untreated (Xi,;), and, finally, colonized
and treated (Xi,m). The model can be described by the following
set of ordinary differential equations:
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Uncolonized, untreated individuals:

dX;,;
dt

¼
X
n[T �

(nnX;,n � tnX;,;)

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
treatment

�
X
j[R�

X
n[T

(b j,nXj,n)X;,;

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
colonization

þ
X
j[R�

ujXj,;

|fflfflfflfflfflffl{zfflfflfflfflfflffl}
clearance

:

Uncolonized, treated with drug m:

dX;,m
dt

¼tmX;,;�nmX;,m|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
treatment

�
X
j[R�

X
n[T

(bj,nXj,n)X;,m

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
colonization

þ
X
j[R�

(aj,mþuj)Xj,m

|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
clearance

:

Colonized with strain i, untreated:

dXi,;
dt

¼
X
n[T �

(nnXi,n � tnXi,;)

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
treatment

þ
X
n[T

(bi,nXi,n)X;,;
|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

colonization

� uiXi,;|fflffl{zfflffl}
clearance

þ gi,; � pi,;|fflfflfflfflfflffl{zfflfflfflfflfflffl}
supercolonization

:

Colonized with strain i, treated with drug m:

dXi,m

dt
¼ tmXi,; � nmXi,m|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

treatment

þ
X
n[T

(bi,nXi,n)X;,m
|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

colonization

� (ai,m þ ui)Xi,m|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
clearance

þ gi,m � pi,m|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
supercolonization

:

2.2. Linear discriminant analysis of the simulation results
We investigated with simulations the model’s behaviour as a
function of its parameters. We ran 400 000 simulations of the
model with randomly chosen sets of parameters and recorded
the equilibrium values. Parameters were randomly chosen in
plausible distributions (table 1). The rates of antibiotic clearance
ai,m were set to 20 per month when clearance is successful
(treatment m clears strain i) and 0 otherwise.

To analyse the results of simulations, we used linear discrimi-
nant analysis (LDA; as encoded in the MASS package [30] in R
[31]). LDA reduces the high-dimensional parameter space into
a low dimensional space that best separates the outcome of the
model in terms of a qualitative variable of interest (see [32] for
an application of LDA to a similar topic). The qualitative variable
that we used was the list of all strains present at a frequency
greater than 1% in the system after 300 months, a time when
the equilibrium of the system is reached (electronic supplemen-
tary material, figure S2). The basis of the reduced space (here,
we chose to reduce space to two dimensions) is composed of
linear combinations of these parameters. The impact of each par-
ameter on the outcome of the model can thus be described by a
vector of the contribution of this parameter on each dimension.

To check the robustness of the results, we bootstrapped the
400 000 simulations, and visually confirmed that the LDA gave
similar results (electronic supplementary material, figure S3).

2.3. Basic reproductive number and invasion fitness
In addition to simulations, to gain analytical understanding of the
model, we computed the basic reproductive number R0,i of a strain
i, as well as the invasion fitness ri,j of strain j invading a host popu-
lation already colonized by the wild-type strain i equilibrium. The
basic reproductive number R0,i quantifies the number of newly colo-
nized individuals per colonized individual in an otherwise fully
susceptible host population. It is a relevant quantity to evaluate the
spread of a transmissible disease in a fully susceptible (uncolonized)
population. When R0,i> 1, the strain i spreads in the population.
However, R0 might not be a very useful quantity to evaluate the
spread of a new genotype (for example, a resistant strain) in a popu-
lation where another genotype (for example, a sensitive strain) is
already present [33].Wewill see below thatR0,i is a relevant quantity
to determine which strain becomes dominant only in an approxi-
mation of the above model. The invasion fitness ri,j is the growth
rate of rare strain j invading a host population where another strain
i is already present and at equilibrium [34]. When positive, the
strain i will invade and reach a positive equilibrium. Furthermore,
if ri,j> 0 and rj,i> 0, both strains i and j can invade the population of
the other when rare, meaning that both strains can coexist [18,35].

All analyses and simulations, with the exception of the LDA,
were done with Wolfram Research, Inc., Mathematica, v. 11.3,
Champaign, IL (2018).
3. Results
Our aim is to describe the bacterial strain composition at
the equilibrium as a function of the model parameters. To
this end, we simulated the model under randomly chosen
sets of parameter values, and complemented these simulations
with an analysis of the strains’ basic reproductive number and
invasion fitness.

