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The bacterial pathogen Streptococcus pneumoniae is a major pub-
lic health concern, being responsible for more than 1.5 million
deaths annually through pneumonia, meningitis, and septicemia.
Available vaccines target only a subset of serotypes, so vaccination
is often accompanied by a rise in the frequency of nonvaccine
serotypes. Epidemiological studies suggest that such a change in
serotype frequencies is often coupled with an increase of antibi-
otic resistance among nonvaccine serotypes. Building on previous
multilocus models for bacterial pathogen population structure, we
have developed a theoretical framework incorporating variation
of serotype and antibiotic resistance to examine how their associ-
ations may be affected by vaccination. Using this framework, we
find that vaccination can result in a rapid increase in the frequency
of preexisting resistant variants of nonvaccine serotypes due to
the removal of competition from vaccine serotypes.

mathematical model | antibiotic resistance | epidemiology | ecological
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The bacterial pathogen Streptococcus pneumoniae (otherwise
known as pneumococcus) is estimated to be responsible for

one-third of all pneumonia cases, annually causing tens of mil-
lions of severe infections worldwide (1). Two major tools are
available to combat pneumococcal disease: antibiotic treatment
and vaccination (2). Unfortunately, the effectiveness of anti-
biotic drugs is often impaired by the emergence and spread of
antibiotic-resistant pneumococci (3). Antibiotic-resistant pneumo-
coccal infections annually account for tens of thousands additional
hospitalizations and outpatient visits in the United States alone,
resulting in ∼230 million US dollars of additional costs (4). Fur-
thermore, antibiotic-resistant pneumococcal infections increase the
length of patient hospitalizations (5) and cause treatment failures (6,
7). Although it is difficult to determine the effects of antibiotic re-
sistance on clinical outcomes (7), a number of studies have reported
a significant increase in pneumococcal pneumonia mortality due to
penicillin resistance (7–10). In contrast, vaccination can prevent new
pneumococcal infections by increasing host immunity against pneu-
mococcal serotypes. However, available vaccines, such as the pneu-
mococcal conjugate vaccine (PCV7 and PCV 13), target only a
subset of the more than 90 circulating pneumococcal serotypes (11).
The selective pressure exerted by such vaccines can increase
frequencies of nonvaccine serotypes, a phenomenon termed vaccine-
induced serotype replacement (12–14). Changes in the broader ge-
netic composition of pneumococci have also been observed after
vaccination (15, 16), and it has been proposed that vaccination may
induce a shift in the metabolic profiles of nonvaccine strains (known
as vaccine-induced metabolic shift, or VIMS), as a consequence of
resource competition among bacteria sharing the same metabolic
niches (17, 18).
The deployment of pneumococcal vaccines has also led to

significant changes in the frequencies of antibiotic resistance of
pneumococci. As might be expected, vaccines targeting pneu-
mococcal serotypes that have high initial resistance frequencies
have led to the reduction of resistance at the population level in

certain settings (19–23). However, it is not easy to account for a
postvaccination increase in resistance frequencies of subsets of
nonvaccine type (nVT) pneumococci, as has been repeatedly
observed in a range of locations (24–32). Fig. 1A shows changes
in antibiotic resistance within the 19A serotype, an nVT of
PCV7, following the introduction of this vaccine in 2000 within
pneumococcal isolates of children ≤5 y of age, collected in
Massachusetts (16); there was an increase in the minimum in-
hibitory concentration (MIC) of erythromycin between 2001 and
2007, whereas resistance to penicillin and ceftriaxone remained
unchanged (Fig. 1A). It should be noted that the increase in
erythromycin resistance occurred despite macrolide prescription
rates not increasing in the population over the study period (33,
34). A Bayesian analysis of population structure (BAPS) revealed a
significant admixture of antibiotic resistance-associated alleles from
various serotypes (Fig. 1B; see Methods for a full description).
This analysis demonstrated that only 87% of antibiotic resistance-
associated allele combinations within serotype 19A were found
to have originated from the 19A serotype itself, with the rest
much more likely to have originated in other serotypes. Together
with the lack of increase in antibiotic prescription in the study
population, this indicates that 19A strains might be responding
to changing selective pressures arising from the pneumococcal
population structure postvaccination. The analysis was repeated
for another publicly available UK pneumococcal dataset (35) in
which the 19A serotype had the second-highest value of
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antibiotic resistance alleles which most likely originate from
other serotypes (SI Appendix, Fig. S1).
Here, we explore the interactive evolution of vaccination and

