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Objectives: To determine the effect of amoxicillin treatment on resistance selection in patients with community-
acquired lower respiratory tract infections in a randomized, placebo-controlled trial.

Methods: Patients were prescribed amoxicillin 1 g, three times daily (n¼52) or placebo (n¼50) for 7 days.
Oropharyngeal swabs obtained before, within 48 h post-treatment and at 28 –35 days were assessed for
proportions of amoxicillin-resistant (ARS; amoxicillin MIC ≥2 mg/L) and -non-susceptible (ANS; MIC ≥0.5 mg/L)
streptococci. Alterations in amoxicillin MICs and in penicillin-binding-proteins were also investigated. ITT and
PP analyses were conducted.

Results: ARS and ANS proportions increased 11- and 2.5-fold, respectively, within 48 h post-amoxicillin treatment
compared with placebo [ARS mean increase (MI) 9.46, 95% CI 5.57–13.35; ANS MI 39.87, 95% CI 30.96–48.78;
P,0.0001 for both]. However, these differences were no longer significant at days 28–35 (ARS MI 23.06, 95% CI
27.34 to 1.21; ANS MI 4.91, 95% CI 24.79 to 14.62; P.0.1588). ARS/ANS were grouped by pbp mutations. Group 1
strains exhibited significantly lower amoxicillin resistance (mean MIC 2.8 mg/L, 95% CI 2.6–3.1) than group 2 (mean
MIC 9.3 mg/L, 95% CI 8.1–10.5; P,0.0001). Group 2 strains predominated immediately post-treatment (61.07%)
and although decreased by days 28–35 (30.71%), proportions remained higher than baseline (18.70%; P¼0.0004).

Conclusions: By utilizing oropharyngeal streptococci as model organisms this study provides the first prospective,
experimental evidence that resistance selection in patients receiving amoxicillin is modest and short-lived,
probably due to ‘fitness costs’ engendered by high-level resistance-conferring mutations. This evidence further sup-
ports European guidelines that recommend amoxicillin when an antibiotic is indicated for community-acquired
lower respiratory tract infections.

Introduction
Antibiotic resistance is now one of the most pressing global threats
to human health according to the World Economic Forum.1 ECDC

estimated that 25000 human deaths and excess healthcare costs
and productivity losses of at least E1.5 billion annually were directly
attributable to antibiotic-resistant bacteria.2 US CDC estimates are
even higher, attributing a minimum of 2 million illness episodes,
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23000 deaths, and healthcare and productivity losses of .US$35
billion to antibiotic resistance in the United States.3

Antibiotic use is widely associated with antibiotic resistance, but
demonstrating causality is challenging because of population-based
confounders.4 In addition, antibiotics of the same class vary widely
in effects on the selection of resistant organisms.5,6 We previously
studied the effects in volunteers administered two macrolides, azith-
romycin or clarithromycin, and found wide variation not only in the
proportions of macrolide-resistant streptococci but also in the
resistance-conferring genes and mechanisms selected by these
antibiotics.5 In addition to antibiotic use, the magnitude of the ‘fit-
ness cost’ associated with a resistance mechanism impacts the
survival and dissemination of the bacterium in the absence of anti-
biotic selective pressure.7,8 We previously found that maintaining
macrolide (and streptogramin, lincosamide and tetracycline) use
below a critical threshold was associated with a low prevalence of
macrolide-resistant Streptococcus pyogenes in Belgium and an
increased proportion of the ‘low-cost’, macrolide-resistance confer-
ring erm(A) gene in S. pyogenes.8

Amoxicillin, a b-lactam antibiotic, is recommended as first-line
therapy by the European Respiratory Society for treatment of
community-acquired lower respiratory tract infections (CA-LRTI),
the commonest reason for patient consultations in the commu-
nity.9 Amoxicillin is therefore also the most commonly prescribed
antibiotic in European primary care, accounting for an average
40% of the total outpatient antibiotic use in European coun-
tries.10,11 However, despite this, its potential for selection of resist-
ance in Streptococcus pneumoniae, the most common bacterial
pathogen causing CA-LRTI,9 and its persistence in vivo is not yet
known. As with other b-lactams, amoxicillin affects bacterial cell
wall synthesis. Resistance to b-lactams in streptococci, including
S. pneumoniae, occurs by chromosomal alterations in cell wall syn-
thesizing enzymes, the so-called penicillin-binding proteins (PBPs).
Such alterations in PBPs are due to a continuous mutation process
that causes various degrees of resistance, from reduced suscepti-
bility through low-level resistance—conventionally termed inter-
mediate or non-susceptibility—to full clinical resistance.

We have previously demonstrated oropharyngeal streptococci
as ideal model organisms to study resistance selection in S. pneu-
moniae in vivo.5 Here we carried out a randomized, placebo-
controlled trial (RCT) to quantify the impact of exposure to amoxi-
cillin treatment on resistance in the oropharyngeal flora of
patients with confirmed CA-LRTI. Furthermore, we also studied
the molecular mechanisms of resistance and associated fitness
costs in streptococci that emerged under amoxicillin therapy
and correlated these to the resistance trajectory.