In the first part of the paper, we consider the dynamics of a
bacterial species in a single, well-mixed population of hosts.
Three antibiotic treatments are applied to the host population:
a treatment by antibiotic 1 denoted by T1, a treatment by a dis-
tinct antibiotic 2 denoted by T2 and combination therapy
(denoted by T1,2). Thus, the bacterial population is in contact
with the two drugs. The bacterial population is composed of
four strains: the fully sensitive strain S, the strain R1 resistant
to the drug 1 only, the resistant R2 resistant to the drug 2 only
and the double resistant strain R1,2 resistant to both drugs. In
the second part, we relax the assumption of a single well-
mixed population and consider the evolution of resistance in
two classes of hosts taking antibiotics at different rates.

3.1. Factors favouring the evolution of resistant and
multi-resistant strains

3.1.1. An advantage for multi-resistance over single resistances
In the single well-mixed population model, the evolution of
double resistance was the most common outcome (figure 1a).
For randomly chosen parameter values (table 1), at equili-
brium, 29% of the 400 000 simulations resulted in the double
resistant strain dominating. Furthermore, coexistence between
sensitive and multiple resistant bacterial strains was rarely
maintained. A single strainwasmaintained in 80%of the simu-
lations. In rarer cases, two strains coexisted at equilibrium
(representing 18% of parameters), while coexistence between
more than two strains represented 1.9% of parameters. This
property ofmodels of drug resistance evolution has been ident-
ified before in simpler models [36,37], and, for the most part,
holds true in this more complicated model that includes
an explicit description of treatment dynamics and super-
colonization. Intuitively, several strains cannot easily coexist
because sensitive and resistant strains compete to colonize
the same hosts.

These results can be understood by analysing a simplified
model where treatment is implicit and there is no supercoloni-
zation. By implicit, we mean that treatment instantaneously
clears sensitive strains (thus decolonizing the host) and has
no effect at all on resistant strains. In such a simplified
model, no coexistence is maintained at equilibrium and the
winning strain is the one with the highest basic reproductive
number or R0,i (electronic supplementary material, sup. text).
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Figure 1. Results of the linear discriminant analysis. (a) The frequency (in %) of occurrence of each combination of strains among the 400 000 simulations. We considered
that a strain was present when its prevalence at 300 months (a timewhen equilibrium was reached) was greater than 1%. (b–d) The output of the LDA for the most frequent
outcomes. For readability, parameters are presented on three different panels (b-d) from greatest to lowest impact on the outcome. The opacity levels of the different colours
represent the density of the cloud points associated with each strain combination. The arrows show the contributions of parameters to each of the directions. In (b), pairwise
transmission cost epistasis and within-host cost epistasis are denoted byχe and ce, respectively. In (d), and within-host drug interactions parameters are denoted byψI and εI,
respectively. The results were generated with 400 000 randomly chosen sets of parameters (table 1). The effects of transmission and within-host drug interaction εI andψI,
and of recombination r were not consistent across bootstrapped simulations (panel d), in contrast with all other parameters (electronic supplementary material, figure S3).
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In this simplified model, we find that the basic reproductive
number of strain i is

R0,i ¼
bi,;

ui þ
P

m[T � di,mtm
,

where δi,m is an indicator variable defining the sensitivity
status of strain i, equal to 1 when strain i is sensitive, and 0
when strain i is resistant to treatment m. The strain striking
the best balance between the cost of resistance (that may
both reduce the transmission rate bi,; and increase the clear-
ance rate ui) and the benefits of resisting treatments will be
the eventual winner.

The analysis of basic reproductive numbers captures reason-
ablywell the domain of dominance of a strain. Thiswas verified
in additional simulations with chosen parameters (electronic
supplementary material, figure S1). This was true even in the
full simulated model, which differs by the consideration
of explicit treatment, supercolonization and recombination
(electronic supplementary material, figure S1B,C).

While the evolution of double resistance was the most fre-
quent outcome, it was very rare that the two single resistant
strains were present in the population at equilibrium. The
examination of the basic reproductive numbers suggests
that when both single resistances fare better than the sensitive
strain, the double resistant strain should eventually dominate
(electronic supplementary material, sup. text). Thus, interest-
ingly, in a commensal bacterial population evolving in a host
population subjected to multiple treatments, the evolution of
double resistance may be a common outcome even in the
absence of combination therapy. This confirms one of the
hypotheses for the evolution of MDR in commensal bacteria
(hypothesis (ii) in the introduction).
3.1.2. Linear discriminant analysis of the single population
model

The LDA reveals which parameters are important to the evol-
ution of resistant and multi-resistant strains (figure 1b). The
LDA identifies domains where a certain dynamical outcome
predominates in the parameter space. In our analysis, the hori-
zontal axis separated sensitivity from double resistance. The
vertical axis separated resistance to drug 1 from resistance to
drug 2. In addition, each parameter can be represented as a
vector in the reduced space. The norm of the vectors quantifies
the importance of the corresponding parameter for determin-
ing the final outcome, given the range of parameters sampled.
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In line with the results derived from the basic reproductive
number, the best predictors of the success of a resistant strain
were a high rate of the corresponding treatment (high τm), a
long duration of this treatment (small νm) and a low cost of
resistance in terms of transmission and within-host compe-
tition (figure 1b). Combination therapy (corresponding to the
rate of treatment tT1,2 ), in particular, favoured the evolution of
the double resistant strain as expected.

