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Summary

Wild birds have been suggested as transmitters and
reservoirs for antibiotic resistant bacteria. We per-
formed an experimental study investigating carriage
time and interindividual transmission of extended
spectrum beta-lactamase- (ESBL-)producing Escheri-
chia coli in Mallards (Anas platyrhynchos) to assess
if the birds carry the bacteria long enough to transfer
them geographically during migration. Mallards were
inoculated intraoesophageally with four different
strains of ESBL-producing E. coli and kept together
in a flock. The ESBL-strains belonged to sequence
types previously shown to spread between birds and
humans. Culturing from faecal samples showed pres-
ence of ESBL-producing E. coli the entire 29 day
experimental period. An extensive and rapid trans-
mission of the different ESBL-strains between indi-
viduals (including non-inoculated controls) was
observed. In necropsy samples, we detected ESBL-
strains in the cecum even in faeces-negative birds,
indicating that this part of the intestine could function
as a reservoir of resistant bacteria. We demonstrate
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that birds can carry ESBL-producing E. coli for long
enough times to travel far during migration and the
extensive interindividual transmission suggests
spread between individuals in a dense bird popula-
tion as a mechanism that allow persistence of resis-
tant bacteria.

Introduction

Antibiotic resistance is a large and growing threat to the
health care and Enterobacteriaceae resistant to the com-
mon therapy option cephalosporins through production of
Extended Spectrum Beta-Lactamases (ESBLs) represent
a continuous clinical problem (Coque et al., 2008).
Today, ESBL-producing bacteria are also regularly iso-
lated from soil, crops, water and wildlife (Kummerer,
2004; Literak et al., 2010a; Hernandez et al., 2012; Ben
Said et al., 2015). There is a growing awareness that the
natural environment is important in the emergence and
spread of antibiotic resistance (Guenther et al., 2011;
Wellington et al., 2013; Dorado-Garcia et al., 2018).
Several environmental studies during the last decade
have focused on the prevalence of antibiotic resistance in
Enterobacteriaceae isolated from wild birds. Birds are
interesting environmental indicators as they often live
close to human settings and are exposed to our bacteria
and antibiotic residues through, for example, garbage
dumps, sewage treatment plants and agricultural areas.
Furthermore, many bird species migrate between conti-
nents every year, connecting areas with high prevalence
of antibiotic resistance to areas where antibiotic resis-
tance is scarce. In addition, many bird species form
flocks with close interindividual contacts that may pro-
mote transmission of microorganisms between individual
birds. Therefore, birds have been suggested both as
transmitters and as reservoirs in the global spread of anti-
biotic resistance genes. Transfer of E. coli between
humans and wild birds often occurs, as indicated by the
finding that levels of E. coli are higher in wild birds living
close to humans compared with birds with limited human
contact (Gordon and Cowling, 2003). Further, similar
E. coli sequence types (STs) or clonal groups are often
isolated from wild birds, humans and domesticated
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animals (Bonnedahl et al., 2009; Bonnedahl et al., 2010;
Guenther et al., 2010; Hernandez et al., 2010; Simoes
et al,, 2010). In several bird species living close to
humans or feeding from human related products, resis-
tant E. coli have been found, for example, in Mallards
Anas platyrhynchos (Literak et al., 2010b), Canada
geese Branta canadensis (Cole et al., 2005; Middleton
and Ambrose, 2005), feral pigeons Columba livia
(Radimersky et al., 2010) and red-billed choughs Pyrrho-
corax pyrrhocorax (Blanco et al., 2009). Faecal carriage
rates of ESBL-producing E. coli up to 54% of sampled
birds have been found (Baez et al., 2015). The mallard is
an especially interesting species as it often forages in
waterways downstream of sewage treatment plants, where
it can be exposed to both antibiotic resistant bacteria and
antibiotic residues originating from the sewage water; and
it has been shown that 47% of faecal samples from Swed-
ish urban Mallards grew ESBL-producing E. coli (Hessman
et al., 2018). The Mallard is a partial migrant and winter
conditions can affect the migration (Sauter et al., 2010).
Some Mallards perform a full winter migration; some are
sedentary, whereas some stay at stop-over sites (van Toor
et al., 2013). A recent Polish study demonstrates that mal-
lards can migrate up to 382 km in 1 day (Smietanka et al.,
2016), and ring and recovery data show that the mallard
can migrate about 1700 km in 1 month [birds reported to
the Swedish Bird Ringing Centre (http://www.nrm.se/
english/researchandcollections/environmentalresearchand
monitoring/birdringingcentre.214_en.html, data from per-
sonal communication, Thord Fransson)].

