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M A J O R A R T I C L E

Evidence for Clonal Expansion After Antibiotic
Selection Pressure: Pneumococcal Multilocus
Sequence Types Before and After Mass
Azithromycin Treatments

Jeremy D. Keenan,1,2 Keith P. Klugman,3,a Lesley McGee,4 Jorge E. Vidal,3 Sopio Chochua,3,4 Paulina Hawkins,3,4

Vicky Cevallos,1 Teshome Gebre,7,a Zerihun Tadesse,7 Paul M. Emerson,5,a James H. Jorgensen,6 Bruce D. Gaynor,1,2

and Thomas M. Lietman1,2

1Francis I Proctor Foundation, and 2Department of Ophthalmology, University of California, San Francisco; 3Hubert Department of Global Health, Rollins
School of Public Health, Emory University, 4Respiratory Diseases Branch, Centers for Disease Control and Prevention, and 5The Carter Center, Atlanta,
Georgia; 6University of Texas Health Sciences Center, San Antonio; and 7The Carter Center, Addis Ababa, Ethiopia

Background. A clinical trial of mass azithromycin distributions for trachoma created a convenient experiment to
test the hypothesis that antibiotic use selects for clonal expansion of preexisting resistant bacterial strains.

Methods. Twelve communities in Ethiopia received mass azithromycin distributions every 3 months for 1 year.
A random sample of 10 children aged 0–9 years from each community was monitored by means of nasopharyngeal
swab sampling before mass azithromycin distribution and after 4 mass treatments. Swab specimens were tested for
Streptococcus pneumoniae, and isolates underwent multilocus sequence typing.

Results. Of 82 pneumococcal isolates identified before treatment, 4 (5%) exhibited azithromycin resistance, rep-
resenting 3 different sequence types (STs): 177, 6449, and 6494. The proportion of isolates that were classified as one
of these 3 STs and were resistant to azithromycin increased after 4 mass azithromycin treatments (14 of 96 isolates
[15%]; P = .04). Using a classification index, we found evidence for a relationship between ST and macrolide resis-
tance after mass treatments (P < .0001). The diversity of STs—as calculated by the unbiased Simpson index—
decreased significantly after mass azithromycin treatment (P = .045).

Conclusions. Resistant clones present before mass azithromycin treatments increased in frequency after treatment,
consistent with the theory that antibiotic selection pressure results in clonal expansion of existing resistant strains.

Keywords. Streptococcus pneumoniae; Africa; MLST; multilocus sequence typing; clonal expansion.

The use of large volumes of antibiotics in communities
is thought to select for antibiotic resistance [1]. Accord-
ing to the prevailing theory, antibiotics clear susceptible
strains of bacteria in the community but not the strains
already resistant to the antibiotic. This in turn allows for

clonal expansion of these resistant bacterial strains,
leading to an increase in the prevalence of antibiotic re-
sistance in the community. Although intuitive, the phe-
nomenon of clonal expansion has been difficult to
study, especially at the community level. Most studies
claiming to show evidence of clonal expansion have
been observational, hospital-based, retrospective studies
of nonrandom samples that have demonstrated a high
frequency of bacterial isolates that share identical genetic
features [2–8]. There have been few if any prospective,
population-based, interventional studies that have in-
vestigated the relationship between antibiotic selection
pressure and clonal expansion.

In a recent cluster-randomized clinical trial, we
found that communities exposed to mass azithromycin
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treatments for trachoma had higher levels of nasopharyngeal
pneumococcal macrolide resistance than did untreated commu-
nities [9]. This study provided evidence that antibiotic selection
pressure has a causative role in macrolide resistance but did not
assess the mechanism by which the resistance is spread. Because
this study monitored communities in a population-based manner
both before and after several rounds of mass azithromycin treat-
ments, it provides an ideal experiment to look for community-
level evidence of clonal expansion. To this end, we performed
multilocus sequence typing (MLST) on all pneumococcal isolates
from the trial. MLST is a highly discriminative typing technique
in which 7 unlinked housekeeping gene fragments are sequenced,
allowing study of the population dynamics of bacterial clones
[10]. In the current study, our goal was to better characterize
how antibiotic resistance spreads within the nasopharyngeal
pneumococcal reservoir in communities.