The costs of resistance had a strong influence on the outcome
(i.e. had the largest norms) (figure 1b).Among these costs, forour
choice of parameters, the cost on transmission χi hindered resist-
ant strains more than the cost on within-host competitive ability
ci. This is because the cost on within-host competitive ability is
only expressed upon supercolonization, which in our model
occurred less frequently than transmission to an uncolonized
host (this ismodulated by the susceptibility to supercolonization
σ, table 1). Furthermore, the double resistant strainwas favoured
when its costwas lower than expected from the two single resist-
ances combined. This is evident on figure 1b from the vectors
representing cost epistasis, be it on transmission (parameter χe)
or on within-host competitive ability (parameter ce). Negative
cost epistasis is indeed one of the hypotheses for the evolution
of MDR (hypothesis (i) in the introduction).

The LDA also shows that low transmission, low supercoloni-
zation and long carriage duration (low ui) all favoured MDR
(figure 1b,c). To understand why, we computed the invasion fit-
ness of different strains. The invasion fitness of a mutant is its
initial growth ratewhen invadinga resident strain at equilibrium.
When it is positive, the mutant will successfully establish in the
population. The analytical expressions for invasion fitness of a
strain given its resistance profile inform on the factors that
favour sensitivity, single resistance of multiple resistance in
themodel (including explicit treatment dynamics and supercolo-
nization, in contrast with the analysis based on basic
reproductivenumbers).Ourmain analytical result is the approxi-
mation of the invasion fitness under three assumptions: (i) the
treatment rates are smaller than epidemiological rates (trans-
mission, clearance), (ii) the probability of supercolonization σ is
small and (iii) recombination is ignored.

Under these assumptions (details in electronic sup-
plementary material, Mathematica notebook), the invasion
fitness of a challenger strain j invading a resident strain i
denoted ri,j is, to the first order:

ri,j ¼ b j,; ~X;,;|fflfflfflffl{zfflfflfflffl}
colonization of

untreated hosts

� uj|{z}
natural

clearance

þ
X
m[T �

D j,m b j,; ~X;,m
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
colonization of

treated hosts

�
X
m[T �

(1� D j,m)tm

|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
antibiotic

clearance

þs ~Xi,;(b j,;hi,j,;!j � bi,;h j,i,;!i)|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
supercolonization balance

:

where ~Xi,m denotes the density of hosts colonized by the strain i
under treatmentm, when the resident strain i is at equilibrium. In
this expression, the first two terms correspond to the growth rate
of strain j in the populationat equilibrium, in the absence of treat-
ment and supercolonization. This growth rate results from a
balance between colonization of untreated hosts and natural
clearance. The third termrepresents colonizationof treatedunco-
lonizedhosts. It is summedoverall possible antibiotic treatments
andmodulated byD j,m ¼ ðb j,m

~X;,;þnmÞ=ðb j,; ~X;,; þ nm þ a j,mÞ.
The fourth term represents antibiotic clearance, again summed
over all antibiotics, and again modulated by Δj,m. The quantity
Δj,m is between zero and one in the biologically plausible case
where the transmission rates are smaller in treated individuals
(b j,m � b j,; 8 m). For a perfectly sensitive strain aj,m→∞,
Δj,m= 0: this strain cannot transmit to treated individuals and is
completely cleared by antibiotics. For a perfectly resistant
strain (aj,m= 0, b j,m ¼ b j,; 8 m [ T ), Δj,m= 1: the strain can
fully transmit to treated individuals and is not cleared by anti-
biotics. The last term in the equation represents the balance
resulting from supercolonization events, where hi,j,;!j is the
probability that supercolonization by a strain j of an untreated
(the index ;) host colonized bya strain i, leads to a host colonized
by strain j followingwithin-host competition. Similarly,h j,i,;!i is
the probability that supercolonization by strain i of an untreated
host colonized by a strain j, leads to a host colonized by strain i
following within-host competition. Under the assumptions of
small treatment rates and small probability of supercolonization,
the supercolonization of treated hosts that potentially favours
resistant strains is a negligible phenomenon. We ignored
recombination to obtain the equation. Recombination would
potentially create other strains than the resident i and thechallen-
ger j, which would greatly complicate the analysis. Later on, we
use simulations to investigate the impact of recombination of
evolutionary dynamics of MDR.

