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ABSTRACT Emergence and selection of antibiotic resistance following exposure to
high antibiotic concentrations have been repeatedly shown in clinical and agricul-
tural settings, whereas the role of the weak selective pressures exerted by antibiotic
levels below the MIC (sub-MIC) in aquatic environments due to anthropogenic con-
tamination remains unclear. Here, we studied how exposure to sub-MIC levels of
ciprofloxacin enriches for Escherichia coli with reduced susceptibility to ciprofloxacin
using a mallard colonization model. Mallards were inoculated with two isogenic
extended-spectrum-b-lactamase (ESBL)-encoding E. coli strains, differing only by a
gyrA mutation that results in increased MICs of ciprofloxacin, and exposed to differ-
ent levels of ciprofloxacin in their swimming water. Changes in the ratios of mutant
to parental strains excreted in feces over time and ESBL plasmid spread within the gut
microbiota from individual birds were investigated. Results show that in vivo selection
of gyrA mutants occurred in mallards during exposure to ciprofloxacin at concentra-
tions previously found in aquatic environments. During colonization, resistance plas-
mids were readily transferred between strains in the intestines of the mallards, but
conjugation frequencies were not affected by ciprofloxacin exposure. Our results high-
light the potential for enrichment of resistant bacteria in wildlife and underline the im-
portance of reducing antibiotic pollution in the environment.

KEYWORDS antibiotic contamination, antibiotic resistance, subinhibitory
concentration, water environment, intestinal microbiota

Multidrug-resistant Escherichia coli constitutes an increasing problem in clinical set-
tings and a threat to modern health care worldwide (1). Emergence and spread of

antibiotic resistance following antibiotic exposure have typically been assumed to
occur at concentrations above or close to the MIC of susceptible bacteria (2). However,
the importance of the selective pressure exerted by antibiotic levels below the MIC of
susceptible bacteria (sub-MIC) has not been addressed in the same detail with regard
to their role in enrichment of resistant bacteria in complex systems. Previous in vitro
studies have shown that sub-MIC levels of antibiotics can enrich for preexisting resist-
ant strains as well as selecting for highly resistant mutants de novo from a susceptible
strain (3–6). The term “minimal selective concentration” (MSC) refers to the lowest anti-
biotic concentration that provides a selective benefit to a resistant bacterium over a
susceptible counterpart, and it has been shown to be up to 200-fold below the MIC of
the respective susceptible strain (4).

The outer environment can be contaminated with antibiotics originating from phar-
maceutical industry effluents, human or animal wastewater (especially from hospitals),
aquaculture, and soils treated with manure (7). Some antibiotics, such as fluoroquinolones,
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are chemically very stable and can accumulate and persist in the environment (8), and their
occurrence has been detected in aqueous environmental matrices worldwide (9, 10).
Antibiotic residues and antibiotic-resistant bacteria of human origin are considered a form
of environmental pollution from anthropogenic activity, and wildlife, such as aquatic birds,
is exposed to these antibiotic residues and bacteria of human origin (11–13). The spread
and accumulation of antibiotic-resistant bacteria in the environment and wildlife have
been repeatedly confirmed (14), but the magnitude of resistance development and selec-
tion that take place in nature remains poorly defined.

Mobile genetic elements with the potential to transfer between bacterial cells, e.g.,
plasmids and conjugative transposons, are central vectors for the dissemination of anti-
biotic resistance genes and multiresistant E. coli isolates often harbor one or several
conjugative plasmids encoding multiple resistance genes (15). In some settings, sub-
MIC levels of antibiotics have been shown to increase the rate of plasmid conjugation
(16); however, other studies suggest that this effect has been overestimated (17).

The aim of this project was to investigate whether exposure to sub-MIC levels of
ciprofloxacin (Cip) enriches for the most common mutations that result in reduced sus-
ceptibility to ciprofloxacin in E. coli in the intestines of water-residing birds, using mal-
lards as a model. We also investigated the spread of resistance plasmids between differ-
ent E. coli strains in the gut of the birds during colonization. Mallards were chosen as a
representative of wild bird species because they reside in aquatic environments (18)
and have been found to carry multidrug-resistant bacteria in the intestine in several
studies (19–21). By oral administration of isogenic strains of ESBL-producing E. coli iso-
lates of bird origin differing only by constructed single gyrA mutations, we showed that
very low concentrations of ciprofloxacin in the birds' drinking and swimming water
selected for the mutant strains. Plasmid transfer between inoculated bacterial strains
and the endogenous intestinal E. coli of the birds was detected during colonization, but
the conjugation frequency was not affected by ciprofloxacin exposure. We conclude
that sub-MICs of antibiotics frequently present in water environments where birds re-
side can enrich for resistant bacteria in their intestinal microflora, something that merits
evaluation of actions to reduce such exposure to minimize the risk of enriching resist-
ant bacteria in wild animals.