METHODS

Study Design
We obtained ethical approval for the study from the University
of California–San Francisco Committee for Human Research,
Emory University, and the Ethiopian Science and Technology
Commission. This study is a nonprespecified analysis from a
cluster-randomized clinical trial conducted in Goncha Siso
Enese woreda, Amhara region, Ethiopia (clinical trials registra-
tion NCT00322972). In the trial, we randomly assigned 72 con-
tiguous subkebeles (government-defined administrative units
composed of approximately 350 households) that were easily
accessible by vehicle to receive one of 6 different treatment strat-
egies for trachoma [11].We excluded the only large town in the
woreda. The primary outcome of the trial was ocular chlamydial
infection. In addition, we monitored 2 treatment arms for naso-
pharyngeal pneumococcus. Specifically, we compared macro-
lide resistance among nasopharyngeal pneumococci isolated
from individuals in the 12 subkebeles randomized to receive
quarterly mass azithromycin treatment with that for the 12 sub-
kebeles randomized to receive no treatment [9]. Herein, we de-
scribe MLST results from the quarterly treatment arm from that
report.

Intervention
In the 12 subkebeles of the current study, all children aged 1–10
years were offered a single directly observed dose of azithromy-
cin (20 mg/kg) administered by height-based dosing every 3
months (±1 month) for 1 year. No pneumococcal vaccination
program existed at the time of the study.

Sample Collection
In a randomly selected community from each subkebele, a ran-
dom sample of 10 children aged 0–9 years underwent nasopha-
ryngeal swabbing at baseline (May 2006; before treatment) and

at month 12 (May 2007; approximately 3 months after the
fourth mass azithromycin treatment). A different random sam-
ple of children was chosen at each monitoring visit. Swabs were
stored and transported in skim milk-tryptone-glucose-glycerin
medium. Swabs were kept on ice for <8 hours while in the field,
then at −20°C for several weeks, and then at −4°C for <96 hours
during transport to San Francisco, where they were stored at
−80°C until processed.

Laboratory Testing
Streptococcus pneumoniae was isolated with selective medium
incubated at 35°C in 5% CO2 and confirmed with optochin
disk testing (Remel; Lenexa, KS). Resistance to azithromycin,
tetracycline, and penicillin was assessed using Etest strips (bio-
Mérieux–AB Biodisk; Marcy l’Etoile, France) placed onMueller-
Hinton agar plates with 5% defibrinated sheep blood and
incubated at 35°C in 5% CO2 for 20–24 hours, before determi-
nation of the minimum inhibitory concentration (MIC). We as-
signed MICs according to the Food and Drug Administration–
approved package insert, using interpretation values for CO2

when provided. We defined azithromycin resistance as an
MIC of ≥ 16 µg/mL and tetracycline resistance as an MIC of
≥ 8 µg/mL, each interpreted with CO2. We defined benzyl pen-
icillin nonsusceptibility as an MIC of ≥ 0.12 µg/mL [12].
Polymerase chain reaction analysis was performed on all azi-
thromycin-resistant isolates, using oligonucleotide primers to
amplify a 348-bp segment containing the mefA/E gene or a
639-bp segment containing the ermB gene element [13].Positive
controls for each primer pair and a negative control strain
(S. pneumoniae ATCC 49619) were included with all runs.
MLST was performed on all pneumococcal isolates, based upon
composite sequence types of 7 housekeeping gene fragments as
previously described [10], with several modifications [14].

Statistical Analyses
We determined which STs were resistant to azithromycin before
mass treatment and tested whether these same resistant STs ac-
counted for a larger proportion of isolates after treatment, using
mixed-effects logistic regression with community and individu-
al as nested random effects. We set the significance level for the
logistic regression at .05. We assessed for the relationship be-
tween ST and antibiotic resistance, using a classification index
described by Jolley et al [15]. The classification index is inter-
preted as the probability of correctly classifying a ST as resistant
or not, where classification is based on the difference in ST fre-
quency between the resistant and susceptible populations. A
value of 0 indicates that there are identical ST frequencies be-
tween the resistant and susceptible populations, whereas a
value of 1 indicates no overlap between the populations. We cal-
culated the classification index separately before and after treat-
ment and separately for each antibiotic. We tested whether the
classification index was significantly different from 0 by using
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permutation, stratified by subkebele (1000 repetitions). We set a
significance level of .001 for this analysis because of the numer-
ous P values that were calculated. Finally, we determined the di-
versity of STs in each community by calculating the unbiased
Simpson index and compared this diversity before and after
treatment by means of a Wilcoxon sign rank test, at a signifi-
cance level of .05 [16]. We expressed diversity as 1 – Simpson
index, with higher numbers indicating more diversity. We per-
formed all analyses with Stata 12.1 (College Station, TX).