To further facilitate the interpretation of the expression
for the invasion fitness, we express it for the strain R1,2

perfectly resistant to the two antibiotics (no effect of treat-
ments on clearance or on transmission, aR1,2,m ¼ 0 and
bR1,2,m ¼ bR1,2,;, 8 m [ T ), invading a perfectly sensitive
strain S at equilibrium (aS,m→∞, 8 m [ T ). Under these
assumptions, invasion fitness simplifies to:

rS,R1,2 ¼ bR1,2,; ~X;,;|fflfflfflfflfflffl{zfflfflfflfflfflffl}
colonization of
untreated hosts

� uR1,2|{z}
natural
clearance

þ bR1,2,;(~X;,T1 þ ~X;,T2 þ ~X;,T1,2 )|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
colonization of
treated hosts

þ s ~XS,;(bR1,2,;hS,R1,2,;!R1,2
� bS,;hR1,2,S,;!S)|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

supercolonization balance

:

where rS,R1,2 is the invasion fitness of the double resistant strain
R1,2 invading the sensitive strain S at equilibrium. The double
resistant strain invades the sensitive strain at equilibrium by
multiplying in both untreated and treated individuals. The
double resistant strain is not hindered by treatment. However,
it may suffer a cost in the form of a reduced transmission rate
compared to the sensitive strain (bR1,2,; , bS,;). It also suffers
a cost in supercolonization, as its within-host competitive abil-
ity is reduced in untreated hosts: thus, the supercolonization
balance is negative for the double resistant strain.

Analogously, the sensitive strain invading the doubly
resistant strain has invasion fitness:

rR1,2,S ¼ bS,; ~X;,;|fflfflfflffl{zfflfflfflffl}
colonization of

untreated hosts

� uS|{z}
natural

clearance

� (tT1 þ tT2 þ tT1,2 )|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
antibiotic

clearance

þ s ~XR1,2,;(bS,;hR1,2,S,;!S � bR1,2,;hS,R1,2,;!R1,2
)|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

supercolonization balance

:

where conversely, rR1,2,S is the invasion fitness of the sensitive
strain S invading the double resistant strain R1,2 at equilibrium.
The sensitive strain grows only in untreated individuals and is
cleared by treatment, but does not suffer a cost.
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Figure 2. Invasion fitnesses of the sensitive strain S (blue lines) and the double resistant strain R1,2 (red lines) invading the other strain at equilibrium. A positive
value means that the invading strain can establish. In (a), the invasion fitness is shown with supercolonization (plain lines, σ = 0.1) and without supercolonization
(dashed lines, σ = 0). In (b), the invasion fitness is shown with within-host and transmission costs of resistance (plain lines, xR1 ¼ cR1 ¼ xR2 ¼ cR2 ¼ 0:2) and
without these costs (dashed lines, xR1 ¼ cR1 ¼ xR2 ¼ cR2 ¼ 0). In (d), when varying the inverse treatment duration (νm), the expected fraction of treated
individuals τm/νm is kept constant and equal to 0.05. Unless specified otherwise, parameter values in all panels are: xR1 ¼ cR1 ¼ xR2 ¼ cR2 ¼ 0:2. Epistasis
effects are set to 0. Effects of treatment on within-host competitive ability and transmission εi,m= ψi,m= 0.75 when the strain i is sensitive to treatment m, and
drug interactions effects are set to 0. β = 10, ui ¼ 1 8 i , ai,m= 20 when strain i is sensitive to treatment m and 0 otherwise, σ = 0.1, τm= 0.2 and
nm ¼ 4 8 m [ T .
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These analytical expressions for invasion fitness delineated
when a strain was able to invade another (electronic sup-
plementary material, figure S1, for the example of coexistence
of a sensitive and double resistant strain). It also explained the
rare areas of coexistence of two strains observed in the simu-
lations (figure 1). Indeed, when two strains can reciprocally
invade the other, that is ri,j> 0 and rj,i> 0, coexistence between
these two strains is possible. Sensitive and resistant strains
use different strategies. The sensitive strainmultiplies efficiently
in the untreated hosts, while the resistant strains multiply less
efficiently but both in untreated and treated individuals. In
other words, the treatment structure means the environment
of the pathogen is multidimensional and coexistence of sensi-
tive and resistant strains can in theory occur [33]. In practice,
coexistence was a rare outcome in our simulations.