RESULTS

To determine if sub-MIC levels of ciprofloxacin could select for resistant mutants
during intestinal colonization of mallards, we constructed two different isogenic strain
pairs in which one strain in each pair carried a gyrA mutation leading to reduced cipro-
floxacin susceptibility but the strains were otherwise genetically identical, as verified by
whole-genome sequencing. Streptomycin (Str) resistance was first selected in the E. coli
SP132 genetic background as a resistance marker to allow us to select and distinguish
the colonizing strains from endogenous E. coli of the mallard gut microbiota. The two
isogenic strain pairs were DA26187/DA26192 (GyrAwt/GyrAD87Y) and DA28261/DA28400
(GyrAwt/GyrAS83L) (Table 1). The gyrA mutations chosen are among the most commonly
found in clinical fluoroquinolone-resistant E. coli isolates (22).

Determination of minimal selective concentration of ciprofloxacin in vitro. In
vitro competition experiments in the absence of ciprofloxacin were used to determine
the fitness cost of the gyrA mutations, and in vitro competition experiments in the

TABLE 1 Characteristics of constructed strainsa

Strain pair Strain RpsL GyrA
Fitness cost of
gyrAmutation (%)

MIC (mg/liter)

Str Cip Ctx Tet
GyrAwt DA26187 K43T wt 1,024 0.016 8 1
GyrAD87Y DA26192 K43T D87Y 1.4 1,024 0.125 8 0.5
GyrAwt DA28261 K43R wt 1,024 0.016 16 1
GyrAS83L DA28400 K43R S83L 0.2 1,024 0.25 16 2
aStr, streptomycin; Cip, ciprofloxacin; Ctx, cefotaxime; Tet, tetracycline; wt, wild type.
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presence of sub-MICs of ciprofloxacin were done to determine at which concentrations
of drug the fitness cost of the respective mutation could be balanced by antibiotic
selection (i.e., the minimal selective concentration [MSC]) (4). As illustrated in Fig. 1A,
the mean logarithmic ratio of GyrAmut to GyrAwt strains changes as a function of the
number of generations of growth. The slope of each exponential trend line is a measure
of the selection coefficient (s) per generation. A negative slope indicates that the gyrA
mutant has a disadvantage and a positive slope that the mutant is enriched. When the
s values obtained from these experiments are plotted as a function of antibiotic con-
centration, the intercept with the y axis represents the fitness cost in the absence of
antibiotics, while the intercept with the x axis (s= 0) represents the MSC where the fit-
ness cost of the mutation is balanced by the antibiotic-conferred selection (4, 23). In
the absence of ciprofloxacin, the GyrAD87Y strain was outcompeted by the GyrAwt strain
and the cost of the D87Y substitution was estimated at 1.4% per generation, but at
1mg/liter and above, it was enriched and the MSC was 0.25mg/liter (Fig. 1B). This is 64-
fold below the MIC of the wild-type strain. The GyrA S83L substitution had an even
lower cost, only 0.2% per generation, in the absence of antibiotic and thereby an even
lower MSC, below 0.1mg/liter, in accordance with previously published data (4).

Determination of MSC during intestinal colonization. We inoculated two differ-
ent sets of mallards intraesophageally with a 1:1 mix of the isogenic pairs and added
ciprofloxacin at different concentrations to the water pool in the experimental room to
determine at what concentrations gyrA mutants with reduced susceptibility to cipro-
floxacin can be selected in the gut of animals residing in contaminated water environ-
ments. Measurements of the concentration of ciprofloxacin after 24 h showed that it
did not deviate from the initial concentration (data not shown), indicating that it was
stably maintained during the experiment. Individual fecal samples were retrieved daily
from the mallards and plated on selective media to determine the ratio of wild-type
and mutant bacteria. The GyrAwt/GyrAD87Y experiment comprised exposures with con-
centrations of ciprofloxacin in the water of 0, 10, 20, and 32mg/liter. The number of
recovered cells of the inoculated streptomycin-resistant strains ranged from 100 to