antibiotic resistance using a multilocus model of serotype and
antibiotic resistance with full flexibility in associations between
alleles, reflecting the high levels of admixture outlined above.
We assume that there is a cost to resistance, and, consequently, a
resistant strain has a reduced chance of cocolonizing individuals
already colonized with a susceptible strain. Thus, in contrast with
previous multilocus models of pneumococcal evolution (17, 18)
that assume interference occurs between organisms carrying similar
metabolic and virulence alleles, our model assumes that stronger
interference occurs between strains with different antibiotic re-
sistance profiles. We find that a postvaccination surge in antibiotic
resistance frequencies can occur in nVTs under these circum-
stances and, furthermore, may be hastened by asymmetries in the
rate of acquisition of resistance to different antibiotics.

Results
Model Structure.We investigate the impact of vaccination within a
system containing two pneumococcal serotypes, a and b, of which
the first is included in the vaccine (VT) and the second is not
(nVT), under selection pressure from two antibiotics, X and Y.
We assume that immunity is serotype-specific but may be in-
complete, with its efficacy represented in our model by the pa-
rameter 0 ≤ γ ≤ 1, where γ = 1 implies that immunity is complete,
and γ = 0 corresponds to no serotype-specific immunity. Our
model allows for cocolonization by two pneumococcal strains,
and, when γ < 1, the cocolonizing strains can belong to the same
serotype. We denote a bacterial strain of serotype a or b as
having a resistance profile j, where j takes values in f00,01,10g,
corresponding to sensitivity to both antibiotics, resistance to
antibiotic X, and resistance to antibiotic Y, respectively.
The intrinsic transmissibility of a strain can be represented by

its basic reproductive number (36), R0, which is a product of the
duration of colonization (D) and degree of infectivity (β), where
the latter is, effectively, a combination of parameters defining
the likelihood of acquisition by a susceptible individual of a
particular strain from a colonized individual. We assume that the
fitness cost of antibiotic resistance [for which estimates vary
substantially for pneumococci (37–40), as well as for other bac-
terial species (38, 41–43)] can translate into lower infectivity of
resistant strains compared with sensitive strains (β00 > β01).
However, the duration of carriage may be longer for resistant
strains (44) due to antibiotic usage (D01 > D00). Consequently, in
the absence of antibiotic usage, the basic reproductive number of
resistant strains, R01

0, will typically be lower than the basic

reproductive number of sensitive strains, R00
0, but this can be

reversed with antibiotic usage. High serotype-specific immunity
leads to the competitive exclusion of the strain with the lower R0
within a given serotype (35) Therefore, in the absence of anti-
biotics, the susceptible strain would dominate, but an increase in
antibiotic usage could reverse this outcome. Lower levels of
serotype-specific immunity can lead to the coexistence of re-
sistant and susceptible strains within a serotype, and an increase
in antibiotic usage could either cause an increase in the re-
sistance frequencies or lead to the exclusion of the susceptible
strain. These properties of our model are identical to previous
work focusing on single serotypes (45–47).
Introducing more serotypes does not alter the outcome of

competition between resistant and susceptible strains within a
given serotype unless there is some form of competitive in-
teraction between serotypes. This may be mediated by serotype-
transcending immune responses or by ecological competition.
Here, we incorporate ecological competition by introducing a
parameter (0 ≤ ψ ≤ 1) which captures the degree to which in-
trinsic fitness differences (such as in growth rates) between re-
sistant and susceptible strains may allow an individual carrying a
susceptible strain of pneumococci to suppress cocolonization by
a resistant strain. This could be thought of as a form of pre-
emptive competition, where susceptible bacteria in a colonized
individual would preclude the introduction of a resistant strain as
they start with greater numbers and have a fitness advantage. We
emphasize that this is a form of ecological competition between
bacterial strains and is not mediated by immunity; thus, indi-
viduals carrying strain a00 may not be available for cocoloniza-
tion by either b10 or b01 (for example, if ψ = 1) but will be fully
susceptible to further colonization by b00.