The effects of transmission, supercolonization and
carriage duration can be understood from the analysis of
invasion fitness:

— The effects of transmission on resistance are complex. The
main effect of increased transmission is to favour the inva-
sion of the sensitive strain (blue line on figure 2a) because
of the advantage it enjoys in supercolonization. Indeed,
the sensitive strain is fitter than the resistant and can dis-
place it from a colonized host. Without supercolonization,
the sensitive strain is unaffected by transmission
(figure 2a, blue dashed line). The increased transmission
also favours (but to a far lesser extent) the resistant
strain, because it transmits more readily to treated hosts
[18]. Without supercolonization, this is the dominant
effect and increased transmission favours the resistant
strain (figure 2a red dashed line).

— Supercolonization favours the sensitive strain (figure 2b).
Competition through supercolonization favours the sensi-
tive strain because it transmits more and it is fitter than
the resistant strains within untreated host. This benefit
of supercolonization for the sensitive strain depends on
the costs of resistance on transmission χi and within-
host competitive ability ci: in additional simulations
where we set these costs equal to zero, the benefit of
supercolonization disappears (figure 2b dashed lines).

— Longer carriage duration (smaller natural clearance rate)
favours the resistant strain (figure 2c) [38].

The slope of the relationship between invasion fitness and a
parameter reflects the strength of the effect of this
parameter. These slopes (figure 2) are consistent with the
LDA: supercolonization has a large effect compared to both
transmission and carriage duration.



Table 2. Sampling distributions of the parameters in the two-classes model (other parameters as in the well-mixed single population model). We explore a
wide range of proportion of inter-class transmission. For example, transmission between individuals from different regions or countries is likely to be small. The
transmission rate between individuals of different age classes is around 10–50% that within age classes [39]. Sampling ranges for other parameters are justified
as for the single population model.

parameter meaning sampling range sampling method

αx,y, x≠ y proportion of inter-class transmission from class y to x [10−3, 1] logarithmic

αy,y proportion of intra-class transmission in class y 1�P
x
ax,y —

tT1 ,A rate of treatment T1 in class A [0, 0.2] uniform

tT1 ,B rate of treatment T1 in class B [2 × 10−4, 2 × 10−2] logarithmic

tT2 ,A rate of treatment T2 in class A [2 × 10−4, 2 × 10−2] logarithmic

tT2 ,B rate of treatment T2 in class B [0, 0.2] uniform

tT1,2 ,x rate of treatment T1,2 in class x [2 × 10−4, 0.2] logarithmic

νm,x rate of end of treatment m in class x [1, 6] uniform

ui,x natural clearance rate of strain i in class x [0.1, 3] uniform (same for all strains)
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Lastly, and interestingly, a strategy consisting of more
frequent treatments (high treatment rates τm) with shorter
duration (high rate of treatment cessation νm) while keeping
the fraction of treated individuals constant advantages the
double resistant strain (figure 2d ). This new result is an exten-
sion to multiple treatments of a previous result according to
which more frequent, shorter-duration treatment favours
resistant over sensitive strains. More frequent, shorter treat-
ments disadvantages sensitive strains because more hosts
are cleared of the sensitive strains [18].
3.2. Evolution of MDR in a structured host
population

The structure of the host population may affect the
evolution of MDR. Hosts of different ages, living in different
locations, in the community or in the hospital, represent a
heterogeneous environment in which multiple bacterial
strains can multiply. Host structure favours coexistence of
multiple strains when the different classes are treated at
very different rates and when they are strongly isolated
[18]. To study how structure in the host population influences
the evolution of MDR, we developed a two-class extension of
our model. We used 400 000 additional simulations of this
extended model with randomly chosen parameter sets to
examine how MDR evolves in these two host classes. The
rate of treatment start, the rate of treatment stop and the dur-
ation of carriage vary across the two classes (table 2).

The set of all classes is denoted by C. The pathogen moves
across host classes by inter-class transmission, which we
assume is typically smaller or equal to intra-class transmission.
To control these rates of transmission, we denote by βi,m,y→x=
αx,yβi,m the transmission rate of strain i colonizing a host of
treatment m from class y to a host of class x. The parameter αx,y
is the fraction of all transmission from hosts in class y that affect
hosts in class x. Thus, 8 y [ C,

P
x[C ax,y ¼ 1. Two classes x

and y are fully isolated if αx,y= αy,x= 0. The population is homo-
geneously mixed if 8 (x,y) [ C2, αx,y= 1/NC where NC is the
number of classes. Here, we consider two classes A and B.

Our simulations show that aligned use of the two antibiotics
across classes favours MDR. When the host population is
structured, the rates of treatment by antibiotic 1 and 2 in the
different classes are now vectors tT1 and tT2 whose elements
are the values tT1;i and tT2;i in each class i of host. These vectors
are perfectly aligned when tT1 is proportional to tT2 , in which
case the classes differ only by the intensity of prescription of
all antibiotics. This scenario promotes the evolution of MDR if
the classes are sufficiently isolated, because MDR evolves in
the classes with high use of all antibiotics [17]. By contrast,
when the two vectors are orthogonal (tT1 � tT2 ¼ 0), at most
one antibiotic is used in each class. This scenario should instead
promote the evolution of single resistances in each class, if the
classes are sufficiently isolated. To verify this intuition, we com-
puted the cosine of the angle between the antibiotic use vector
as tT1 � tT2=(ktT1kktT2k). This cosine varies from 0 (aligned
uses) to 1 (orthogonal uses).

