Evolution of antibiotic resistance is linked to any
genetic mechanism affecting bacterial duration
of carriage
Sonja Lehtinena,b,1 , François Blanquartb , Nicholas J. Croucherb , Paul Turnerc,d,2 , Marc Lipsitche,f,g,3 ,
and Christophe Frasera,3
a

Oxford Big Data Institute, Nuffield Department of Medicine, University of Oxford, Oxford OX3 7LF United Kingdom; b Department of Infectious Disease
Epidemiology, Imperial College London, London W2 1PG United Kingdom; c Shoklo Malaria Research Unit, Mahidol–Oxford Tropical Medicine Research
Unit, Faculty of Tropical Medicine, Mahidol University, Mae Sot 63110, Thailand; d Centre for Tropical Medicine and Global Health, Nuffield Department of
Medicine, University of Oxford, Oxford OX3 7FZ United Kingdom; e Center for Communicable Disease Dynamics, Harvard T. H. Chan School of Public Health,
Boston, MA 02115; f Department of Epidemiology, Harvard T. H. Chan School of Public Health, Boston, MA 02115; and g Department of Immunology and
Infectious Diseases, Harvard T. H. Chan School of Public Health, Boston, MA 02115
Edited by Simon A. Levin, Department of Ecology and Evolutionary Biology, Princeton University, Princeton, NJ, and approved December 16, 2016 (received
for review November 7, 2016)

fore important for predicting the prevalence of resistant strains
and for explaining the approximately linear relationship between
regional antibiotic consumption and resistance (2). Predicting
the prevalence of resistance is, in turn, crucial for evaluating
its impact. For example, recently published worst case estimates
from the Review on Antimicrobial Resistance commissioned by
the UK government, which put the cumulative cost of antimicrobial resistance at $100 trillion by 2050, assumed resistance would
eventually reach 100% (3). Moreover, identifying the factors that
determine the prevalence of resistance will play a role in informing strategies to limit its spread.
In general, diversity at a locus can be maintained through
selective processes that introduce balancing selection (negative
frequency-dependent selection for example) (4), but the inclusion of such processes into models of strain dynamics should be
informed by the ecology of the strains (5). Because no such mechanisms are known for antibiotic resistance, models of resistance
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The relationship between a population’s antibiotic consumption and the frequency of antibiotic resistance among bacteria
colonizing that population is not fully understood. Antibiotic
resistant and sensitive strains compete for available hosts—
we would therefore expect the fitter strain to dominate.
Instead, we observe stable coexistence of both strains. In
this work, we propose an explanation for this coexistence by
showing the fitness advantage of resistance depends on a bacterial strain’s duration of carriage. This finding ties the evolution of resistance to any genetic mechanism affecting duration
of carriage. These insights could allow more accurate prediction of future resistance levels and play a role in informing
strategies to prevent the spread of resistance.
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ntibacterial resistance is a serious threat to public health,
with resistant strains emerging in numerous pathogens.
Although estimates of resistance levels vary by region, pathogen,
and antibiotic type, a common feature is that fixation of resistance is rarely observed: sensitive and resistant strains tend
to coexist robustly. For example, according to the European
Antimicrobial Resistance Surveillance Network (EARS-Net;
available at ecdc.europa.eu) (1), the prevalence of penicillin and
macrolide nonsensitivity in Streptococcus pneumoniae has been
stable at around 10 and 15% respectively for the past 15 years in
Europe. Similarly, EARS-Net estimates of multidrug resistance
in Klebsiella pneumoniae have varied around 20% since 2009 and
those for methicillin resistance in Staphylococcus aureus have
ranged between 15 and 25% from 1999 onwards, with no persisting directional trend.
The stable coexistence of sensitive and resistant strains is unexpected: because these strains compete for the same hosts, simple
ecological models predict that the fitter strain would dominate
and the weaker strain become extinct (“competitive exclusion”). Understanding how coexistence is maintained is therewww.pnas.org/cgi/doi/10.1073/pnas.1617849114