RESULTS

We performed nasopharyngeal swabbing on 110 children in 11
of the 12 communities before mass azithromycin treatment.
The swabs from the remaining community were destroyed be-
fore they could be processed. We isolated 82 total pneumococ-
cal isolates from 76 of these children (carriage frequency, 69.1%;
95% confidence interval [CI], 52.7%–81.8%). Of 82 isolates, we
were able to determine the ST in 77, and we identified 61 dis-
tinct STs. Of these STs, 47 (77.0%) were identified in only 1
isolate.

In all communities, children aged 1–10 years received 4 quar-
terly mass azithromycin treatments. Azithromycin coverage ex-
ceeded 75% at each treatment, as published previously [11].

At the 12-month visit (3 months after the most recent mass
azithromycin treatment), 119 children from 12 communities
underwent nasopharyngeal swabbing. We identified 96 pneu-
mococcal isolates from 93 swabbed children (carriage frequen-
cy, 78.2%; 95% CI, 65.2%–87.2%); STs were identified in all
isolates, for a total of 61 unique STs. Of these STs, 43 (70.5%)
were identified in a single isolate.

Before mass azithromycin treatments, 4 of 82 isolates (4.9%;
95% CI, 1.3%–17.1%) were resistant to azithromycin. We iden-
tified these 4 isolates as ST 177 (for 1 isolate), 6449 (for 1), and
6494 (for 2). We also determined the genetic resistance deter-
minants: ST 177 was positive for ermB, and STs 6449 and 6494
were positive for mefA/E (Figure 1). After mass azithromycin,
these 3 STs accounted for 14 of 96 isolates (14.6%; 95% CI,
8.3%–24.3%), all of which were resistant to azithromycin. Spe-
cifically, we identified ST 177 in 7 isolates, 6449 in 5 isolates,
and 6494 in 2 isolates (Figure 1). After treatment, all isolates
of ST 177 were positive for ermB, and all isolates of STs 6449
and 6494 were positive for mefA/E. Resistant isolates with one
of these 3 STs were more common after mass azithromycin

Figure 1. Multilocus sequence type (ST) and antibiotic resistance be-
fore and after repeated mass azithromycin distributions. For each class
of antibiotic resistance, STs are listed in the center, and the frequency
of each ST is displayed in a bar. Pretreatment frequencies are listed on

Figure 1 continued. the left of the ST, and posttreatment frequencies
are listed on the right. An empty bar indicates a susceptible isolate, and
a colored bar indicates a nonsusceptible isolate. In the case of azithromy-
cin, the ermB genetic resistance determinant is represented by light blue,
and mefA/E is represented by dark blue; isolates with both ermB and
mefA/E are represented by light and dark blue stripes, and isolates with
neither resistance determinant are represented by gray.
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distributions, compared with before mass distributions (odds
ratio [OR], 3.33; 95% CI, 1.04–10.6; P = .04).

We performed similar analyses to assess the relationship be-
tween ST and nonsusceptibility to penicillin. Seven isolates with
7 different STs were nonsusceptible to penicillin at baseline;
these 7 STs accounted for 12 isolates at the 12-month time
point, 2 of which were nonsusceptible to penicillin. We found
no evidence that resistant isolates with these 7 STs were more
common after mass azithromycin treatments (OR, 0.23; 95%
CI, .05–1.13; P = .07). Of note, none of the penicillin-nonsus-
ceptible isolates identified in this study had MICs of ≥ 2 µg/
mL (range among 19 nonsusceptible isolates, 0.12–0.5 µg/mL).

We identified 11 tetracycline-resistant isolates before mass
antibiotic treatments. The ST could be determined for 10 of
these isolates; 8 different STs were identified (Figure 1). These
same STs accounted for 10 isolates after mass treatments, all of
which were resistant to tetracycline. There was no increase in
the proportion of resistant isolates with these 8 STs after mass
antibiotic treatments (OR, 0.81; 95% CI, .31–2.10; P = .67). Tet-
racycline resistance was detected in all 16 ermB-positive isolates
from the posttreatment visit, compared with 18 of 80 ermB-neg-
ative isolates (22.5%; P < .001, by the Fisher exact test, ignoring
clustering). In contrast, there was no association between tetra-
cycline resistance and the mefA/E genetic resistance determi-
nant: 16 of 43 mefA/E-positive isolates (37.2%) were resistant
to tetracycline, compared with 18 of 53mefA/E-negative isolates
(34.0%; P = .83)

To determine whether ST was associated with antibiotic
resistance, we calculated the classification index described by
Jolley et al [15]. We performed this analysis separately for the
pretreatment and posttreatment populations. We found no sig-
nificant associations between ST and antibiotic resistance before
mass azithromycin treatments, although this analysis may have
been limited by a small number of resistant isolates (Table 1). In

contrast, we found a significant association between ST and azi-
thromycin resistance after mass azithromycin treatments, in-
cluding strong associations with the ermB and mefA/E genetic
resistant determinants responsible for the vast majority of
pneumococcal macrolide resistance (P < .0001 for each). ST
was also associated with tetracycline resistance after mass azi-
thromycin treatments (P < .0001) but not with penicillin resis-
tance (P = .14). We performed similar analyses to determine
whether ST was associated with age or sex; these revealed no sig-
nificant associations before or after mass azithromycin distribu-
tions (Table 1).