Vaccination Can Increase the Frequency of Antibiotic Resistance
Among nVTs. We start by considering a model in which the two
serotypes, a and b, are either susceptible or resistant to a single
antibiotic (Y) and there are no serotype-specific differences in R0.
The equilibrium frequencies of the four strains (a00, a01, b00, b01)
before vaccination are determined by the degree of serotype-specific
immunity (γ) and inhibition of cocolonization by resistant strains (ψ)
within the system, as well as the basic reproductive numbers of
sensitive and resistant strains (R00

0 and R01
0, respectively).

High serotype-specific immunity leads to competitive exclu-
sion within a given serotype, typically of the strain with the lower
R0 (45). However, the cost imposed on resistant strains through
inhibition of cocolonization (ψ > 0) can lead to their exclusion
even if they have a slightly higher R0. The removal of serotype a
(the VT) through vaccination may cause a reversal of the

Fig. 1. Observed changes in resistance, and admixture estimation of the 19A serotype. (A) Box plots of log10(MIC) of different antibiotics, with actual values
overlaid as points. Serotype 19A increases in MIC of erythromycin (P value <2 ·10−7, Spearman correlation =0.58) but not of penicillin and ceftriaxone
(P value = 0.56, 0.57; Spearman correlation =−0.07, both), between 2001 and 2007 after PCV7 introduction at 2000. (B) Admixture analysis using BAPS (see
Methods) on antibiotic resistance-associated genes on the same data as in A. Arrows represent statistically significant admixture events (P value for each
event < 0.001), with arrow directions defining origin and destination of admixed alleles, and numbers representing the fraction of alleles contributed
from source to receiving serotype. Serotype 19A has the highest fraction of alleles most likely from other serotypes, with only 87% of alleles likely to
originate from serotype 19A’s population.
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outcome of competition between b00 and b01, with the resistant
nVT completely replacing the susceptible nVT, as shown in Fig.
2A. This is due to the removal of ecological competition between
a00 and b01, and can be observed under circumstances where
R01

0 is somewhat in excess of R00
0, provided ψ is above the follow-

ing threshold (see SI Appendix, Supplementary Information S2
for derivation):

ψ >

2γ
μD00

�
1
R00
0
− 1

R01
0

�
�
1− 1

R00
0

��
1−

�
1
γ

�
1− 1

R00
0

���. [1]

When serotype-specific immunity is complete (γ = 1), the region
where a surge in frequency of the resistant nVT occurs is limited
to the area between R01

0 > R00
0 and the curve described by Eq. 1.

When R01
0 < R00

0, there is no change in the outcome of within-
serotype competition, as the susceptible nVT will continue to
dominate after the VT is removed (Fig. 2C, left of the dashed
line); when R01

0 is sufficiently in excess of R00
0, b01 will have

displaced b00 before vaccination and no change will be seen (Fig.
2C, right of the solid black curve).
At lower levels of serotype-specific immunity (γ < 1), susceptible

and resistant strains may coexist within the same serotype within
certain boundaries of difference in R0 (45–47). In this case, the re-
sistant strain will increase in prevalence after vaccination, due to the
cessation of competition from a00, but may still remain the rarer
strain (Fig. 2B). The range of differences in R0 over which a surge in
antibiotic resistance occurs is markedly wider, although the actual
increase in frequency will be more limited (Fig. 2 D and E).
We next considered a scenario where serotypes differ in R0,

because of either unequal transmission coefficients or duration
of carriage, both of which have been shown to differ substantially
between serotypes (48). A 1.5-fold increase in the R0 of serotype
a leads to an expansion in the parameter range within which
there is a postvaccination surge in b01 (Fig. 2 F–H; see a