FIG 1 Competition experiments to determine in vitro minimal selective concentrations. Linear regression of the ratios
of GyrAD87Y/GyrAwt (A) and GyrAS83L/GyrAwt (C) strains at different concentrations of ciprofloxacin. Plots of the selection
coefficients derived from A and C at each specific antibiotic concentration in GyrAD87Y/GyrAwt (B) and GyrAS83L/GyrAwt

(D) with inserted trend lines and standard errors of the slope (calculated from the linear slopes in panels A and C). All
concentrations are in micrograms per liter.
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8,000 CFU per plating on day 1 postinoculation and thereafter declined until day 10
postinoculation, when a majority of the birds were negative for both strains (see Fig. S1
in the supplemental material). In the absence of ciprofloxacin, the GyrAD87Y strain was
outcompeted by the GyrAwt strain, but at ciprofloxacin concentrations above 20mg/liter
of water, it was enriched and the MSC in the water was 21mg/liter (Fig. 2A and B). Note
that since the bacterial generation time in the bird gut is unknown, the selection coeffi-
cients were calculated per day instead of per generation. All raw data and ratio calcula-
tions are provided in Table S1A and B in the supplemental material.

For the less costly GyrA S83L substitution, the experiment comprised exposures to
ciprofloxacin concentrations of 0, 1, 5, and 20mg/liter. Interestingly, GyrAS83L was
weakly selected for even in the absence of ciprofloxacin and increasingly selected for at
all ciprofloxacin concentrations tested (Fig. 2C). As GyrAS83L conferred no cost but rather
a small benefit in the absence of ciprofloxacin, no MSC value could be determined, but
all tested antibiotic concentrations led to further enrichment of the mutant, indicating
a positive selective effect of the antibiotic down to at least 1mg/liter in the water.

To determine if the selection of the gyrA mutants was an effect of growth inside the
gut of the mallards or if there was a selection effect by growth or death in the pool
water, we performed in vitro selection experiments with the isogenic pairs at the same
concentrations of ciprofloxacin in water instead of growth medium. As expected, this
showed no net growth or net death of bacteria during 24 h (data not shown). Due to
the strong dilution effect in the 170 liters of water (170,000-fold per g of feces) and
daily change of the water, we therefore conclude that any enrichment mainly occurred
during growth inside the mallards and not in the outer environment.

Extensive plasmid transfer between bacterial strains in the intestines of mallards.
In the GyrAwt/GyrAS83L experiment, we also included a third strain of a different genetic
origin to test if conjugation of resistance plasmids occurred during gut colonization
and if sub-MICs of ciprofloxacin would affect the conjugation frequency. The compet-
ing strains, derived from SP132, contained an IncI1 plasmid encoding the cefotaxime
resistance gene blaCTX-M-1, while the third strain, DA26200 (cefotaxime susceptible,

FIG 2 Competition of isogenic strains in mallards. Linear regression of the ratios of GyrAD87Y/GyrAwt (A) and GyrAS83L/
GyrAwt (C) strains at different concentrations of ciprofloxacin. Plots of the selection coefficient per day at each specific
antibiotic concentration for GyrAD87Y/GyrAwt (B) and GyrAS83L/GyrAwt (D) with inserted trend lines and standard errors of
the slopes (calculated from the linear slopes in panels A and C). All concentrations are in micrograms per liter.
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streptomycin susceptible, ciprofloxacin resistant, tetracycline resistant), derived from
SP163, contained an IncF plasmid harboring the tetracycline resistance gene tetA. This
meant that both plasmid-containing strains could potentially function as donors and
recipients of the plasmids. Before the experiment started, some mallards were found to
excrete tetracycline-resistant E. coli in the feces, referred to here as endogenous Tetr E.
coli. In contrast to the experimental strains, the endogenous tetracycline-resistant E.
coli strains were susceptible to ciprofloxacin, cefotaxime, and streptomycin. By selecting
for transconjugants on cefotaxime and tetracycline, we could therefore extend the
search and also include transfer of the ESBL plasmid to endogenous gut E. coli or trans-
fer of the tetracycline resistance determinants if they were mobile. All strains could sub-
sequently be differentiated from each other by selective plating, and the emergence of
new combinations of resistance could be identified.