Patients and methods

Trial design and sampling
This study is nested within an RCT, which was conducted during three win-
ter seasons from 2007 to 2010 at 16 primary care networks in 12
European countries as part of the GRACE project (Genomics to combat
Resistance against Antibiotics in CA-LRTI in Europe).12,13 In total, 3108
adults with acute uncomplicated CA-LRTI were included in an observa-
tional study of which 2061 entered the RCT.12,13 In each of the five geo-
graphically disseminated European networks (Antwerp, Barcelona,
Bratislava, Jonköping and Lodz), a subset of practices was selected to
include patients (n¼102) prospectively for this study in the third winter
season (2009–10). Based on sample size calculations, 50 patients were

required in each of the two groups. Therefore, each network was asked
to include �20 patients. Patients who fulfilled the eligibility criteria out-
lined below and were willing to provide three oropharyngeal samples
(Figure 1) were included and subsequently randomly allocated to receive
amoxicillin therapy (1 g, three times daily for 7 days) or the matched pla-
cebo regimen.

Patients consulting for the first time with acute uncomplicated CA-LRTI
were eligible if they were aged 18 years or older, immunocompetent, not
pregnant, not allergic to penicillin, provided written informed consent and
had not received antibiotic treatment during the previous month. Acute
uncomplicated LRTI was defined as an acute cough (≤4 weeks) as the
main symptom or alternatively, if cough was not the main symptom but
where the clinician considered acute LRTI was the main presenting diag-
nosis. Patients with a clinical diagnosis of CA-pneumonia based on focal
chest signs (focal crepitations or bronchial breathing) and systemic fea-
tures (high fever, vomiting, severe diarrhoea) or non-infective cause of
cough (e.g. allergy, pulmonary embolus, etc.) were ineligible.12

Oropharyngeal samples were collected from patients by swabbing the
posterior pharynx and tonsillar areas and avoiding the tongue, gingiva and
teeth. Three samples were obtained from each patient: before the start of
treatment (day 0); within 48 h after completion of treatment (day 8); and
finally, within 28–35 days after beginning treatment (days 28–35). All
swabs were stored in skimmed milk medium at 2808C5 and transported
on dry ice to the central laboratory at the University of Antwerp, Belgium.

Randomization and masking
Randomization and masking has been described previously.12 Briefly, trial
drugs were block randomized by an independent statistician. The random-
ization codes were sent to the manufacturer, who prepared containers
with the contents (amoxicillin or placebo). Both clinicians and patients
were blind to the randomization sequence, and all outcome data were
gathered blind to allocation status. There was a 24 h unblinding with
access to the code in the event of an emergency.

Quantification of amoxicillin-non-susceptible and -resistant
streptococci

At the central laboratory, each sample was thawed, vortexed and 50 mL
aliquots of a 10-fold serial dilution were spiral-plated on five plates of
Streptococcus selective medium (Oxoid, Basingstoke, UK): one without
an antibiotic supplement, two supplemented with amoxicillin at 0.5 and
2 mg/L final concentration (Sigma, Sigma-Aldrich Co., St Louis, MO, USA),
and another two supplemented with penicillin at 0.25 or 2 mg/L final con-
centrations (Fluka; Sigma-Aldrich Co.).5 Plates were incubated for 48 h at
378C in 5% CO2. Proportions of amoxicillin- and penicillin-non-susceptible
(ANS: isolates growing on plates with 0.5 mg/L of amoxicillin; PNS: isolates
growing on plates with 0.25 mg/L penicillin) and -resistant streptococci
(ARS, PRS; isolates growing on plates with 2 mg/L of amoxicillin and peni-
cillin, respectively) were determined by dividing the colony counts of the
antibiotic-containing plate by the colony counts of the plate without
antibiotics.

Elucidation of amoxicillin resistance mechanisms linked
to mutational changes in PBP genes and MIC
determination
Twenty patients from the amoxicillin-treated group and 10 patients from
the placebo group were randomly selected from among the five networks
and streptococcal isolates recovered from their samples at all three time-
points were tested for mutational changes in the conserved domains of
PBP genes, and for MICs of amoxicillin. For each patient, 10 colonies iso-
lated and subcultured (for purity) from the selective agar plate containing
2 mg/L of amoxicillin were studied. If ,10 colonies grew on the amoxicillin
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(2 mg/L)-containing plates, colonies from the plates containing 0.5 mg/L
amoxicillin were also included to ensure screening of 10 isolates per
patient at each time-point.