The effect of the alignment of antibiotic uses across classes
on MDR was evident on the LDA of the 400 000 simulations
of the two-classes model (electronic supplementary material,
figure S4). Furthermore, the LDA also shows, just as in the
single population model, that the evolution of double resist-
ance in the two-classes model is favoured by high rates of
treatments, combination therapy, low costs of resistance,
negative cost epistasis, low supercolonization.

To further quantify MDR, we computed the linkage dise-
quilibrium between the two resistance loci. Calling the
frequencies of each bacterial genotype fS, fR1 , fR2 , fR1,2 , linkage
disequilibrium is defined as LD ¼ fR1,2 fs � fR1 fR2 . LD varies
between −0.25 (resistances are found in single resistant geno-
types only) and +0.25 (resistances are found in double
resistant genotypes only). LD declines with the level of poly-
morphism, and is 0 when there is no polymorphism at either
locus. We also define the corrected linkage disequilibrium as
LD0 ¼ LD=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p1(1� p1)p2(1� p2)

p
where p1 ¼ fR1 þ fR1,2 , and

p2 ¼ fR2 þ fR1,2 . The corrected LD varies from −1 (resistances
are found in single resistant genotypes only) to +1 (resist-
ances are found in double resistant genotypes only) and
is unaffected by the level of polymorphism. We found
that the mean linkage disequilibrium increased with the
alignment of use of antibiotics 1 and 2 (figure 3a).

By focusing on the subset of simulations with very aligned
uses (cosine of the angle greater than 0.95) and those with
very orthogonal uses (cosine of the angle less than 0.05), we
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Figure 3. Linkage disequilibrium as a function of alignment of antibiotic use (a), inter-class transmission (b) and recombination (c) in a two-classes population
model. Both the linkage disequilibrium (dashed line, open circles) and corrected linkage disequilibrium (filled line, filled circles) are shown. (a) Linkage disequili-
brium as a function of the cosine of the angle between use of antibiotic 1 and use of antibiotic 2. (b) Linkage disequilibrium as a function of inter-class transmission
αx,y. (c) Linkage disequilibrium as a function of recombination r. In (b,c), we focused on subsets of the simulations with highly aligned antibiotic uses (cosine of the
angle greater than 0.95, red) and orthogonal uses (cosine of the angle smaller than 0.05, blue). In all panels, we used the simulations of the extended two-classes
model with randomly chosen parameter sets. We show the mean linkage disequilibrium in bins. The vertical lines represent the bootstrap confidence intervals. The
corrected linkage disequilibrium is shown for the subset of 41 696 simulations where polymorphism is not lost.
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found that the emergence of positive or negative linkage dise-
quilibrium depends on the classes being isolated one from
another (inter-class transmission has to be much smaller than
intra-class transmission) (figure 3b). However, the rate of
recombination had little effect on linkage disequilibrium,
both for aligned and orthogonal antibiotic uses (figure 3c).
The build-up of positive or negative LD depends on different
genotypes being locally favoured in one or the other class.
For aligned uses, R1,2 is favoured in one class and S is favoured
in the other. For orthogonal use, R1 is favoured in one class and
R2 is favoured in the other. In both cases, this results in LD
emerging at the whole population level. Large inter-class
transmission erodes polymorphism, which reduces LD. In
the cases when polymorphism is maintained at high inter-
class transmission, it is maintained by mechanisms other
than population heterogeneity among classes (i.e. treated indi-
viduals providing a niche for the resistant strain and/or
supercolonization providing a frequency-dependent advan-
tage to the sensitive strain), which do not generate LD. This
results in the decline of corrected LD with inter-class trans-
mission. Because LD is generated by heterogeneous selection
across classes and limited mixing, there is little effect of recom-
bination on LD: within each class the genetic diversity is small,
and therefore recombination does not have an impact.
4. Discussion
We examined the factors favouring the evolution of MDR
in commensal bacteria. We used an epidemiological-
evolutionarymodel describing transmission, natural clearance,
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supercolonization, within-host competition and recombina-
tion. We investigated how bystander selection by antibiotic
treatments selects for single or multiple resistance in commen-
sal bacteria.