Author contributions: S.L., M.L., and C.F. designed research; S.L., F.B., N.J.C., and P.T. performed research; F.B., N.J.C., M.L., and C.F. advised on modeling, analysis, and interpretation; S.L. and P.T. analyzed data; S.L. wrote the manuscript; and F.B., N.J.C., M.L., and C.F.
contributed to writing the manuscript.
Conflict of interest statement: M.L. has received consulting fees/honoraria from Merck,
Pfizer, Affinivax, and Venable LLC and grant support not related to this paper from Pfizer
and PATH Vaccine Solutions.
This article is a PNAS Direct Submission.
Freely available online through the PNAS open access option.
1

To whom correspondence should be addressed. Email: s.lehtinen@imperial.ac.uk.

2

Present address: Cambodia-Oxford Medical Research Unit, Angkor Hospital for Children,
Siem Reap, Cambodia.
3

M.L. and C.F. contributed equally to this work.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1617849114/-/DCSupplemental.

PNAS | January 31, 2017 | vol. 114 | no. 5 | 1075–1080
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Understanding how changes in antibiotic consumption affect the
prevalence of antibiotic resistance in bacterial pathogens is important for public health. In a number of bacterial species, including Streptococcus pneumoniae, the prevalence of resistance has
remained relatively stable despite prolonged selection pressure
from antibiotics. The evolutionary processes allowing the robust
coexistence of antibiotic sensitive and resistant strains are not
fully understood. While allelic diversity can be maintained at a
locus by direct balancing selection, there is no evidence for such
selection acting in the case of resistance. In this work, we propose a mechanism for maintaining coexistence at the resistance
locus: linkage to a second locus that is under balancing selection
and that modulates the fitness effect of resistance. We show that
duration of carriage plays such a role, with long duration of carriage increasing the fitness advantage gained from resistance. We
therefore predict that resistance will be more common in strains
with a long duration of carriage and that mechanisms maintaining diversity in duration of carriage will also maintain diversity in
antibiotic resistance. We test these predictions in S. pneumoniae
and find that the duration of carriage of a serotype is indeed
positively correlated with the prevalence of resistance in that
serotype. These findings suggest heterogeneity in duration of carriage is a partial explanation for the coexistence of sensitive and
resistant strains and that factors determining bacterial duration
of carriage will also affect the prevalence of resistance.

Results
Fitness Effect of Resistance Depends on Duration of Carriage. We

begin by considering a one-locus, two-allele model of resistance
in a bacterial species with asymptomatic carriage, such as S. pneumoniae, where the probability of receiving antibiotics can be considered independent of carriage status. The resistant and sensitive strains (r and s, respectively) compete directly for hosts, with
no balancing selection (Fig. 1). The dynamics of this model are
described by
dIs
= βIs U − (τ + µ)Is
dt
dIr
β
=
Ir U − cµ µIr ,
dt
cβ

[1]

where U , Is , and Ir are uninfected individuals and individuals
infected with the sensitive and resistant strains, respectively, β
and µ are transmission and clearance rates, τ is the population antibiotic consumption rate (we assume instant treatment),
and Ir + Is + U = 1. We use the terms infected and carrier syn-

Fig. 1. Model of competition between antibiotic sensitive and resistant
strains (Eq. 1). U represents uninfected hosts, Is represents hosts infected
with the sensitive strain, Ir represents hosts infected with the resistant strain,
β is the transmission rate, µ is the clearance rate, τ is the population antibiotic consumption rate, and βs = β, βr = cβ , µs = µ, µr = cµ µ, where cβ and
β