threefold increase leading to similar results in SI Appendix, Fig.
S2). This is because the prevalence of a00 increases, causing b01
to be suppressed further. Consequently, b01 experiences a greater
increase in frequency when a00 is removed by vaccination.
Importantly, the general principles illustrated above remain

unaltered when we introduce a second antibiotic, X, with pre-
vaccination equilibria falling into three categories: (i) coexistence of
all strains, (ii) competitive exclusion of both antibiotic-resistant
strains (b10 and b01), and (iii) competitive exclusion of the resistant
strain with the lower R0 (say b10). Following the removal of serotype
a through vaccination, resistant strains that are already present will
increase in frequency, and there may be an emergence of strains that
were excluded before vaccination (SI Appendix, Fig. S3).

Effect of Asymmetries in Rates of Acquisition of Resistance to
Different Antibiotics. The model can be extended to explicitly
incorporate rates of resistance acquisition to two antibiotics, X
and Y, by introducing the parameter ωj to describe the proba-
bility of a sensitive strain acquiring a resistance profile j (see
Methods). We find that this has a significant impact on the
outcome of vaccination where the less transmissible strain (in
this case, b10, which is resistant to X) is associated with a higher
rate of resistance acquisition (ω01 < ω10). Under these circum-
stances, b10 may stabilize at higher prevaccination frequencies
than b01, despite a significant transmissibility disadvantage (in
Fig. 3A, R10

0 = 0.91 R01
0). The removal of competition from a00

due to vaccination effectively unmasks the transmission advan-
tage of b01, thereby driving a rapid increase in its frequency. A
stochastic implementation of this model indicates that a very
significant rise in the frequency of b01 can occur within a decade
or two after the removal of the VT (Fig. 3B) under realistic
parameter combinations, and that it has a strong likelihood of
eventually displacing b00 as the dominant strain within this se-
rotype. Moreover, there is a high likelihood that the time point at
which b01 first becomes more common than b10 is within a de-
cade from the start of vaccination. This outcome is consistent

Fig. 2. Vaccination can increase the frequency of antibiotic resistance among nonvaccine serotypes. (A and B) Dynamics of susceptible nVT (blue), and
resistant nVT (red) prevaccination and postvaccination (the time of which is marked by the dashed vertical line). (A) Dynamics under full serotype-specific
immunity (γ = 1, ψ = 0.8; R01

0 = 1.504; R00
0 = 1.5). Prevaccination equilibrium values of VTs are 0 and 0.009, for ya01 and ya00, respectively. (B) Dynamics under

intermediate serotype-specific immunity (γ = 0.6, ψ = 0.8; R01
0 = R00

0 = 1.5). Prevaccination equilibrium values of VTs are 0.007 and 0.008, for ya01 and ya00,
respectively. (C–E) Heat maps of the increase in relative frequency of the resistant nVT (b01) postvaccination against varying values of cocolonization in-
hibition (ψ ) and the difference in reproductive number between resistant and susceptible nVTs (R01

0 − R00
0, with R00

0 = 1.5). The black curves are derived from
Eq. 1, and they mark the parameter ranges under which b01 switches from being the rare to the common type postvaccination. The dashed vertical lines mark
where R01

0 = R00
0. (F–H) VTs are assigned an increased reproduction number, expanding the range of parameters where a surge in resistance frequencies

occurs; the curves obtained from Eq. 1 have been overlaid for ease of comparison with C–E. For A, B, and F–H, the transmission of the VTs was increased to 1.5-
fold of the nVTs’ reproductive number.
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with observations of increase in antibiotic resistance frequencies
within nVTs (24–32), but it is also possible for this change to
occur after more than 50 y (Fig. 1C; note the >50 label on the x
axis, marking binned results of simulation runs exceeding the
simulation predetermined time limit). Therefore, substantial
variation in the times before surges of antibiotic-resistant nVT
strains postvaccination is expected even between populations
experiencing similar conditions.
As might be expected, increasing ω10 lowers the prevaccine

frequency of b01, leading to a higher postvaccination surge (Fig.
3D). The increase in b01 is also more pronounced at higher
values of ecological interference from a00 (ψ) (Fig. 3 D and E), in
line with our previous results. The increase in resistance among
nVTs also depends on the strength of serotype-specific immunity
(γ), as this determines the extent to which b01 can realize its
transmission advantage (Fig. 3E).