In total, 91 putative transconjugants were found in nine birds from all four experi-
ments. These were further grouped into possible independent transfer events by
experiment, resistance profile, and PCR genotype. One isolate from each of the result-
ing groups was subjected to whole-genome sequencing and analyzed regarding multi-
locus sequence type (MLST), resistance genes, plasmid replicons, and virulence genes
(Table 2). In total, a minimum of eight different transfer events were identified; the
SP132 derivatives served as recipients of an IncHI2 plasmid carrying tet(B) from endoge-
nous ST409 Tetr E. coli in one event and as donors of the IncI1 CTX-M-1 plasmid in
seven events (2 to SP163 and 5 to endogenous Tetr E. coli). The endogenous Tetr E. coli
strains acting as recipients belonged to three different sequence types (SP48, SP165,
and ST11511), and all have a tet(A) gene. These tet(A) genes were most likely carried on
the chromosome in all but one transconjugant, as judged by lack of additional plasmid
replicons. However, the sequenced ST48 transconjugant contained an additional IncFII
replicon together with several additional resistance genes that coassembled on the
same contig as the tet(A) gene. A clear dominance in number of isolated transconju-
gants was found in the experiment with 1mg/liter ciprofloxacin, but this could be due
to expansion of transconjugants from the same conjugation event. Most transconju-
gants were also detected in samples from the index birds obtained within the first 48 h
after inoculation. No association between exposure to ciprofloxacin and the number of
individual conjugation events was observed, likely due to the low total number of
events.

DISCUSSION

By subjecting isogenic pairs of bacteria to competition in a mallard model for oral
colonization, we showed that selection for ESBL-producing E. colimutants with reduced
susceptibility to ciprofloxacin occurs in the gut of the birds when they are exposed to
sub-MICs of ciprofloxacin in their water environment. A ciprofloxacin concentration of
1mg/liter in the drinking/swimming water conferred increased selection of the least
costly mutation, gyrA S83L, in the gut of the birds. The MIC of the corresponding paren-
tal strain was 16mg/liter, and thus, selection was observed when the drinking water
contained ciprofloxacin concentrations .10-fold below the MIC. However, this was the
lowest concentration tested and resulted in a significant positive selection of the gyrA
mutant, so the MCS is likely to be even lower. Previous in vitro studies have shown
selection for GyrA S83L at substantially lower ciprofloxacin concentrations, i.e., 1/230 of
the MIC of susceptible cells, corresponding to 0.1mg/liter, in accordance with what we
found here for in vitro competitions (4). Since the aim of this study was to investigate at
what concentrations of contaminating ciprofloxacin in the water environments less sus-
ceptible mutants were selected, we measured only the concentration of ciprofloxacin
in the water and not in the birds. Therefore, the MSC is based on the water concentra-
tion, and the concentration of ciprofloxacin in the bird intestine is likely much lower
than that in the drinking water if pharmacokinetics similar to those in humans apply
(24). In addition, it is well established that fluoroquinolones bind strongly to particulate
matter (e.g., fecal matter), further complicating determination of the absolute selective
concentrations of the drug (25). Nonetheless, since fluoroquinolone concentrations
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exceeding the MSC found here have been repeatedly shown in hospital wastewater
and wastewater treatment plant (WWTP) influent (1 to 80mg/liter) (10), there is a clear
risk that selection in water-dwelling birds occurs in environments that receive these
effluents.

Interestingly, the GyrA S83L substitution was weakly selected for in vivo even in the
absence of antibiotics, although it conferred a small fitness reduction in vitro. This par-
ticular mutation is the most commonly detected mutation entailing clinical resistance
to ciprofloxacin and has also been frequently found in the environment regardless of
the presence of fluoroquinolones (22, 26). Similar to our findings, a GyrA T86I substitu-
tion increased the fitness of Campylobacter jejuni in chickens without antibiotic expo-
sure, although the effect was dependent on the genetic background (27), and GyrA
S91F in Neisseria gonorrhoeae was found to increase bacterial fitness in a mouse genital
tract infection experiment, even though there was a fitness cost in vitro (28). Thus, it
has now been demonstrated in three different animal models and bacterial species
that specific gyrA mutations may increase in vivo fitness, which may well maintain fluo-
roquinolone resistance even in the absence of antibiotics and serve as a basis for selec-
tion of further increase in resistance upon continued antibiotic exposure.