Point mutations and predicted amino acid changes in PBP2x, PBP2b
and PBP1a mapping to the three conserved domains [SXXK, SXN, KT(S)G]

were investigated in each of the three genes: (i) PBP2x: S337TMK340,
S395SN397, K547SG549; (ii) PBP2b: S385VVK388, S442SN444, K614TG616; and
(iii) PBP1a: S370TMK373, S428RN430, K557TG559. For each investigated PBP
gene, two primer pairs were used to amplify the SXXK and SXN regions
and another for the KT(S)G region/motif. However, as oral commensal

326 CA-LRTI patients in participating
primary care networks in one (3rd) season
-Antwerp = 70
-Bratislava = 105
-Lodz = 85
-Barcelona = 36
-Sweden = 30

205 eligible patients
in participating centres
-Antwerp = 40
-Bratislava = 77
-Lodz = 36
-Barcelona = 31
-Sweden = 21

(a)

(b)

102 eligible volunteers
randomized in this
study (20 patients/network)
-Antwerp = 28
-Bratislava = 22
-Lodz = 12
-Barcelona = 20
-Sweden = 20

Day 0
(pre-antibiotic sample)

(n = 51)

Day 8
(end of treatment)

(n = 52/51*)

Day 28
(n = 44/42*)

Day 28
(n = 42/37*)

Day 8
(end of treatment)

(n = 50/48*)

1 joined

8 withdrew

Day 0
(pre-antibiotic sample)

(n = 50)

121 eligible CA-LRTI patients
in non-participating practices

Amoxicillin, 1 g
(7 days, thrice daily)

Placebo
(7 days, thrice daily)

Day 0
(n = 20)

Day 0
(n = 10)

Amoxicillin Placebo

8 withdrew

30 patients randomly chosen for
genotypic analysis and MIC

testing on streptococcal isolates

Day 8
(n = 20)

Day 8
(n = 10)

Day 28
(n = 20)

Day 28
(n = 10)

Figure 1. Trial profile. The asterisks indicate the number of patients included at days 8 and 28 for PP analysis.
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streptococci show remarkable differences in their PBP sequences, the
development of multiple degenerate primer sets (n¼16) was required in
most cases (primer sequences available on request). Amoxicillin MICs were
determined for all colonies by agar dilution and isolates were classified as
resistant, non-susceptible (intermediately resistant) or susceptible accord-
ing to CLSI guidelines.14

Fitness estimations by growth and nutritional
competition
The in vitro relative fitness of streptococci harbouring various mutations
was estimated based on pair-wise competition experiments.15,16 Briefly,
overnight cultures of streptococcal strains were diluted 10-fold, grown
to an OD600 �0.25, mixed in a 1:1 ratio, diluted 100-fold and incubated
for 6 h at 378C with 5% CO2. Initial and final concentrations of the compet-
ing strains were determined by spiral plating and colony counting on blood
agar with and without amoxicillin (4 or 2 mg/L based on the differences in
MICs of the two competing strains). The number of generations (g) grown
by both strains was calculated as g¼ (log B2 log A)/(log 2), where A and B
are the initial and final colony-forming units (cfu)/mL of each strain.
Relative fitness of each competed strain pair was determined by the
ratio of the number of generations grown by both strains. A relative fitness
of 1 indicates that both strains are equally fit, while a ratio ≥1 indicates
increased or decreased fitness, respectively.16 From each amoxicillin-
containing plate, five colonies were subcultured and their genotype and
MICs of amoxicillin were re-confirmed by PCR sequencing of the pbp2x
fragment and by Etest, respectively.

Statistical analysis
A sample size of 50 volunteers in each group was needed to identify a
25% increase (60% of the standard deviation estimated at 40%) in the
mean proportion of non-susceptible bacteria following antibiotic expos-
ure with 80% power at a two-sided significance level of 5%. Data ana-
lysis was done using SPSS version 12.0 and SAS version 9.2. Differences
in baseline (day 0) characteristics between the two study groups were
assessed using x2 and t-tests (Table S1, available as Supplementary
data at JAC Online). Means and 95% CI were used to describe changes
in proportions of the ARS and ANS (or PRS/PNS) carriage, the primary out-
come of our study. Similar regression methods were applied as previ-
ously reported.5 The impact of amoxicillin use on mean proportions of
ANS/ARS and PNS/PRS between and within study groups for different
sampling time-points was analysed by a general linear mixed model
(PROC MIXED in SAS) using the following covariates: gender, age in dec-
ades and smoking status. The secondary outcome was presence of
mutations in the streptococcal pbp genes following amoxicillin exposure.
Presence of mutations in the pbp genes at the level of the streptococcal
colonies at two post-antibiotic sampling time-points (days 8 and 28)
was compared with that at the pre-antibiotic time-point (day 0) by a
generalized linear mixed model (PROC GLIMMIX in SAS) taking into
account variations in the pbp genes observed in the placebo group.
And finally, as another secondary outcome, the effect of antibiotic
exposure on amoxicillin MICs among ARS/ANS was also analysed. For
this, amoxicillin MIC values were log10 transformed and compared
between and within the study groups using a general linear mixed
model (PROC MIXED in SAS).

Utilizing a linear mixed model allows combining regression methods
while accounting for the repeated-measures nature of the data. Its likelihood
basis ensures broad validity of the model under the wide missing-at-random
class of non-response mechanisms. Moreover, a person-specific random
effect was introduced in the models to take into account the intra-class
(intra-person) correlation. Analyses were done on an ITT basis as well as
PP based on 100% adherence.