We calculated the unbiased form of Simpson index for each
community to assess ST diversity (Table 2). Community-level
ST diversity decreased after mass azithromycin treatments,
from a median of 0.978 before treatment to 0.952 after treat-
ment (P = .045, by the Wilcoxon signed rank test).

DISCUSSION

This study provides evidence that antibiotic selection pressure
increases antibiotic resistance through clonal expansion. The
3 analyses performed were each consistent with the hypothesis
of clonal expansion. First, we found that the group of pneumo-
coccal STs that were resistant before mass treatments became
significantly more common after mass treatments. Second, we
found that ST was significantly associated with macrolide resis-
tance when assessed by the classification index published by
Jolley et al. Finally, we found that the community-level diver-
sity of STs decreased after mass azithromycin treatments.
These results suggest that pneumococcal clones resistant to
macrolides spread horizontally throughout the community
after extreme macrolide selection pressure, resulting in a higher
proportion of these resistant clones and a less diverse pneumo-
coccal population.

Table 1. Relationship Between Multilocus Sequence Type (ST) and Resistance, According to the Classification Index Described by
Jolley et al [15]

Stratification Variable

Before Treatment (n = 77 STs) After Treatment (n = 96 STs)

N* Classification Index P Values N* Classification Index P Values

Nonsusceptibility

To azithromycin
Overall 4 0.974 .28 56 0.929 <.0001

ermB 1 0.974 1.0 16 0.922 <.0001

mefA/E 3 1.0 .04 43 0.889 <.0001
To tetracycline 10 0.954 .06 34 0.857 <.0001

To penicillin 7 0.974 .31 8 0.807 .14

Age <5 y 30 0.786 .99 46 0.619 .64
Female 37 0.861 .11 46 0.648 .38

P values indicate whether the classification index estimate was significantly different from zero, assessed through permutation (1000 repetitions). The ST could not
be determined for 5 isolates before treatment, which are not included in this analysis.

*Number of isolates fulfilling the stratification variable criterion.
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Twelve Ethiopian communities received mass azithromycin
distribution for trachoma every 3 months for 1 year. Before
treatment, macrolide resistance was identified in 3 distinct
STs from approximately 5% of pneumococcal isolates. After 4
rounds of mass azithromycin, resistant isolates carrying one
of these 3 STs accounted for almost 15% of pneumococcal iso-
lates, although the increase in prevalence was due to 2 of the 3
STs (ie, STs 177 and 6449). Each of the STs was associated with
the same genetic resistance determinant before and after mass
azithromycin treatment (eg, ermB for ST 177 and mefA/E for
STs 6449 and 6494). The most likely explanation for these find-
ings is clonal expansion. Mass azithromycin is known to greatly
reduce the prevalence of nasopharyngeal pneumococcal car-
riage [17]; clearance of susceptible strains would shift the com-
petitive balance in favor of the existing resistant strains and
allow horizontal spread of these resistant clones.

As expected, ST and macrolide resistance were associated
after mass azithromycin treatments (Table 1). Specifically, the
posttreatment classification index for ST and azithromycin re-
sistance was 0.929, which can be interpreted as a 92.9% chance
of classifying whether a pneumococcal isolate is or is not resis-
tant to macrolides solely on the basis of knowledge of its ST
classification. A similar effect was found for both the ermB
and mefA/E genetic resistance determinants. This result is
what would be expected in the case of clonal expansion: certain
clones are resistant at the time of antibiotic selection pressure,
and these clones expand within the population, maintaining
their association with resistance. If ST was not associated with
resistance, this would suggest that antibiotic selection pressure
might function through de novo mutation of random clones.
We were unable to demonstrate an association between ST
and azithromycin resistance before mass azithromycin treat-
ments, only afterwards. There are several potential explanations

for this. It is possible that the finding is merely a power issue,
since the coefficients are very similar before and after treat-
ments, but the number of resistant isolates is much smaller be-
fore mass treatments. However, it is also possible that random
recombination events resulted in a certain number of isolates
that were resistant to macrolides before mass azithromycin dis-
tribution. In this scenario, an association between ST and resis-
tance would not be expected before mass treatments. The
azithromycin selection pressure would then allow clonal expan-
sion of these randomly generated resistant strains, resulting in a
significant association between ST and resistance after treat-
ment. A larger study may be needed to fully elucidate these 2
possibilities.