Several other studies of the fate of inoculated resistant bacteria, or changes in pre-
existing gut flora, in response to antibiotic treatment in different animal models have
been performed (mice, rats, zebrafish, calves, and piglets) (29–35). Most studies used
therapeutic antibiotic concentrations, but some included enrichment of resistant bacte-
ria in response to low antibiotic concentrations. For example, zebrafish were experi-
mentally infected by isogenic pairs of resistant and susceptible Staphylococcus aureus
or Pseudomonas aeruginosa strains and exposed to subcurative concentrations of tetra-
cycline, oxacillin, or erythromycin, which led to enrichment of the resistant strain (32).
Enrichment for resistant E. coli was found to occur when calves were fed milk contain-
ing sub-MICs of tetracycline (0.3mg/liter), ceftiofur (0.1mg/liter), and ampicillin
(0.01mg/liter), corresponding to concentrations 53-, 80-, and 3,200-fold below the re-
spective clinical breakpoint for resistant E. coli (33). Exposing piglets to ceftiofur or
enrofloxacin at concentrations 1/10 of the therapeutic dose led to a significant enrich-
ment of ceftiofur- and enrofloxacin-resistant E. coli in the feces, in comparison to both
the control group and the group exposed to therapeutic doses (34). A study on rats
showed that orally administered subtherapeutic doses of enrofloxacin (1/10, 1/100, and
1/1,000 the therapeutic dose) select for less susceptible E. coli strains without target
mutations and E. coli strains with de novo target mutations in gyrA and parC (35). In
contrast to our findings, chickens exposed to therapeutic or subtherapeutic concentra-
tions (75% and 2.5% of the therapeutic dose) of enrofloxacin did not result in an
increase of enrofloxacin-resistant E. coli in feces (36). However, most of these studies
used antibiotic concentrations relative to the clinical dosing and not relative to the MIC
of susceptible bacteria, and none of these studies estimated the MSC, making it hard to
set breakpoints regarding safe concentrations below which selection of resistance does
not occur. Thus, there is a need for further studies focusing on the effects of sub-MIC
levels of antibiotic to determine the MSCs for various antibiotics in natural settings.

There are some important limitations in our study. Despite the initial high inoculum,
CFU counts were very low at the end of the experiment. The E. coli strains used in our
study were originally isolated from yellow-legged gulls and are probably less well
adapted to growth in the mallard gut, even though we showed previously that the origi-
nal strains could colonize mallards for at least 1 month (37). Thus, low numbers of recov-
ered bacteria and short recovery times negatively affect the accuracy of the determination
of the strength of selection at different drug concentrations. Furthermore, the birds in each
ciprofloxacin concentration group roamed freely in the same room and shared the same
drinking/swimming pool and, thus, shared bacteria among themselves as they do in the
wild. As we have to assume that selection for the mutant strains is the result of the enrich-
ment in the group of birds as a whole, each group was considered only one biological rep-
licate. This led to decreased power and more uncertainty in the measured selection coeffi-
cients. Future experiments should consider using several separate groups of birds. It would
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also be interesting to determine the concentration of ciprofloxacin in the guts of the birds
to get a better understanding of the pharmacokinetics of the drug when administered
through the water environment.

Our results show that conjugation of plasmids readily takes place between E. coli
strains in the guts of mallards. At least 8 individual transfer events occurred during the
experiments, most of which were identified at the beginning of the experiment, when
bacterial counts in the intestines were the highest. However, the frequency of plasmid
transfer was not high enough to reliably draw any conclusions regarding the potential
impact of ciprofloxacin exposure on conjugation. Other studies have found that antibi-
otic exposure enhances the opportunities for conjugative transfer in gnotobiotic rats
(38, 39) and that the dissemination of blaCTX-M-bearing plasmids increased in the intes-
tines of piglets exposed to subtherapeutic concentrations of ceftiofur or enrofloxacin
(34). Furthermore, the conjugation frequency of a multidrug resistance plasmid from E.
coli to enteric bacteria present in sludge from wastewater treatment plants was
increased during exposure to sub-MIC tetracycline concentrations (40). These differen-
ces could very well reflect variation in the response to antibiotic exposure of different
plasmids.