cµ represent the cost of resistance.
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should be structured in a way that does not build them in (i.e.,
“structurally neutral”) (5). Colijn et al. explored whether coexistence of sensitive and resistant strains in the pneumococcus
could be reproduced using a number of structurally neutral
coexistence-promoting mechanisms (including habitat heterogeneity, within-host competition and lowered competition for
hosts) (6). Although coexistence was possible in all models, it
was highly sensitive to antibiotic consumption rate and the fitness cost of resistance. Such sensitivity is at odds with observed
patterns of resistance: coexistence occurs at a wide range of
antibiotic consumption rates (2), in a number of different bacterial species (1), and most probably for a range of fitness costs
(because coexistence is observed for a number of different antibiotics and resistance mechanisms).
Thus, while coexistence of sensitive and resistant strains has
not been satisfactorily explained using structurally neutral models, there is an absence of evidence for mechanisms justifying
departures from structural neutrality.
In this work, we propose a mechanism of coexistence in the
absence of balancing selection on antibiotic resistance: diversity
at the resistance locus can be maintained by balancing selection
at a linked locus if the linked locus modulates the fitness effect
of resistance. We show that the fitness advantage of resistance
for a strain depends on its duration of carriage, with strains with
long durations of carriage gaining more from resistance. Coexistence of antibiotic sensitivity and resistance can therefore be
maintained by coexistence of different durations of carriage and
the evolution of antibacterial resistance is tied to any genetic
mechanism affecting duration of carriage.
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Fig. 2. Parameter space for coexistence in a two-allele two-locus model of
resistance. One locus determines resistance (s or r), and the other determines
duration of carriage (A or B). The coexistence space is constrained by the
lines τ ≥ µA (cβ cµ − 1) and τ ≤ µB (cβ cµ − 1), with µA < µB , where τ is the
antibiotic consumption rate, µ is a strain’s clearance rate, cβ is the cost of
resistance in transmission, and cµ is the cost of resistance in clearance. In
this plot, µA = 0.5, µB = 1, cβ cµ = 1.1. We use cost to mean proportional
multiplicative cost: c = 1 corresponds to no cost.

onymously throughout the paper. Resistance carries a fitness
cost, which is modeled as either decreased transmission (cβ ) or
increased clearance (cµ ), with cβ ≥ 1 and cµ ≥ 1.
At equilibrium, the resistance and sensitive strains only coexist
β
when τ +µ
= cβ cβµ µ : in a single-locus model, coexistence is only
possible if two strains have the same R0 . This occurs when the
population antibiotic consumption rate is
τ = µ(cβ cµ − 1).

[2]

Below this consumption rate, the sensitive excludes the resistant strain, whereas the resistant strain dominates above the
threshold. The longer the duration of carriage (i.e., the smaller
the clearance rate), the lower the antibiotic consumption rate
at which it becomes advantageous for strains to be resistant.
This is because a long duration of carriage is associated with a
greater risk of antibiotic exposure per carriage episode. There
is therefore epistasis between resistance and duration of carriage: the resistance allele confers a greater fitness advantage
in a genetic background associated with longer duration of
carriage.
Heterogeneity in Duration of Carriage Can Maintain Coexistence of
Sensitivity and Resistance. We now consider a model that includes

a second locus, with alleles A and B , which differ in duration
of carriage, under some form of balancing selection that allows
coexistence of these two alleles (for example, A and B could
represent serotypes with serotype-specific acquired immunity).
Because of the difference in duration of carriage, the antibiotic
consumption rate at which resistance is selected for will be different for strains A and B (Eq. 2). Coexistence of antibiotic sensitivity and resistance will occur between these two consumption
thresholds: the strain with longer duration of carriage will be
resistant, whereas the strain with shorter duration of carriage will
be sensitive (Fig. 2). Thus, diversity in antibiotic sensitivity can be
maintained by balancing selection at a linked locus.
To further explore the relationship between heterogeneity in
duration of carriage and coexistence of sensitivity and resistance,
we construct a model with strains with n different durations of
carriage (D-types). Each strain has a two-locus genotype: a twoallele resistance locus (s or r ) and an n allele D-type locus. To
maintain the coexistence of multiple D-types, we introduce balancing selection by scaling transmission by v (Ix ), a term depending on the frequency of D-type x , Ix = Ixs + Ixr . v (Ix ) does not
have a direct mechanistic interpretation: it can be any function
Lehtinen et al.