Discussion
Widespread use of antibiotics has led to the rise of resistance in S.
pneumoniae (49)—even though pneumococci are often not the
direct target of antibiotics, as they are usually asymptomatically
carried and not treated [invasive disease might be more than three
orders of magnitude lower than carriage (50, 51)]. Existing models
of antibiotic resistance typically aim to define the conditions
minimizing resistance emergence or spread under different anti-
biotic regimes (52–57). Fewer efforts have been made to study the
effects of pneumococcal vaccination on the evolution and spread
of antibiotic resistance (44, 58, 59). In this study, we show that
vaccination can impact antibiotic resistance frequencies by re-
moving competition from susceptible strains, potentially leading to
a surge in antibiotic resistance among nVT pneumococci. We
show that this happens under relatively mild differences in R0
between resistant and susceptible strains, in line with the mostly
indirect advantage antibiotic resistance conveys to pneumococci.
An alternative hypothesis proposed by Lehtinen et al. (44) is

centered on the understanding that the removal of vaccine
strains permits longer durations of carriage of nVTs. Lehtinen
et al. hypothesize that some resistance genes are in epistasis with
genes influencing carriage duration, and thereby removal of
competition between pneumococci due to vaccination can lead
to an increase in antibiotic resistance among nVTs. A crucial
difference between our model and that of the aforementioned
work is that we include serotype-specific immunity following

natural colonization, although by no means does this have to be
completely sterilizing. Indeed, stable coexistence of resistant and
susceptible strains in the prevaccine era is more likely to occur, in
our model, under incomplete immunity. However, in the absence of
serotype-specific immunity, coexistence becomes difficult to obtain.
We assume, in our model, that resistant bacteria are less likely

to cocolonize individuals already colonized with susceptible
bacteria. This is in line with observed fitness cost associated with
antibiotic resistance in bacteria, although estimates of this cost
vary substantially (37–43). Additionally, observational studies
have found an increased risk of cocolonization by resistant gas-
trointestinal bacteria when a patient is already colonized by
bacteria resistant to different classes of antibiotics, possibly in-
dicating that resistant bacterial strains are less likely to be
competitively excluded by each other than by susceptible strains.
Such a risk of cocolonization was found independently of other
risk factors such as antibiotic usage and patient comorbidities
(60, 61). Finally, experimental results suggest that patients re-
ceiving fecal microbiota transplant of susceptible bacteria are
less likely to be recolonized by resistant bacteria (62).
In our model, the vaccine serotype acts as a source of eco-

logical competition between resistant and susceptible nonvaccine
serotypes. Competition between pneumococcal strains may
also be mediated through acquired immunity (strain-specific
or strain-transcending) or resource competition (63, 64). We
have previously proposed that the removal of a subset of the
serotypes due to vaccination may lead to substantial rear-
rangements between serotype and metabolic genes (18). Such
VIMs could impact the competition between resistant and
susceptible nonvaccine serotypes, and they form an important
avenue for future work in this area.
Further high-resolution epidemiological data are needed to test

our hypothesis and assess its generality. Obtaining these data will
require both sampling multiple cocolonizing pneumococcal strains
and characterizing their antibiotic resistance profiles. Such data
would enable us to interrogate the associations between cocolonizing
serotypes and their respective antibiotic resistance profiles. A lack of
association would indicate that interference in carriage between re-
sistant and susceptible pneu-mococcal strains is not a significant
factor in their dynamics. However, if the data show a negative
association between cocarriage of serotypes and presence of
specific antibiotic resistance genes, this would suggest that the
cost of antibiotic resistance translates into a reduced ability to