Fluoroquinolones are highly stable molecules and end up in the environment (e.g.,
soil and water) as a result of human and animal treatment as well as from wastewater
from the manufacturing industry (41–45). Since fluoroquinolones are frequently used
antibiotics worldwide, this steady-state pollution with stable antibiotics leads to sub-
stantial contamination of surface waters. In relation to this, our finding that concentra-
tions of ciprofloxacin as low as 1mg/liter can selectively enrich the most commonly
found clinical mutations with reduced susceptibility in water-dwelling birds highlights
the need for efforts to reduce the contaminating concentrations in water environments
at least below this concentration, but preferably substantially further. Mallards are
found in both fresh- and salt-water wetlands, including parks, ponds, rivers, lakes, shal-
low inlets, and open sea near the coastline (18), and they are attracted to bodies of
water with aquatic vegetation (46). Ciprofloxacin in the environment binds to soil,
water sediment, and fecal matter and is absorbed and accumulated in plants (10, 47).
The binding limits its bioavailability (10) but might also lead to high ciprofloxacin expo-
sure in mallards that graze plants and seek food in the ground sediments of water. It is
therefore reasonable to believe that wild mallards are frequently exposed to concentra-
tions shown to be selective in this study. Very high frequencies of resistant bacteria
have also been found in mallard flocks (19). Although the majority of multidrug-resist-
ant bacteria detected in wild birds are likely a result of direct environmental pollution
by human feces (48), our results imply that selection of antibiotic-resistant bacteria
could occur in wildlife. Spread of resistance under such selective conditions may be a
route for novel resistance combinations to occur and perhaps find their way back to
humans. Our results underline the importance of reducing overall selective pressure of anti-
biotics and implementing methods to reduce environmental pollution with antibiotics.

MATERIALS ANDMETHODS
Bacterial strains. The extended-spectrum-b-lactamase (ESBL)-producing E. coli strains used in the

experiment (SP132 and SP163) were originally isolated from yellow-legged gulls (Larus michaelis) in
Spain in 2009 (49). The strains had been subjected to whole-genome sequencing and phenotypically
characterized (37) and were selected based on their wild-bird origin and different phenotypic traits that
make them easily distinguishable from each other and the normal gut flora of the mallards (Table 1).
Isogenic pairs of streptomycin-resistant mutants with different mutations yielding reduced susceptibility
to ciprofloxacin were selected from SP132 by first selecting spontaneous streptomycin-resistant mutants
on Luria-Bertani (LB) agar plates (LA) supplemented with 500mg/liter of streptomycin. Streptomycin-re-
sistant mutants were subsequently used to select spontaneous mutants with reduced susceptibility to
ciprofloxacin on LA plates supplemented with 0.023mg/liter of ciprofloxacin. Mutants were verified by
whole-genome sequencing. The selection was performed twice, resulting in two isogenic pairs with dif-
ferent rpsL (Str) and gyrA (Cip) mutations. The pairs were named DA26187/DA26192 (GyrAwt/GyrAD87Y)
and DA28261/DA28400 (GyrAwt/GyrAS83L).

For plasmid conjugation studies, strain SP163 containing a tetA gene on a conjugative IncF plasmid
and blaCTX-M-1 on a conjugative IncK plasmid was cultured in LB broth for 3 days with daily passage to
lose the plasmid conveying cefotaxime resistance. Four lineages were passaged at 1/100 dilutions daily
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in LB medium without selection. Dilutions were plated daily on nonselective medium, and around 200
colonies/lineage were replica plated on plates containing 10mg/liter of cefotaxime. At day 3, several
cefotaxime-sensitive colonies had appeared, and whole-genome sequencing identified the loss of the
entire IncK plasmid compared to the parental strain. The strain retained the plasmid carrying the tetracy-
cline resistance gene tet(A) and was named DA26200. All constructed strains were subjected to whole-
genome sequencing to verify that no additional genetic changes were present.

In vitro competitions. The isogenic pairs were subjected to competition by transferring 1ml (approx-
imately 106 CFU) of each of the respective strain from overnight cultures into 1ml LB broth. The cultures
were incubated at 37°C with shaking at 200 rpm. Each day, 1ml of overnight culture was passaged to
1ml of fresh medium, resulting in a 1,000-fold dilution of the bacteria, corresponding to approximately
10 generations of growth per cycle. To determine the ratio of the gyrA mutant to the wild-type strain,
10ml of the culture was diluted 1,000-fold, and 100ml was plated on LA plates supplemented with
500mg/liter streptomycin and incubated overnight at 37°C. Individual colonies were screened by either
replica plating or streaking 100 individual colonies to LA plates supplemented with 0.04mg/liter cipro-
floxacin and the ratio of growing versus nongrowing colonies was calculated. To determine the fitness
cost of the gyrA mutations, the strains were subjected to competition without antibiotics, and for mea-
surement of the minimal selective concentration, the strains were subjected to competition in the pres-
ence of different sub-MICs of ciprofloxacin. To control for potential selection in water, dilutions of over-
night cultures of the respective isogenic pairs were inoculated in 20ml sterile water to a final
concentration of 104 CFU/ml for each strain. The concentrations of ciprofloxacin used in the mallard
experiments were added to the water. The mixes were incubated at room temperature, and samples
were obtained 24 h postinoculation and plated as described above.