"

v (Ix ) =

Ixs + Ixr
1
1− P
−
n
y (Iys + Iyr )

#!k
[3]

,

where k ≥ 0 and sets the strength of balancing selection.
The dynamics of each D-type are described by
dIxs
= βIxs v (Ix )U − (τ + µx )Ixs
dt

Strain Prevalence

[4]
dIxr
β
=
Ixr v (Ix )U − cµ µx Ixr ,
dt
cβ
P
where U = 1 − y (Iys + Iyr ), and µx is the clearance rate for
D-type x . This model is structurally neutral for the resistance
locus: within each D-type, the model has the structure presented
in Fig. 1. When n = 1, v (Ix ) = 1 and Eq. 4 become identical
to Eq. 1. We assume no recombination (however, the results we
present are robust to inclusion of recombination at realistic rates;
see below).
This model reproduces the approximately linear relationship
between antibiotic consumption rate and prevalence of resistance that has been observed in data (2). As predicted by Eq. 2,
whether a D-type is sensitive or resistant at a given antibiotic
consumption rate depends on its duration of carriage (Fig. 3).
As antibiotic consumption increases, an increasing number of
D-types will switch from sensitivity to resistance, leading to an
increase in the prevalence of resistance. A small total number
of D-types produces a stepped relationship between antibiotic
consumption and the frequency of resistance, with each step corresponding to another D-type switching to resistance. As the
number of D-types increases, the relationship becomes smoother
(Fig. 4). These results are robust to how balancing selection is
modeled, except when balancing selection acts solely by increasing clearance rate as strain prevalence increases, thus abolishing
differences in carriage duration between D-types (SI Appendix,
Supporting Text 1 and Fig. S1). Because the prevalence of resistance at a given antibiotic consumption rate depends on the relative frequencies of resistant and sensitive D-types, the strength
of balancing selection determines how steeply resistance rises
with increasing antibiotic consumption: the stronger the balancing selection, the smaller the differences in D-type prevalence
and therefore the more linear the relationship between antibi-
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Fig. 3. Prevalence of sensitive and resistant D-types, in a model with 16
D-types (n = 16). The bars represent the prevalence of a D-type, stratified
by antibiotic resistance (yellow and blue). Clearance rates for D-types were
evenly spaced in the range [0.5, 2]. Other parameters are β = 2, cβ = 1,
cµ = 1.1, k = 15, τ = 0.075.
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otic consumption and resistance (SI Appendix, Supporting Text 1
and Fig. S1).
For diversity in duration of carriage to act as a mechanism
of coexistence, selection must be able to act on combinations of
D-type and resistance status. Thus, duration of carriage must be
inherited: introducing the possibility that D-type alleles change
during transmission decreases coexistence. While our results are
robust to low probabilities of allele change (such as those arising
from mutation or recombination, SI Appendix, Supporting Text 2),
higher rates abolish coexistence (SI Appendix, Figs. S2 and S3).
Longer Duration of Carriage Is Associated with Higher Prevalence of
Resistance in Pneumococcal Serotypes. One of the model’s key pre-