The results of the diversity analysis (0.978 before treatment vs
0.952 after treatment) can be interpreted as meaning that the
chance of any 2 randomly chosen isolates being the same was
2.2% before treatment and increased to 4.8% after mass azithro-
mycin distribution. The finding of reduced ST diversity after an-
tibiotic selection pressure is consistent with clonal expansion.
Clonal expansion would allow a relatively small group of azi-
thromycin-resistant strains to outcompete the diverse array of
susceptible strains. A reduction of the susceptible strains, ac-
companied by an increase in a relatively small group of resistant
strains, would result in reduced ST diversity after mass azithro-
mycin treatments. We acknowledge that the diversity analysis in
this study should be interpreted with caution, since the absolute
diversity measurements are dependent on a small number of
observations per community. However, we used the unbiased
Simpson index, which takes into account differing numbers of
isolates per community and should thus protect the analysis
from bias due to small community size.

In this study, we performed similar analyses for resistance to
penicillin and to tetracycline, which served as negative controls.

Table 2. Diversity of Pneumococcal Multilocus Sequence Type (ST) in Each of 11 Communities Monitored Before and After 4 Rounds of
Mass Azithromycin Treatments

Subkebele

Before Treatment After Treatment

Isolates, No. Distinct STs, No. 1 – Simpson Indexa Isolates, No. Distinct STs, No. 1 – Simpson Indexa

1 9 8 0.972 8 7 0.964
2 5 4 0.900 8 6 0.929

4 8 6 0.893 7 5 0.857

5 10 9 0.978 11 10 0.982
6 6 6 1.000 8 7 0.964

7 3 3 1.000 4 3 0.667

8 10 8 0.933 10 7 0.911
9 4 4 1.000 7 6 0.952

10 9 9 1.000 8 6 0.929

11 5 5 1.000 10 9 0.978
12 8 7 0.964 9 8 0.972

a Unbiased Simpson index. Higher numbers indicate more diversity.
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The STs accounting for tetracycline and penicillin resistance were
not found to increase after mass azithromycin treatments, sug-
gesting that clonal expansion did not occur for these organisms.
This is to be expected, since the antibiotic selection pressure for
each of these antibiotics was minimal to nonexistent. In contrast,
the classification index did find an association between ST and
tetracycline resistance but not penicillin resistance. It should be
noted that the tetM genetic determinant of tetracycline resistance
is associated with the ermB determinant for azithromycin resis-
tance, so this finding is not surprising [18]. It is also important to
emphasize that we detected no pneumococcal isolates with pen-
icillin resistance (MIC≥ 2 µg/mL) but instead found only isolates
with intermediate penicillin resistance (MIC≥ 0.12 to ≤1 µg/mL).
It is possible that these intermediately resistant isolates would
have enjoyed little competitive advantage over isolates with
lower MICs even if selection pressure had been present, which
would have made clonal behavior difficult to appreciate.

This study provides a prospective population-based assess-
ment of nasopharyngeal pneumococcal population dynamics
after mass azithromycin treatment. Because it was conducted
as part of a clinical trial, the intervention was performed in a
similar way in all communities, and the data collected in a stan-
dardized manner. The study has several limitations. MLST, al-
though recognized as an efficient way to perform genetic
epidemiological studies, may not completely discriminate be-
tween closely related clones, since it relies only on 7 housekeep-
ing genes. While these housekeeping genes allow for a high
degree of discrimination between clones, newer techniques
such as whole-genome sequencing could provide a more com-
plete strain classification [19]. Nonetheless, most of the STs
identified in this study belonged to a single isolate, suggesting
that MLST was sufficient for the purposes of the current
study. We did not use macrolide-containing medium when iso-
lating S. pneumoniae, which may have reduced the number of
azithromycin-resistant isolates identified, especially before mass
antibiotic treatments. The sample size and sampling schedule
were not sufficient to detect all resistant isolates before or
after mass azithromycin treatments. However, such a study
would be time and cost prohibitive. The current study selected
a random sample of children, allowing equally unbiased conclu-
sions, although with some compromised precision.

In summary, a cluster-randomized trial of mass azithromycin
treatments for trachoma allowed us to monitor nasopharyngeal
pneumococcal populations before and after a defined, massive
amount of antibiotic selection pressure. The results of 3 separate
analyses were each consistent with clonal expansion being the
underlying mechanism for the increase in antibiotic resistance
following antibiotic selection pressure.
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