Mallard model. We previously used the mallard model in bacterial colonization experiments (37).
The mallards were kept at the laboratory animal facility of the Swedish National Veterinary Institute in ac-
cordance with ethical guidelines and approvals from Uppsala Ethical Committee on Animal Experiments
(approvals C201/11, C125/12, and C63/13). One-day-old mallards were purchased from a commercial
breeder and housed indoors until they were included in the experiments at the age of 2 to 6months and
a mass of approximately 1 kg. They were fed nonmedicated, clean (but not sterilized) feed. Before inclu-
sion in the experiments, all birds were screened for the presence of resistant E. coli by plating of feces on
selective eosin–methylene blue–1% lactose (EMBL) plates to detect any E. coli resistant to cefotaxime
(10mg/liter), nalidixic acid (10mg/liter), or streptomycin (50mg/liter) that could interfere with detection
of the experimental strains. The room used for the birds was approximately 12 m2, kept at room tempera-
ture (approximately 20°C), and contained a 1-m2 pool filled with 170 liters of water, which the mallards
used for swimming and as their only drinking water source. For experiments with antibiotic selection,
ciprofloxacin (Sigma Aldrich) was added to the pool by first dissolving the required amount (depending
on experimental final concentration) in 50ml of water and subsequently adding this stock to 5 liters of
water, which was mixed with the pool water. The water was changed daily to avoid accumulation of bac-
teria in the water, and fresh ciprofloxacin was added to maintain the correct antibiotic concentration.
The birds had continuous access to feed and a bedding of dust-free wood shavings and hay. At the end
of each experiment, the mallards were euthanized with 100mg/kg sodium pentobarbital intravenously
(pentobarbital veterinary, 100 g/liter; Apotek Produktion & Laboratorier AB, Sweden).

Chemical analysis of water samples. Water samples were taken from the pool in the experimental
room to measure ciprofloxacin levels. An on-line solid-phase liquid extraction/liquid chromatography-
tandem mass-spectrometry (SPE–LC-MS/MS) system, previously described in detail (50), was used to ana-
lyze the levels of ciprofloxacin in the water samples. Briefly, 1ml of 10ml prefiltered and acidified (0.1%
of formic acid on a volume basis) samples was analyzed by the SPE–LC-MS/MS system. Samples were
quantified using an internal standard method (deuterated ciprofloxacin was used as an internal standard)
with four calibration points. The analyses confirmed the levels of ciprofloxacin; further results and discus-
sion are given in the supplemental material.

In vivo competition in mallards. (i) Bacterial inoculation. The suspensions of bacteria given to the
mallards were prepared from separate concentrated overnight cultures in LB medium supplemented
with 10mg/liter of cefotaxime. First, the cells were pelleted and washed to get rid of medium and antibi-
otics and resuspended in phosphate-buffered saline (PBS). In order to determine the amounts of bacteria
in the suspensions as well as the ratio of the bacterial strains in the mixed suspensions, a viable count
with subsequent screening on appropriate selective plates was performed for every experiment as
described below.

(ii) Experimental design. The GyrAwt/GyrAD87Y strain pair was used in four individual competitions in
mallards, each with five inoculated birds and a concentration of ciprofloxacin in the water of either 0mg/
liter, 10mg/liter, 20mg/liter, or 32mg/liter. Each mallard was inoculated intraesophageally with 1ml of a
1:1 mix of DA26187 (GyrAwt) and DA26192 (GyrAD87Y) containing approximately 1010 CFU of each strain.
Inoculation was performed using a blunt syringe that was inserted into the esophagus. The birds were
then left to roam freely in the room. Fecal samples were obtained at 1, 3, 7, and 10 days postinoculation
(dpi). The experiments were interrupted on day 10.

The GyrAwt/GyrAS83L strain pair was used in four individual competitions in mallards, each with six
birds and a ciprofloxacin concentration of 0mg/liter, 1mg/liter, 5mg/liter, or 20mg/liter. Here, we inocu-
lated three of the birds (index birds) intraesophageally with 1ml of a 1:1 mix of DA28261 (GyrAwt) and
DA28400 (GyrAS83L) containing approximately 1010 CFU of each strain and allowed the other birds in the
room (transmission birds) to be inoculated by spread of the bacteria from the index birds through the
natural fecal-oral route of transmission in a flock. We have previously shown that spread of bacteria
between birds is very rapid under these conditions (37). After 4 h, the index birds were inoculated with a
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third, genetically different strain, DA26200 (cefotaxime susceptible, ciprofloxacin resistant, tetracycline
resistant) containing an IncF tetracycline resistance plasmid to test for plasmid transfer between strains
in the guts of the mallards. The index birds were euthanized 24 h after the inoculation, and only the three
transmission birds remained and were sampled during the rest of the experiment. Fecal samples were
obtained twice daily the first 4 days and once daily at 5, 7, and 10 dpi. The experiments were interrupted
on day 10.