dictions is that resistance will be more commonly observed for
strains with longer duration of carriage. We tested this prediction
by examining the relationship between resistance and serotype
in S. pneumoniae. Pneumococcal serotype is determined by the
bacterium’s polysaccharide capsule and is highly diverse. This
diversity is thought to be maintained by balancing selection arising from serotype-specific immunity (8). Serotypes differ in both
duration of carriage (9, 10), likely due to differences in how well
capsules protect the bacterium from neutrophil-mediated killing
(11), and level of antibiotic resistance (12).
We computed the correlation between duration of carriage
and resistance in three sets of isolates collected at different locations: Maela (13), using Maela-based duration of carriage estimates by Turner et al. (14) (Dataset S1); and Massachusetts (15)
and Malawi (16), using duration of carriage calculated from rates
estimated by Lipsitch et al. (17), based on data collected in Kilifi,
Kenya (Materials and Methods). There was a significant positive
correlation between resistance and duration of carriage for seven
out of the eight tested dataset/antibiotic combinations (Table 1
and Fig. 5).
Discussion
Using a simple model of strain dynamics, we have shown that
in bacterial species with asymptomatic carriage, heterogeneity in
duration of carriage can maintain diversity in antibiotic sensitivity because the fitness effect of resistance depends on duration of
carriage. Strains with a long duration of carriage have a greater
risk of antibiotic exposure per carriage episode and therefore
more to gain from resistance. Balancing selection that maintains strains with different durations of carriage will therefore
allow coexistence of sensitive and resistant strains at a range of
antibiotic consumption rates. This model reproduces the previously unexplained gradual increase in resistance with increasing
antibiotic consumption.
As predicted by this model, we find that duration of carriage in pneumococcal serotypes is a predictor of resistance.
This result suggests that coexistence of serotypes differing in carriage duration is indeed a mechanism maintaining the coexistence of antibiotic sensitivity and resistance in the pneumococcus. A significant association between duration of carriage and
resistance was found for all antibiotics and datasets, with the
exception of co-trimoxazole (trimethoprim/sulfamethoxazole) in
Malawi. The absence of a significant association may relate to
the small number of serotypes in the Malawi dataset (n = 9) and
large uncertainty in resistance estimates due to a small number
of isolates for some of these serotypes. Additionally, duration
of carriage for both Malawi and Massachusetts was calculated
using Kilifi-based estimates of immune clearance and serotype
“knockout” (i.e., replacement by another serotype within the host;
Materials and Methods). Such estimates may be setting-specific
(beyond differences in rate of serotype knockout due to settingspecific serotype distribution and overall pneumococcal carriage,
which we accounted for). Although there is a reasonable correlation between Kilifi-based duration of carriage estimates for the
Maela dataset and those reported by Turner et al. (14) [Pearson’s
PNAS | January 31, 2017 | vol. 114 | no. 5 | 1077
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that decreases as the frequency of a D-type increases. In the
results presented here, we model balancing selection as a function that drives the frequency of all D-types toward n1 :
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Fig. 4. Increase in resistance with increasing antibiotic consumption. (A) Effect of number of modeled D-types on the relationship between antibiotic
consumption and resistance. Clearance rates for D-types were evenly spaced in the range [0.5, 2] and other parameters were β = 2, cβ = 1, cµ = 1.1, k = 15.
(B) Relationship between penicillin nonsensitivity in S. pneumoniae and primary care beta-lactam prescriptions, in defined daily doses (DDD) per 1,000
inhabitants, in European countries in 2007 [chosen to avoid confounding by 2008 changes in Clinical and Laboratory Standards Institute breakpoints for
S. pneumoniae implemented in some countries (7)]. r 2 = 0.33, P = 0.002. We excluded Portugal, which reported 0 beta-lactam prescriptions. Error bars
represent 95% confidence intervals (CIs). The “best fit” line is from a linear regression, the model line shows the relationship between consumption
and resistance in a model with 40 D-types, with clearance rates evenly spaced in the range [0.2, 4] and with β = 3, cβ = 1, cµ = 1.075, k = 50 (parameters
chosen to approximately replicate the best fit line; SI Appendix, Supporting Text 3). Antibiotic consumption rate (per month; Materials and Methods) was
transformed into DDDs by assuming a course of treatment consists of 10 DDDs.