Ethics
All research sites obtained ethical and competent authority approval for
this study, registered with WHO’s International Clinical Trials Registry
Platform (ISRCTN 52261229). Written informed consent was provided by
all patients included in this study.

Results

Amoxicillin use is strongly associated with increased
carriage of amoxicillin-resistant bacteria

Figure 1 shows the trial profile. One hundred and two patients with
confirmed CA-LRTI were randomly assigned to receive a course of
amoxicillin or a placebo for 7 days. Age, gender, smoking status
and other characteristics were similar across both groups
(Table 1, Table S1). One patient receiving amoxicillin did not pro-
vide the day 0 sample and 8 patients in each group dropped out
after the day 8 sample for unknown reasons (Figure 1). These data
were utilized for the ITT analysis. Figure 1 also shows the number
of patients with 100% adherence included in the PP analysis per
time-point, which reduced the number of included patients in the
amoxicillin-treated group at days 8 and 28 by one and two
patients, respectively, in comparison to the ITT analysed group
(Figure 1). Expectedly, results obtained with both analyses were
very similar (Tables 2 and 3). All results described hereunder are
based on ITT analyses.

Immediately following amoxicillin therapy, mean proportions
of ARS (amoxicillin MIC ≥2 mg/L) and ANS (amoxicillin MIC
≥0.5 mg/L) increased 20- and 3.5-fold, respectively, at day 8 in
comparison to day 0 (9.81% and 48.21% mean increase, respect-
ively; P,0.0001 for both) (Table 2 and Figure 2). Compared with
the placebo group, ARS and ANS in the amoxicillin group increased
11- and 2.5-fold at day 8 (9.46% and 39.87% mean increase,
respectively; P,0.0001 for both) (Table 3 and Figure 2). By days
28–35, differences in proportions of ARS and ANS between the
amoxicillin and placebo groups were statistically non-significant
(P≥0.1588), although within the amoxicillin group, mean ANS
proportions remained significantly higher than at day 0 (14.41%
higher; P¼0.0004) (Tables 2 and 3, Figure 2).

In the amoxicillin-treated group, a .25% increase in ANS and
ARS proportions was observed at day 8 in 78% (40 of 51) and 16%
(8 of 51) patients, respectively, compared with their baseline pro-
portions (Table 4). In contrast, in the placebo group similar

Table 1. Baseline characteristics of CA-LRTI patients

Demographic characteristics Amoxicillin (n¼52) Placebo (n¼50)

Age, years (range) 58 (25–85) 56 (20–81)
Men, n (%) 15 (29) 17 (34)
Smokers, n (%) 11 (21) 12 (24)
Prior antibiotic use in past

6 months, n (%)
6 (12) 7 (14)

ANS at day 0, % (95% CI) 17.9 (13.0–22.8) 24.1 (17.6–30.7)
ARS at day 0, % (95% CI) 0.5 (0.2–0.8) 0.8 (0.3–1.3)

ANS, amoxicillin-non-susceptible streptococci; ARS, amoxicillin-resistant
streptococci.
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Table 2. Change in mean proportions of amoxicillin- and penicillin-non-susceptible and amoxicillin- and penicillin-resistant streptococci from baseline. All data analysis shown here is ITT
except for day 28 versus day 0 comparisons for the placebo group where PP analysis yielded different values (shown in italics)

Amoxicillina Placeboa

amoxicillin-non-susceptible
streptococci

penicillin-non-susceptible
streptococci amoxicillin-non-susceptible streptococci

penicillin-non-susceptible
streptococci

Time
difference in proportion

(95% CI) P
difference in proportion

(95% CI) P
difference in proportion

(95% CI) P
difference in proportion

(95% CI) P

Day 0 — — — — — — — —
Day 8 48.21 (40.75–55.67) ,0.0001 46.92 (39.55–54.29) ,0.0001 2.30 (25.26 to 9.86) 0.5492 20.57 (28.04–6.90) 0.8806
Day 28 14.41 (6.48–22.33) 0.0004 14.93 (7.07–22.79) 0.0002 3.46 (24.60 to 11.52)/

1.96 (25.84 to 9.76)b
0.3983/0.6206b 5.93 (22.06–13.92) 0.1448

amoxicillin-resistant streptococci penicillin-resistant streptococci amoxicillin-resistant streptococci penicillin-resistant streptococci

difference in proportion
(95% CI)

P difference in proportion
(95% CI)

P difference in proportion
(95% CI)

P difference in proportion
(95% CI)

P

Day 0 — — — — — — — —
Day 8 9.81 (6.10–13.53) ,0.0001 5.49 (2.49–8.50) ,0.0004 0.01 (23.64 to 3.88) 0.9506 0.19 (22.86 to 3.23) 0.9030
Day 28 1.30 (22.61 to 5.21) 0.5119 20.02 (23.39 to 2.94) 0.8900 4.13 (20.01 to 8.12)/

2.46 (20.45 to 5.39)b
0.0418/0.0979b 1.70 (21.52 to 4.93) 0.2982

aCA-LRTI patients who received amoxicillin therapy or a placebo.
bPP analysis results are shown in italics.
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changes in ANS and ARS proportions were only observed in 12% (6
of 50) and 0% (0 of 50) patients, respectively (P,0.0001). By days
28–35, the .25% increase in ANS and ARS proportions was sus-
tained in only 26% (11 of 42) and 2% (1 of 42) of the amoxicillin-

treated patients, respectively, and in 20% (8 of 41) and 5% (2 of
41) of the placebo group, respectively (P≥0.6028) (Table 4).