In the introduction, we recalled three non-mutually exclu-
sive hypotheses for the proliferation of MDR strains: (i)
negative cost epistasis, whereby the overall cost of MDR
may be lower than predicted from the costs of individual
resistances; (ii) the use of multiple antibiotics in the host
population; and (iii) the structure in the host population.
We confirmed the three hypotheses and showed that:

— With the range of parameters chosen in our simulations,
negative cost epistasis was the most potent factor selecting
for MDR (figure 1b, parameters χe and ce);

— Perhaps our most important result is that the application
of several single drug treatments in the host popula-
tion favoured MDR as much as combination therapy.
Combination therapy of course favours MDR, but is com-
paratively rarer (figure 1b, table 1). In other words, MDR
may evolve even when drugs are never taken in combi-
nation in individual hosts (in agreement with previous
results from a simpler model [17]).

— In a structured host population, alignment in antibiotic
use across classes favours MDR (figure 3a, electronic sup-
plementary material, figure S3C).

Negative cost epistasis means that the overall cost of two
resistances combined on a MDR genotype is lower than
expected. This is most often called ‘positive epistasis’, as
this corresponds to fitter than expected MDR genotypes.
Positive epistasis between resistance mutations is common
[40]. Several studies evaluated the costs of resistance and
epistasis by measuring the fitness of sensitive, resistant and
MDR strains in the absence of antibiotic in vitro [41,42]. For
example, Trindade et al. [41] generated E. coli mutants resist-
ant to the antibiotics nalidixic acid, rifampicin and
streptomycin. Seventy-three percent of double mutants with
significant epistasis had positive epistasis. Thus, MDR geno-
types with these low-cost pairs of resistance mutations
could readily evolve if the cost measured on the growth
rate in vitro is a good proxy for the within-host and epidemio-
logical costs of our model. Consistent with this idea, the pairs
of resistance mutations that had the lowest in vitro costs were
also those found most frequently in clinical isolates of
M. tuberculosis [43].

We emphasize several assumptions of our model. First of
all, we assumed that antibiotic treatment was given indepen-
dently of the colonization status of the host (bystander
exposure). We indeed consider commensal species that are
most of the time carried asymptomatically and rarely cause
infections. Treatment is given for another infection that is
not modelled. However, for some drug-species combinations,
the proportion of antibiotic exposure that is targeted to the
species may be significant. For example, close to 20% of E.
coli’s exposure to quinolones is targeted rather than bystander
exposure [16]. Indeed, urinary tract infections are commonly
caused by E. coli and treated with quinolones. When anti-
biotic use is targeted, the resistance of the focal species to
the first-line drug may result in treatment failure and use of
a second drug. This sequential pattern of antibiotic use, not
considered in the present model, could further promote
MDR because single resistant strains would be more
frequently exposed to a drug they are sensitive to. Second,
we assumed for simplicity that only one strain could colonize
a host at a time. Within-host competition between strains
was assumed to be strong and to rapidly result in a single
strain taking over the host. However, in some species with
high prevalence like E. coli, multiple strains are frequently
present, and can coexist over long time periods in a host
[25,44]. In these species, a costly resistant strain in compe-
tition with a sensitive strain within a host could decline
slowly or persist at low frequency. Less intense within-host
competition could weaken the effect of within-host par-
ameters on MDR evolution. It would also affect how
transmission and supercolonization influence the evolution
of resistance, as discussed below.

4.1. The role of transmission and supercolonization
on MDR

Interestingly, higher transmission favoured the sensitive strain
(figure 1d). This opposes the frequent assumption that high
transmission (e.g. poor hygiene) favours the proliferation of
antibiotic resistance. A small number of empirical studies
suggest that higher transmission favours resistance. Antibiotic
resistance of several bacterial species was found to be associ-
ated with poorer infrastructure and poorer governance across
103 countries [45]. One interpretation of this correlation
is that the dissemination of resistance is favoured by poor
sanitation. More convincingly, the individual carriage of
extended-spectrum beta-lactamase-producing E. coli (an
enzyme conferring resistance to beta-lactams antibiotics) was
strongly associated with an indicator of poor hygiene in a
large cohort [46]. However, it is not at all obvious in theory
why transmission would favour resistance. Larger trans-
mission implies that both the resistant and the sensitive strain
transmit more.Whywould this preferentially favour the resist-
ant strain? In a previous study, it was shown that transmission
favours resistance because resistant strains, unlike sensitive
strains, rely on transmitting to treated individuals for multipli-
cation [18]. In the model analysed here, this first effect is
present (figure 2a) but is overwhelmed by a second effect:
the sensitive strain is favoured by transmission and supercolo-
nization of already occupied hosts, because it enjoys a fitness
advantage in competition with the resistant strain within the
host (as in the model presented in [47]). In our simulations,
that second effect is stronger than the first, and higher trans-
mission, therefore, favours the sensitive strain. It is possible
that in the contexts of the empirical studies mentioned above,
supercolonization and within-host competition are less
common than in the range of parameters explored in the simu-
lations. The higher transmission would thus favour resistant
strains as they are able to colonize empty treated hosts.