r = 0.56; 95% CI: 0.18–0.79; SI Appendix, Supporting Text 5], it is
possible that our estimates do not accurately reflect duration of
carriage for Massachusetts and Malawi.
Duration of carriage measured at the serotype level was a relatively weak predictor of resistance, even in the Maela dataset
where carriage duration and resistance were measured as part
of the same study. Although uncertainty in both resistance and
duration of carriage estimates likely contributes to the weakness
of the association, the weak correlation could also point to factors other than duration of carriage playing a role in the prevalence of resistance.
Diversity in serotype duration of carriage is not a sufficient
explanation for coexistence of antibiotic sensitivity and resistance because coexistence is also observed within serotype. It is
possible that this within-serotype coexistence arises because of
within-serotype diversity in some other genetic factor affecting duration of carriage. Indeed, there is evidence for noncapsular factors contributing to duration of carriage: Weinberger
et al. have reported within-serotype variation in resistance to
neutrophil-mediated killing in vitro (a likely predictor of duration of carriage) for isolates with different genetic backgrounds
(11). Possible candidates for genetic factors influencing duration
of carriage include bacterial adhesins (as suggested by Weinberger et al.), metabolic genes and bacteriocins, which likely
mediate killing of nonisogenic strains and could therefore play
a role in strain knockout (18).
The role of duration of carriage in the coexistence of antibiotic sensitivity and resistance represents a specific example of a
more general mechanism previously described by Wade (19): the
presence of epistasis between loci ties the fitness effect of alleles
at one locus to allelic frequencies at the other. Epistasis therefore allows balancing selection on one locus to maintain allelic
diversity at another. In the case of resistance, the fitness effect
is also modulated by the cost of resistance, meaning that mechanisms maintaining variability in the fitness cost of resistance
would also maintain diversity in antibiotic sensitivity. Although
compensatory mutations that decrease the fitness cost of resistance could potentially play this role, we are not aware of any
mechanisms that would introduce balancing selection on these
mutations.
Our model predicts linkage disequilibrium between loci determining resistance and duration of carriage, with resistance alle1078 | www.pnas.org/cgi/doi/10.1073/pnas.1617849114

les associating with long duration of carriage. In S. pneumoniae,
beta-lactam resistance has been shown to associate with a number of variants outside the direct target of beta-lactams (the peptidoglycan biosynthesis pathway) (20). It seems plausible that
some of these variants may play a role in determining duration of
carriage. Furthermore, we would expect to see substantial overlap between variants associated with a resistant phenotype and
variants associated with a long duration of carriage (subject to
some caveats; SI Appendix, Supporting Text 8).
More generally, we would expect to observe linkage disequilibrium between any two loci, where one locus is under balancing selection and modulates the fitness effect of the other. These
results bear some similarity to previous multistrain models where
linkage disequilibrium between loci emerges from the epidemiological properties of strains (21, 22). In these models, unlike
Table 1. Prevalence of resistance (fR ) and Kendall’s rank correlation coefficient tau (SI Appendix, Supporting Text 4) for the
relationship between serotype mean duration of carriage and
resistance
Antibiotic
Penicillin
Penicillin
Penicillin
Penicillin
Co-trimoxazole
Co-trimoxazole
Co-trimoxazole
Trimethoprim
Erythromycin
Ceftriaxone

Dataset
Massachusetts
Malawi
Maela
Combined
Malawi
Maela
Combined
Massachusetts
Massachusetts
Massachusetts

fR

tau (95% CI)

P

0.39
0.34 (−0.04, 0.61)
0.045
0.21
0.49 (−0.09, 0.79)
0.035
0.49
0.46 (0.27, 0.58)
8.6 × 10-6
—
—
2.4 × 10-6
0.46 −0.14 (−0.62, 0.41)
0.70
0.81
0.22 (0.03, 0.39)
0.012
—
—
0.049
0.14
0.38 (0.01, 0.64)
0.027
0.19
0.34 (−0.04, 0.61)
0.045
0.13
0.35 (−0.03, 0.62)
0.047

Number of isolates and serotypes for which carriage duration could be
calculated: Massachusetts, 180 and 19; Malawi, 300 (Materials and Methods)
and 9; and Maela, 2,923 and 51. P values are one-tailed, which is why 95%
CIs sometimes overlap zero for P < 0.05. Combined P values were calculated
using Fisher’s method for all three datasets for penicillin and Malawi and
Maela for co-trimoxazole (we treated trimethoprim and co-trimoxazole as
different drugs). Bold P values are below 0.05. Values of tau for antibiotics
in the Massachusetts dataset are similar because there is a strong association
between resistance to different antibiotics (e.g., odds ratio for penicillin and
erythromycin nonsensitivity: 10; 95% CI: 6–21).