Of note, one-third of patients treated with amoxicillin did not
show any ARS in their day 8 samples (n¼18, 34.62% patients),
and in half of the patients treated with amoxicillin (n¼27, 52%
patients), ARS constituted ,1.0% of the total oral streptococcal
flora. In the placebo group, proportions of ANS remained notably
stable over the 28–35 days studied, exhibiting barely ≈2.5% vari-
ation (Table 2). However, proportions of ARS in the placebo group
showed a wider variation (4.0%) primarily due to an increase to
4.8% at days 28–35 (Table 2). These data were skewed in two
patients that showed .80% proportions of ARS at days 28–35;
resistance proportions of this magnitude were not even achieved
in the amoxicillin-treated group immediately after therapy and
were probably due to the unreported use of other b-lactams.
Excluding these two patients from the analyses decreased mean
ARS proportions at days 28–35 in the placebo group to 0.7%, redu-
cing the between-sample variation in this group to≈0.2%. Temporal
changes in proportions of PNS and PRS followed the same patterns
as for ANS/ARS (Tables 2 and 3, data not described further).

Amoxicillin use selects for increased carriage of
streptococci harbouring PBP mutations conferring higher
amoxicillin MICs and fitness costs

The conserved domains of pbp2x, pbp2b and pbp1a and adjoining
regions were investigated among ARS and ANS isolated at the
three sampled time-points from a random selection of 20 patients
from the amoxicillin-treated group and 10 from the placebo group
(Figure 1). In total, 616 isolates obtained from amoxicillin-treated
patients (n¼412 isolates) and from the placebo group (n¼204
isolates) were analysed for pbp mutations and also screened in
parallel for MICs of amoxicillin and penicillin.

In summarizing mutations detected at each time-point in
streptococci isolated from participants of both groups, we

Table 3. Difference in mean proportions of amoxicillin- and penicillin-non-susceptible and amoxicillin- and penicillin-resistant streptococci between
groups. All data analysis shown here is ITTexcept the day 28 comparisons between the amoxicillin and placebo groups where PP analysis yielded different
results

Amoxicillin versus placeboa

amoxicillin-non-susceptible streptococci penicillin-non-susceptible streptococci

difference in proportion (95% CI) P difference in proportion (95% CI) P

Day 0 26.03 (214.98 to 2.91) 0.1851 22.70 (212.61 to 7.20) 0.5914
Day 8 39.87 (30.96–48.78) ,0.0001 44.79 (34.92–54.66) ,0.0001
Day 28 4.91 (24.79 to 14.62)/6.72 (23.50 to 16.93)b 0.3190/0.1958b 6.29 (24.32 to 16.92)/12.25 (0.96–23.54)b 0.2437/0.0336b

amoxicillin-resistant streptococci penicillin-resistant streptococci

difference in proportion (95% CI) P difference in proportion (95% CI) P

Day 0 20.02 (24.13 to 3.67) 0.9060 0.00 (23.16 to 3.29) 0.9673
Day 8 9.46 (5.57–13.35) ,0.0001 5.37 (2.16–8.58) 0.0012
Day 28 23.06 (27.34 to 1.21) 0.1588 21.86 (25.39 to 1.67) 0.2997

aCA-LRTI patients who received amoxicillin therapy or a placebo.
bPP analysis results are shown in italics.

100

(a)

80

60

40

20

0
0

%
 A

m
o

x
ic

il
li
n

 n
o

n
-s

u
sc

e
p

ti
b

le

st
re

p
to

c
o

c
c
i 
in

 a
ll

 v
o

lu
n

te
e

rs

8 28

Amoxicillin

Placebo

100

(b)

80

60

40

20

0
0

%
 A

m
o

x
ic

il
li
n

-r
e

si
st

a
n

t

st
re

p
to

c
o

c
c
i 
in

 a
ll

 v
o

lu
n

te
e

rs

8

Time points (days)