Fig. 3. An increase in antibiotic resistance under asymmetric acquisition rates. (A) Dynamics of nVT prevaccination and postvaccination, the time of which is
marked by the dashed vertical line. We assume acquisition of resistance to X (b00 → b10) is higher than to Y (b00 → b01), but that b10 is less transmissible than
b01. Prevaccination equilibrium values of VTs are 0.0055, 0.0054, and 0.0048, for ya00, ya01, and ya10, respectively. (B) Stochastic implementation of the
postvaccination dynamics (corresponding to the dynamics in A). Average values of 200 simulations are given by solid lines; interquartile range of simulation
results is given by shaded areas. (C) Histogram of the first time b01 increases in frequency above b10, recorded from the 200 simulations. Approximately 11%
of simulations did not have an intersection between yb01 and yb10 during the simulated 50 y (marked in the histogram by the >50 bar). (D and E) Heat maps of
the increase in relative frequency of b01 following vaccination (R0

10 = 1.485; R0
00 = R0

01 = 1.5; R0(a
j) = 1.5 R0(b

j); γ = 0.6, ψ = 0.9, and ω10 = 1 − ω01 = 0.95 when
they are not varied).
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cocolonize hosts infected with susceptible strains. Our frame-
work could then be used, in combination with these data, for
future planning of antibiotic prescription strategies to minimize
the possibility of an increase in resistance among nonvaccine
serotypes. Possible preventative measures could be to switch to
alternative antibiotics after vaccination or even to antibiotics that
have negative epistatic interactions with the type of resistance
expected to increase (65–67). Additional genetic data from these
samples could help determine whether other factors work in
conjunction with the hypothesis we suggest to drive changes in
the postvaccination pneumococcal population. For example, dif-
ferences in metabolic gene profiles between strains of nVTs before
and after vaccination, derived from sequence data, can indicate
that a competition for metabolic niches is also at play (18). Fur-
thermore, estimates of differences in rates of recombination be-
tween serotypes can help predict which serotypes can acquire
resistance more readily and will be prone to different resistance
profiles due to changing selective pressures.
Finally, we acknowledge that vaccination is also a potential

weapon against antibiotic resistance, as it can reduce the fre-
quency of antibiotic usage by lowering rates of infection and
invasive disease (68). However, while antibiotic usage remains at
high levels, we need to understand and act against possible
deleterious consequences of strain-targeted vaccination on the
frequency of antibiotic resistance in nonvaccine serotypes as
outlined by this study and others.

Methods
Model. We model the carriage of pneumococcal strains, defined by their
serotypes and their antibiotic resistance profiles, in a population eventually
subjected to vaccination. In our model, each strain genotype is defined by the
tuple ði, jÞ, where i determines serotype and j determines the antibiotic re-
sistance allele. For the simple biallelic, two-locus case, let i∈ ða,bÞ,   j∈ ð00,01Þ.
We denote the proportion of individuals currently carrying strain ij by yij; zi is
the proportion of the population previously exposed to serotype i. For example,
in this simple case, the proportion of individuals carrying susceptible and re-
sistant bacteria of serotype a is ya00 and ya01, respectively; the proportion of
individuals previously exposed to serotype a is given by za.

Let us first assume that (i) hosts carrying a bacterial strain ij cannot be
reinfected by a strain with the same serotype i and (ii) a host infected by
bacteria susceptible to antibiotics can only be coinfected by susceptible
strains of bacteria (these assumptions are made to describe the simplest
formulation of the model and are generalized below).