Lehtinen et al.

B

6A

Malawi

C

Maela
1.0

15A 35B

1.0

Massachusetts
1.0

A

19A

19F

0.8

NT

19F
6A

0.6

33B

9V
23A
17F

23F

23B

20

40

22F 10B
35C
15A
35F
5120
838
3
213
46
9N
32A
28F
33F
16F
10F
10A 6C 31
19B37
497F
2132F
24F
24A
33C
12F
11A
22A
18C

6B

11A

6B

60

80

Mean Carriage Duration (Days)

100

1

10

0.0

34
10A21
9V 16F

0.0

0.0

23B

3
7C

34
6B

0.2

0.2

14
19A

23F

14

7B

0.4

0.6

Proportion Non−Sensitive

0.8
19F

0.4

Proportion Non−Sensitive

0.6
0.4

23A

0.2

Proportion Non−Sensitive

0.8

19A

18C9V

20

30

40

50

60

0

Mean Carriage Duration (Days)

50

100

6A

150

200

Mean Carriage Duration (Days)

Fig. 5. Relationship between mean duration of carriage and the prevalence of penicillin resistance across serotypes in Massachusetts (n = 16) (A), Malawi
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sensitive isolates (Materials and Methods).
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tial solution to the problem of coexistence and provides mechanistic insight into the relationship between antibiotic consumption and resistance levels, with significant implications for public
health.
Materials and Methods
Parametrization. Model parameter values have been chosen from ranges
presented in Colijn et al. (6) to correspond to reasonable values for S. pneumoniae, with all rates in units of per month.
Antibiotic-Resistance Datasets. Analysis of the relationship between duration of carriage and resistance was performed on datasets from three studies that reported both serotype-specific prevalence of resistance and either
serotype duration of carriage (Maela) or overall pneumococcal carriage rate
(Malawi and Massachusetts), required for calculating duration of carriage
(see below). The Maela data, collected from a refugee camp on the border of Thailand and Myanmar from 2007 to 2010, were obtained from
Chewapreecha et al. (13). The Malawi data, collected in Dwanga in 1997,
were obtained from Feikin et al. (16). The study serotyped a greater proportion of the resistant than sensitive isolates (89 vs. 25%). We weighted
the number of sensitive isolates to recover the correct overall prevalence of
resistance. The Massachusetts data, collected as part of the SPARC (Streptococcus pneumoniae Antimicrobial Resistance in Children) project (25),
were obtained from Croucher et al. (15). To avoid confounding by vaccineassociated changes and changes in the rate of antibiotic consumption, only
data from 2007 was included (the largest dataset of the available years).
For Massachusetts, resistance data were provided in terms of minimum
inhibitory concentrations (MICs). Penicillin, erythromycin, ceftriaxone, and
trimethoprim nonsensitivity were defined in accordance to Clinical and Laboratory Standards Institute breakpoints as MICs above 0.06, 0.25, 0.5, and
1 µg/mL, respectively (26).
Estimating S. pneumoniae Mean Carriage Duration. For the Maela dataset,
we used mean carriage duration (in infants) estimates based on longitudinal
sampling in Maela by Turner et al. (14) (SI Appendix, Supporting Text 5 and
Dataset S1). Because longitudinal sampling was not available for Malawi
and Massachusetts, we derived clearance rates (and hence mean carriage
duration as the reciprocal of clearance rate) for these datasets using estimates by Lipsitch et al. based on data collected in Kilifi, Kenya (17). Lipsitch
et al. estimated serotype-specific rates of immune clearance bi and knockout cij (for serotype j replacing serotype i within the host), where cij = ri aj ,
with ri being susceptibility of serotype i to competition and aj being the
force of infection for serotype j (aj = βj IjL , where IjL is the proportion of the
population carrying serotype j in the Lipsitch et al. dataset). To calculate
the clearance rate hRi for serotype i in resistance dataset R, we adjusted for
setting-specific rates of knockout due to differences in serotype distribution
and overall pneumococcal carriage by scaling the rate of knockout by the
relative proportion of the population carrying the knocking out serotype j in