28
1.8%

4.8%

25.6%26.4%

66.2%

24.1%

17.9%

31.3%

10.4%

0.5%

0.9%0.8%

Figure 2. Temporal changes in mean proportions of amoxicillin-non-
susceptible (a) and -resistant (b) streptococci after amoxicillin use. Data
shown are for all 102 CA-LRTI patients followed through till days 28–35.
Error bars are 95% CI.
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identified a pattern amongst the pbp mutations with a certain set
almost always tending to co-occur. We divided the strains into
two mutational groups on this basis (Table S2). Investigation
into proportions of strains belonging to either group at the three
time-points in the amoxicillin-treated group showed that .80%
of the streptococci isolated at day 0 were group 1 strains.
Immediately following amoxicillin treatment, group 2 strains
became predominant (61.07%, P,0.0001), and although these
had halved in proportions (30.71%) by days 28–35 as compared
with day 8, proportions of group 2 strains remained significantly
higher compared with the day 0 pre-antibiotic sample (18.70%,
P¼0.0004, Figure 3a). In the placebo group, proportions of
group 1 and 2 mutational groups were similar at baseline
(group 1, 51.32% and group 2, 48.68%) and exhibited a maximum
variation of ≈15% in between time-points (Figure 3b).

In 8 of 11 (73%) amoxicillin-treated patients with only group 1
mutations in their investigated strains at baseline, group 2 muta-
tions developed as de novo mutations at day 8, either in part or all
of the investigated strains of the patient. Group 2 strains persisted
at days 28–35 in five (63%) of these patients. In four patients of
the amoxicillin group that harboured group 2 streptococci at day
0, these mutations were also present at day 8, either exclusively or
in combination with group 1 streptococci. Of the three patients
that harboured both group 1 and 2 streptococci at day 0, one
patient carried only group 2 streptococci and two carried both
group 1 and group 2 strains at day 8.

Next, we questioned whether the amoxicillin MICs of group 1
and 2 mutational groups would be substantially different.
Indeed, amoxicillin MICs of group 1 strains were significantly
lower (mean MIC 2.8 mg/L, 95% CI 2.6 –3.1, MIC range 0.5 –
16 mg/L) than group 2 strains (mean MIC 9.3 mg/L, 95% CI
8.1 –10.5, MIC range 0.5 –64 mg/L) (P,0.0001). In parallel to
the increased proportions of group 2 strains at day 8, mean
amoxicillin MICs of strains also increased from 4 mg/L at day 0
to 9 mg/L at day 8 and decreased to 5 mg/L at days 28 –35
(Figure 3a). Also noteworthy were the predicted amino acid sub-
stitutions T371A or -S in PBP1a that were present in both group 1
and 2 strains (Table S2). Amoxicillin MICs for streptococci harbour-
ing either substitution were significantly higher than for those
lacking them at any time-point analysed (P≤0.0002). In the
amoxicillin group, streptococci harbouring these substitutions
increased from 52% (64 of 123) at day 0 to 69% (103 of 149) at
day 8, and reverted to baseline level at days 28–35 (51%, 72 of
140). In the placebo group, proportions of T371S/A-harbouring

streptococci remained constant (67%–69%) at all three time-
points. Also of note, the co-occurring group 2 substitutions
M339F and M400T in PBP2x were detected almost exclusively at
day 8 (23 of 25, 92%) and in the amoxicillin-treated group (21
of 25, 84%). Amoxicillin MICs for streptococci harbouring these
substitutions ranged between 4 and 16 mg/L. This observation
made us question whether certain group 2 substitutions might
be disadvantageous for the bacteria to maintain in the absence
of amoxicillin pressure.

Growth competition experiments were carried out among four
streptococcal strains harbouring group 1 (strain 1, recovered from
a day 0 sample) and group 2 mutations (strains 2 and 3 recovered
from day 8 samples and strain 4 from a day 28 –35 sample)

Table 4. Patients harbouring .25% higher proportions of amoxicillin-non-susceptible and -resistant streptococci following amoxicillin or placebo
regimens compared with their own baseline levels and differences between groups

Amoxicillin-non-susceptible streptococci Amoxicillin-resistant streptococci

Time
amoxicillina

[n/N (%)]
placeboa

[n/N (%)]

difference
between

groups (95% CI) P
amoxicillina

[n/N (%)]
placeboa

[n/N (%)]

difference
between

groups (95% CI) P

Day 0 — — — — — — — —
Day 8 40/51 (78) 6/50 (12) 66% (52–81) ,0.0001 8/51 (16) 0/50 (0) 16% (6–26) 0.0058
Day 28 11/42 (26) 8/41 (20) 7% (211–25) 0.6028 1/42 (2) 2/41 (5) 22% (211–6) 0.6158

aCA-LRTI patients who received amoxicillin therapy or placebo.
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Figure 3. Temporal changes in mean amoxicillin MICs and in proportions
of streptococci isolated from 30 CA-LRTI patients assigned to receive
amoxicillin (a) or placebo (b).
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(Table S3). Strain 1 exhibited significantly higher fitness than
strains 2 and 3 (average relative fitness: 1.61 versus 0.62 and
1.49 versus 0.67; P≤0.0070, competition experiments 4 and 5)
(Table S4), which were isolated at day 8 and harboured group 2
mutations (including M339F and M400T in PBP2x and strain 2
showed an additional change, M447V, in PBP2b; Tables S3 and
S4). However, no significant differences in fitness were observed
for strain 1 when competed with strain 4, the latter being a
group 2 strain isolated at days 28–35 (competition experiment
2; Table S4).