The equations of the epidemiological model are given by (full derivations
are presented in SI Appendix, Supplementary Information S1):

dya01
dt

= λa01ð1− za − yb00ð1− ðza − ya01ÞÞÞ− σ01ya01 +pσ00yas,

dya00
dt

= λa00ð1− zaÞ− σ00ya00,

dza
dt

= λa00ð1− za − yb01ð1− ðza − ya00ÞÞÞ+ λa01ð1− za − yb00ð1− ðza − ya01ÞÞÞ− μza,

where σij is the rate of clearance, equivalent to the inverse of colonization
length Dij; μ is the host removal rate; and λij is the force of infection, de-
termined by yijβij, where βij is the transmission rate of strain ij. An analogous
set of equations is given for bacteria of serotype b. The basic reproduction

number for strain ij is determined by Rij
0 = βij=σij. Antibiotic resistance ac-

quisition is also possible in our framework and will be governed by the

parameter p, which determines the fraction of patients acquiring antibiotic-
resistant pneumococci instead of being cleared. When more than one locus
determining antibiotic resistance is modeled, we will denote by ωl the
probability of acquiring resistance to a certain profile l by the susceptible
strain. When not varied, parameter values are set to R00

0 = 1.5, σ =1=30 d−1,
and μ= 1=5 ·365 d−1, in accordance with pediatric pneumococcal coloniza-
tion (58); p= 0.005 for resistance acquisition scenarios (69).

To relax the two assumptions introduced above, we introduce two
parameters: We represent serotype-specific immunity using a parameter
0≤ γ ≤ 1, where γ = 1 is equivalent to the assumption postulated above
with complete specific immunity, and γ = 0 corresponds to no serotype-
specific immunity.

Similarly, we introduce the parameter 0≤ψ ≤ 1 to represent the proba-
bility that an individual carrying a susceptible strain of pneumococci will
suppress cocolonization by a resistant strain due to the fitness cost of
antibiotic resistance.

Adding these parameters yields the new set of equations,

dya01
dt

= λa01ð1− ya01 − γðza − ya01Þ−ψ yb00ð1− ðza − ya01ÞÞÞ− σ01ya01 +p  σ00ya00,

dya00
dt

= λa00ð1− ya00 − γðza − ya00ÞÞ− σ00ya00,

dza
dt

= λa00ð1− ya00 − γðza − ya00ÞÞ+ λa01λa01ð1− ya01 − γðza − ya01Þ
−ψ yb00ð1− ðza − ya01ÞÞÞ− μza.

We can extend this model to any number of antigenic alleles and any number
of biallelic resistance loci (see SI Appendix, Supplementary Information S1).
Vaccination is added to the model by reducing the R0 of vaccine strains
by 90%.

Stochastic Implementation. We developed a semiindividual-based imple-
mentation of our equations based on the Gillespie stochastic simulation algo-
rithm (SSA) implemented with the direct method (70). Variables representing
colonized hosts (yij) are explicitly modeled under the SSA framework, whereas
previously colonized individuals are approximated via a deterministic approach:
At each newly drawn time point tn+1, the individuals previously colonized with

strain i are given by ztn+ 1
i = ðtn+1 − tnÞ Fið~ytn ,~ztn ,~θÞ+ ztni , where Fi marks the

differential equation defined for the deterministic dynamics of patients pre-
viously infected with i (dzi=dt);~ytn and~ztn represent all values of currently and

previously colonized individuals at time tn; and ~θ represents all parameters
defined in the deterministic model. Since the number of previously colonized
patients is much greater than the number of those currently colonized, it can be
approximated by a deterministic equation (updated by the random processes).
All simulations were performed with a population size of 100,000. Finally, we
constrained the number of hosts colonized by any of the different strains to be
≥1, to avoid the absorbing states of strain extinction.

BAPS. Two data sets of pneumococcal genomes, collected from the United
States (16) and the United Kingdom (35), were annotated using the BIGSdb
software and assigned alleles with the Genome Comparator tool (with ATCC
700669 pneumococcal strain as the reference genome) (71). We examined
34 loci associated with antibiotic resistance (given in SI Appendix, Table S1)
and performed an admixture analysis on predefined clusters based on se-
rotypes in the BAPS 6 software (72, 73). Only serotypes containing 15 or
more samples were used, leaving us with n = 514 and n = 391 observations
for the US and UK data, respectively. Parameters used in the software were
set according to the higher accuracy recommendations given in the BAPS
manual: 50 max clusters, 500 iterations, 200 reference individuals, and 20
iterations per reference individuals. The admixture inclusion threshold was
set to a maximum P value of 0.001.
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