the Lipsitch and resistance datasets (IjR /IjL , where IjR is the proportion of the
PNAS | January 31, 2017 | vol. 114 | no. 5 | 1079
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the model presented here, balancing selection is present for both
loci and linkage emerges because, once allele combinations have
been established, discordant combinations will be suppressed by
competition. Nevertheless, both models represent mechanisms
that maintain linkage disequilibrium in bacterial populations and
thus contribute to explaining why strain structure persists despite
the presence of recombination.
In theory, the mechanism of coexistence we describe could also
arise from characteristics of the host rather than the pathogen:
host properties are “inherited” if the host populations are assortatively mixing. A model with assortatively mixing classes of
host that differ in duration of carriage is therefore structurally
near-equivalent to the model presented in Eq. 4, with the difference that heterogeneity in carriage duration is maintained
through the host population structure, rather than balancing
selection on D-type. Pneumococcal carriage duration varies
with age (10, 17); host age, combined with assortative mixing
between age groups, could therefore act as a mechanism of
coexistence in S. pneumoniae (SI Appendix, Supporting Text 7).
Other host factors, such as socioeconomic groups, could also play
this role.
The effect of duration of carriage on resistance has potential
public health implications: as the fitness advantage of resistance
depends on absolute (rather than relative) duration of carriage,
we would expect interventions that lower a bacterial species’
duration of carriage to also lower the prevalence of antibiotic
resistance in that species. On the other hand, if carriage episodes
are often terminated by replacement with a different strain
(knockout), rather than by immune clearance, we would expect
interventions that decrease transmission to decrease knockout and therefore increase duration of carriage and antibiotic
resistance. This effect could explain the increase of resistance in
nonvaccine serotypes observed after introduction of the pneumococcal conjugate vaccine PCV7 in 2000 (15). Vaccination was
followed by an increase in prevalence of nonvaccine types (23). If
this increase was at least partially due to longer duration of carriage in nonvaccine types (because of decreased knockout by vaccine types), we would predict increased prevalence of resistance
in the nonvaccine types. A caveat here is that there is stronger
evidence for the postvaccination increase in prevalence of nonvaccine serotypes being related to increased acquisition rates than
prolonged duration of carriage (24).
We have shown that epistasis between resistance and duration of carriage loci ties the fate of resistance alleles to genetic
mechanisms affecting duration of carriage. This effect is a par-

population carrying serotype j in the resistance dataset). Estimates of a, b,
and r were not available for serotypes making up 35% of the Massachusetts
and 29% of the Malawi datasets. Simply excluding these serotypes from the
calculation of clearance rates would underestimate the rate of knockout.
We calculated the contribution of these serotypes to competition as the
P
overall force of infection λ = n∈L an (where L is the full set of serotypes
for which a has been estimated) weighted by the relative prevalence of carriage in the resistance (IR ) and Lipsitch datasets (IL ) and the frequency of
serotypes for which estimates of a, b, and c were missing (ρR ), giving
R
X aj IjR
R
R I
hi = bi + ρ λ L + r i
.
[5]
I
IjL
j6=i
For the Massachusetts dataset, overall rates of carriage were obtained
from Huang et al. (27).
This method assumes that rates of immune clearance (b) and susceptibility to knockout (r) are transferable between context. To verify our estimates, we calculated clearance rates for Maela using the method above
and compared them to those calculated directly from longitudinal sampling in Maela. The correlation between the two was reasonable (Pear-
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