Discussion
Utilizing oral streptococci as model organisms, we have shown
that amoxicillin use is a crucial driver of resistance and non-
susceptibility to amoxicillin in vivo. Compared with the placebo
group, changes effected by amoxicillin were rather short-lived
lasting �4 weeks post-therapy. Specifically, the majority of the
streptococci exhibiting high-level resistance to amoxicillin (MICs
.5 mg/L) that had emerged immediately after amoxicillin ther-
apy had disappeared within a month, most likely due to a high
cost of maintaining certain resistance-conferring mutations in
the chromosomal pbp genes in the absence of direct amoxicillin
pressure.

Although proportions of ANS within the amoxicillin group
remained almost double the baseline at days 28–35, proportions
of both ARS and ANS showed a rapid decline upon cessation of
amoxicillin treatment. These findings highlight the relatively
small ecologic footprint (‘collateral damage’) of amoxicillin com-
pared with the broader-spectrum macrolides, clarithromycin and
azithromycin,5 which are recommended as first-line therapy for
the treatment of severe CA-LRTI (i.e. pneumonia with no risk fac-
tors for drug-resistant S. pneumoniae infection) in the United
States and Canada.17 We have previously shown in an RCT that
a single course of either clarithromycin or azithromycin leads to
a major increase in macrolide-resistant streptococci that persists
for at least 6 months after therapy.5 Taken together with the pre-
sent study, our results provide strong scientific evidence in support
of current European guidelines for the management of adult
CA-LRTI.9 These guidelines recommend amoxicillin as first-line
therapy and that newer macrolides be reserved for patients with
penicillin allergy and in regions where pneumococcal resistance to
macrolides is low.9 Resistance-related damage aside, a large,
multicentre study has shown that side effects of amoxicillin ther-
apy are about as common as the minor symptomatic benefits
from amoxicillin in adults with CA-LRTI, suggesting that clinicians
should prescribe amoxicillin for suspected pneumonia only rather
than for all with LRTI.12

Our primary aim was to understand better the resistance
dynamics under amoxicillin pressure of S. pneumoniae, the pri-
mary bacterial cause of CA-LRTI. We chose to study oral com-
mensal streptococci as a model because common commensal
species such as Streptococcus mitis and Streptococcus oralis are
genetically very similar to S. pneumoniae,18 and are known reser-
voirs of resistant pbp alleles or ‘mosaic’ genes that are easily
transferred to S. pneumoniae during infection and subsequent
b-lactam therapy.19,20 Resistance levels in S. pneumoniae have
been similar to levels in oral commensal streptococci in several
countries, which further supports the utility of this approach.21,22

Furthermore, the trajectory of resistant oropharyngeal strepto-
cocci (MIC ≥2 mg/L) selected by amoxicillin and their remarkable
lack of persistence beyond 28–35 days is congruent with the
observed Europe-wide trend of a generally low (,10%) and stable
prevalence of penicillin-resistant S. pneumoniae despite years of
heavy penicillin use (see EARS-Net Annual Report, 2011).10 None
the less, any direct comparison between in vivo resistance emer-
gence at the individual level and community-wide resistance
trends requires cautious interpretation.23 Penicillin-resistant
S. pneumoniae trends are likely influenced by the presence of
multi-drug resistance in prevalent strains and co-selection by dif-
ferent antibiotic classes,24 as well as by the introduction of the
pneumococcal vaccine.25 Interestingly, the type of b-lactam(s)
being consumed in a particular region might also influence resist-
ance. For example, there is a low and stable prevalence of
penicillin-non-susceptible S. pneumoniae in the UK (5.4%), a coun-
try with a high consumption of amoxicillin [on average 4.58 DDD
per 1000 inhabitants per day (DID), 1997–2009; EARSS Annual
Report, 2011].10 However, France is also one of the major consu-
mers of amoxicillin (9.0 DID, 1997–2009) and shows one of the
highest prevalences of penicillin-non-susceptible S. pneumoniae
in Europe (23.8% of invasive S. pneumoniae; EARS-Net Annual
Report, 2011).10 These resistance levels might have been further
influenced by an unusually high outpatient use of third-generation
oral cephalosporins such as cefixime in France (but not in the UK),
which has been associated with a 2.2-fold higher likelihood of car-
riage ofb-lactam-resistant S. pneumoniae compared with penicillin
or no antibiotic use ≤30 days after therapy.26,27