Because of the two effects, larger transmission favours the
invasion of a sensitive strain by a resistant, and reciprocally
(figure 2a, both invasion fitnesses increase with trans-
mission). Thus, large transmission should also promote the
coexistence of multiple strains. This prediction was verified
in the simulations: the probability that both resistances coex-
ist with sensitivity (frequency of both resistances in [0.01,
0.99]) increases with transmission (figure 4).

The effects of transmission and supercolonization on the
dynamics of resistance and sensitivity are complex and
would be interesting to elucidate further. For example, introdu-
cing the possibility of long-term coexistence between multiple
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strains within hosts could affect our results. In a theoretical
study, it was shown that co-colonizationwith resistant and sen-
sitive strains favours the resistant strain because the elimination
of the sensitive strain upon antibiotic treatment releases the
resistant strain [47]. The transmission rate, therefore, impacts
the competition between sensitive and resistant strains in
three ways: through the increased transmission of the resistant
strain in treated hosts, through increased supercolonization
(which favours the sensitive strain if it has an advantage in
supercolonization) and through increased co-colonization
(which may favour either sensitive or resistant strain). The
overall effect of transmission on the frequency of resistance
likely depends on the balance of these three effects.

4.2. The role of recombination
The rate of recombination between strains colonizing the
same host had little effect on linkage disequilibrium, both
in a single population (figure 1d ), and in a structured popu-
lation (figure 3c). This may seem surprising, as recombination
is expected to break down LD. In a single population, the most
common outcome is the loss of polymorphism and the domi-
nance of a single strain: thus, recombination does not disrupt
this equilibrium. In a structured population, polymorphism
may be maintained at equilibrium. However, the maintenance
of polymorphism implies that the different classes are
strongly isolated (low inter-class transmission), and, effectively,
distinct strains are rarely in contact in the same host. Thus,
recombination also has little effect on the equilibrium.

However, recombination could affect the transient temporal
dynamics of the model. In a scenario where the eventual equili-
brium is coexistence between sensitive and double resistant
strains, recombination accelerates the emergence of double resist-
ance but results in a lower equilibrium frequency of double
resistance (electronic supplementary material, figure S5). When
the sensitive and two single resistant strains are initially present
but the double resistant is initially absent, only recombination
between the strains R1 and R2 can generate the double resistant
strain R12. Thus, recombination will initially speed up the emer-
gence of double resistance. However, at equilibrium, single
resistant strains are constantly generated by recombination
between the sensitive and double resistant, resulting in a lower
equilibrium frequency of double resistance with increasing
recombination. This results in the coexistence of all four possible
strains, but only the sensitive and double resistant strains would
coexist without recombination.

Previous work showed that the effects of recombination on
the transient dynamics of MDR are potentially more complex.
For example, when the MDR strain is less costly than expected
(negative cost epistasis), theMDR strain is favoured but recombi-
nation slowsdown its spread by creating less fit single resistances
[48]. Moreover, recombination is more frequent when the preva-
lence of the bacterial population in the host is higher. The larger
transmission will result in higher prevalence and more recombi-
nation, whichwill affect the transient dynamics of resistance [48].
These processes should take place in our model as well.
5. Conclusion
The epidemiology and evolution of resistance to antibiotics
depends on the complex ecology of bacteria [18,26,38,47].
Bacteria multiply in a diversity of hosts—already colonized
by a strain or not, untreated or treated by a variety of drugs,
belonging to different age classes, geographical locations,
etc.We formulated an epidemiological-evolutionary simulation
model that included these phenomenaand elucidated its behav-
iour with statistical analysis of a large number of simulations
and mathematical analysis. We generated a number of predic-
tions, the most interesting of which are (i) multiple single
treatments received by the host population as a whole can
drive the evolution ofMDR; (ii) in a structured host population,
the alignment of treatments across classes favours MDR;
(iii) transmission and supercolonization favour the evolution
of sensitive strains; (iv) higher transmission results in a greater
diversity of sensitive and resistant strains. How the alignment
of uses of different antibiotics across classes drives MDR has
not been empirically investigated so far. To do so, it would be
necessary to identify the forms of population structure that are
most relevant to bacterial antibioresistance. MDR should
occur more frequently for the pairs of drugs with the more
aligneduses across classes.Morebroadly, itwouldbe interesting
to link more closely large scale epidemiological datasets on
resistance with these new theoretical results.
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