(iii) Bacterial sampling. Each bird was put in an individual, clean cardboard box and within a few
minutes, feces were collected from the box using a sterile swab and stored in phosphate-buffered saline
(PBS) with 20% dimethyl sulfoxide (DMSO) as freeze protectant. On the few occasions when the bird did
not leave droppings in the box, a cloacal swab sample was obtained and treated in the same manner as
the fecal samples. For analysis, 500ml of each fecal sample was plated within 5 h after sampling, without
enrichment, on EMBL plates supplemented with 500mg/liter streptomycin, and the remaining sample
was frozen at 280°C. The plates were incubated overnight at 37°C. Phenotypically distinct bacteria grow-
ing with big red-brown or green colonies on streptomycin containing EMBL plates were considered to
be E. coli. 50 colonies from each streptomycin plate were plated on an EMBL plate containing 0.04 mg/li-
ter ciprofloxacin, and the ratio of the GyrAmut and GyrAwt strains was calculated. The ratio was calculated
for all colonies combined from each group and day. On one occasion, there was no GyrAmut detected in
one group, and to allow ratio calculation, 0 CFU was changed to 1 CFU. The mean ratio of GyrAmut to
GyrAwt strains in each group was plotted as a function of the number of days of growth at each concen-
tration of antibiotic. In the GyrAwt/GyrAS83L experiment, three of the birds excreted streptomycin-resistant
E. coli in their feces prior to the experiment. In contrast to the experimental strains, the endogenous
streptomycin-resistant E. coli strains were not cefotaxime resistant and could therefore be excluded from
the data by supplementing all EMBL plates with 10mg/liter cefotaxime.

Transconjugant screening. In the GyrAwt/GyrAS83L experiment, samples were also plated on EMBL
plates containing 10mg/liter tetracycline plus 10mg/liter cefotaxime to detect transconjugants. Putative
transconjugants were verified by streaking individual colonies on EMBL plates supplemented with
10mg/liter tetracycline plus 10mg/liter cefotaxime, on EMBL plates supplemented with 0,04mg/liter
ciprofloxacin, and on EMBL plates supplemented with 50mg/liter streptomycin to distinguish SP132
derivatives. Selected transconjugants were screened by PCR targeting tet(A) (primers forward [59-
CAGTGCTCAGAATTACGATC-39] and reverse [CGGTCCTTCAACGTTCCTG]), the ESBL plasmid from SP132
(primers forward1 [CAACAGTAGGCATCGACATG], reverse1 [CCTTCTTGATGACCTTCTAC], forward2 [ATC-
GCCTTAGACGGCAAAAG], and reverse2 [GCAACAGCTACTTGTCCAAC]), and the tetracycline resistance
plasmid from SP163 (primers forward [TACAGTCGTCCGAAAGTCAC] and reverse [CAGTTAACT-
AGCGCTCTGAGM]). A set of transconjugants displaying different resistance profiles/genetic profiles and
coming from different experimental runs were further analyzed by whole-genome sequencing to pre-
cisely define the donor/recipient combination.

Whole-genome sequencing. Total bacterial DNA was prepared with the Epicentre MasterPure DNA
purification kit (Illumina) according to the manufacturer’s instructions. Whole-genome sequencing was
performed on an Illumina MiSeq using the Nextera XT library prep kit (Illumina) and sequenced with a
paired-end read length of 100bp. Sequences were analyzed with CLC Genomics Workbench v12 (Qiagen)
by de novo assembly, and contigs were analyzed for resistance genes, plasmid replicons, and virulence
genes by the ResFinder (51), PlasmidFinder (52), and VirulenceFinder (53) applications. Multilocus sequence
typing was performed from de novo contigs using the CLC Microbial Genomics module.

Data availability. The raw sequencing reads have been deposited at NCBI under BioProject number
PRJNA645797, under which all sequence files can be found.

SUPPLEMENTAL MATERIAL
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