Amoxicillin achieves high respiratory tissue concentrations and
has a short elimination half-life (≈1.2 h), which may explain the
reduced risk of resistance selection in bacteria inhabiting the
respiratory tract. However, the ‘optimal’ dose and duration of
amoxicillin therapy for CA-LRTI that could further minimize emer-
gence of resistance remains controversial. National recommenda-
tions vary widely between European countries. In the UK, a
500 mg, three times daily regimen for 5 –7 days is generally
recommended for CA-LRTI, whereas in Belgium, a 1 g, three
times daily regimen for ≥7 days is recommended. In the present
study, patients were allocated a high-dose (1 g, three times daily)
7 day amoxicillin course based on a Monte Carlo simulation aim-
ing to reach MIC of �1.5 mg/L to cover both Haemophilus influen-
zae and intermediately resistant pneumococci (N. Frimodt-Møller,
unpublished results). This regimen might have facilitated a
decreased resistance selection in our study, although previous
studies investigating emergence of resistance in select patient
populations administered amoxicillin in lower doses and shorter
regimens have also shown similar results. Chardin et al. adminis-
tered 1 g, twice daily amoxicillin for 3 or 7 days and did not find
any differences in the proportions of non-susceptible streptococci
selected after therapy (≈25%) or in those that persisted slightly
above baseline levels at 30 days post-therapy.28 A single 3 g
dose did not select for any resistant streptococci,29 while three
or four 3 g doses given at weekly intervals led to a significant
increase in numbers of resistant streptococci,29 which exhibited
MICs ≥2 and 40 mg/L for a period of 28 and 21 days, respect-
ively.29 In another study, a two-dose 3 g amoxicillin regimen
given five times at weekly intervals in 12 healthy volunteers
led to the emergence of resistant streptococci in saliva within
24 h of the first amoxicillin administration that declined to
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undetectable levels within 13 weeks after the last amoxicillin
dose.30 A single 3 g amoxicillin dose in 10 volunteers did not result
in any emergence of resistant streptococci.31 Finally, a study com-
paring amoxicillin 1 g twice daily regimen for 7 days versus cla-
rithromycin combined with omeprazole and metronidazole in
patients with H. pylori infection recovered streptococci from the
saliva of patients that were primarily non-susceptible to amoxicil-
lin and a few with MICs of 2–4 mg/L.32 These promising results
prompt larger and more detailed studies to test the effect of
more compliance-friendly amoxicillin regimens on clinical efficacy
and resistance selection.

Finally, we also observed fitness deficits on pairwise competi-
tion experiments in some strains harbouring resistance-conferring
mutations in pbp genes. These group 2 strains were isolated at
day 8, harboured both M339F and M400T substitutions, and exhib-
ited amoxicillin MICs of 4 and 16 mg/L. Changes at positions 339
and 400 in PBP2x affect the active site chemistry and are known to
confer high-level resistance to b-lactams in S. pneumoniae.30,33

Also remarkable was that group 2 strains with the predicted 339
and 400 substitutions could only be detected at day 8. By days
28–35, these mutants had either disappeared or were present
in such low numbers that they were missed on the resistant col-
ony screens. Their lack of persistence in vivo once amoxicillin
selection pressure had waned could be explained by the signifi-
cant fitness deficits observed on in vitro pairwise competition
experiments. These mutants were clearly outcompeted by a
group 1 strain isolated at day 0. In contrast, we did not detect
any differences in fitness between the group 1 strain from day 0
and the ‘persisting’ group 2 strain isolated from the day 28–35
sample that also showed the highest amoxicillin MICs among
the four competed strains. While negative in vitro results do not
exclude the possibility of fitness costs under in vivo conditions
(vis-à-vis positive in vitro results that allow a reasonable assump-
tion that under natural conditions the resistance would engender
a fitness deficit to the bacterium),31 there might also be other
explanations for this phenomenon. If some of the resistance-
conferring mutations in the group 2 strain affect the housekeep-
ing function of the PBP protein, compensatory mutations might
have been selected elsewhere in the genome. For instance, the
M343T substitution present in group 2 strains is not associated
with amoxicillin resistance and is postulated to be a compensa-
tory change.32 Such mutants despite exhibiting high-level resist-
ance are not likely affected by a decrease in amoxicillin
consumption although in the long term they might potentially
be outcompeted by amoxicillin-susceptible strains.

In the present study, we did not address the impact of amoxi-
cillin use on gastrointestinal flora. This is important as most urin-
ary tract infections and associated Gram-negative septicaemias
arise from infection with organisms from the gastrointestinal
tract, which will also be affected by oral antibiotic consumption.
We have also not considered the clinical effects of carriage of
resistant commensal streptococci. However, recent antibiotic
use is the most important predictor of infections with a resistant
compared with susceptible respiratory and urinary tract infec-
tion.34,35 Even in primary care, antibiotic-resistant infections
remain symptomatic for longer periods and increase burden on
the health services.36

In conclusion, we have clearly defined the impact of amoxicillin
use on resistance selection and have shown that persistence of
resistance selection is significantly shorter following amoxicillin

use compared with the newer macrolides, azithromycin and cla-
rithromycin. We believe these findings provide a strong evidence
base supporting: (i) European clinical guidelines that recommend
prescribing amoxicillin when an antibiotic is indicated for
CA-LRTI;9 (ii) clinical prescribing of an antibiotic with a lower eco-
logical impact such as amoxicillin when an antibiotic needs to be
prescribed; and (iii) future antibiotic policy making for respiratory
tract infections.
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