Even though the prevalence of resistant bacteria in birds
has been studied before, the residence time of resistant
bacteria in wild birds is unknown, and we do not know
how rapidly resistant bacteria are transmitted between car-
riers and non-carriers. Both of these factors are important
parameters that need to be determined to allow an
assessment of the role that birds might play as reservoirs
and in the spread of antibiotic resistance between different
environments, including human populations. To our knowl-
edge, there is only one study performed on carriage time
of resistant bacteria in birds, analysing persistence and
spread of ESBL-producing bacteria in chickens, that is, a
domesticated bird (Le Devendec et al., 2011).

Here, we used Mallards as a model species. This
model has previously been successfully used in influenza
virus studies (Jarhult et al., 2011) as an experimentally
amenable and relevant model. In this study, we aimed to
answer two questions: (i) Is the residence time of ESBL-
producing E. coli in birds long enough to allow for migra-
tion, despite absence of an antibiotic selection pressure?
(i) Are resistant bacterial strains transmitted between
individual birds, potentially enabling further persistence of
resistance in the population?
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Experimental procedures
E. coli used for inoculation

To inoculate the Mallards, four ESBL-producing strains
(SP4, SP132, SP163 and SP165) with different resis-
tance profiles to other antibiotics and belonging to ST-
types shown previously to colonize both humans and
birds or other wildlife, were chosen (Table 1). The strains
used for inoculation were previously isolated from
Yellow-legged gulls (Larus michaelis) in Spain (Stedt
et al., 2015). In preparation for inoculation, the ESBL-
producing E. coli strains were grown overnight (O/N) at
37 °C in Luria Broth (LB) media, supplemented with
10 pg mi~" of cefotaxime to maintain the respective
ESBL-plasmids. The bacterial cultures were concentrated
10 times by centrifugation and resuspended in LB to
reach 10'° cfu mI~" as determined by viable count.

Bioinformatics of the bacterial strains

The ESBL-producing strains were characterized by
whole genome sequencing using the lllumina MiSeq
technology. Total bacterial DNA was prepared using the
MasterPure DNA Purification Kit (Epicentre an lllumina
company) and used as input DNA for library construction
using Nextera XT DNA Library preparation kit (lllumina,
January 2015) according to the manufacturer’s instruc-
tions. Sequencing was performed with an lllumina MiSeq
instrument producing 300-bp paired-end reads. Sequenc-
ing data was aligned and analysed using the CLC Geno-
mic Workbench program v10 (CLC bio).

Multi locus sequence typing (MLST) results were
extracted from the whole genome sequencing data using
the seven standard housekeeping genes (adk, fumC,
gyrB, icd, mdh, purA, recA) and sequence types (STs)
were determined via the E. coli MLST database
(http://mist.ucc.ie/mlist/dbs/Ecoli/#) (Wirth et al., 2006).
Resistance genes and virulence genes were searched for
using the ResFinder (Zankari et al. 2012), VirulenceFinder
(Joensen et al. (2014) and PathogenFinder (Cosentino
et al., 2013) software available at the website of Centre for
Genomic Epidemiology (www.genomicepidemiology.org).

Mallards

The Mallards were purchased from a commercial breed-
ing farm in Sweden and housed at the animal facility at
the National Veterinary Institute in Uppsala, Sweden,
according to guidelines for laboratory animals by the
Swedish Board of Agriculture. They were fed non-medi-
cated, clean (but not sterilized) feed. Ethical approval for
the study was obtained from the Uppsala ethical commit-
tee on animal experiments (C201/11). All Mallards were
screened on arrival at the Animal House by culturing for
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Table 1. Resistance patterns and identified sequence characteristics of the bacterial strains.

Antibiotic/Strain SP4 SP132 SP163 SP165
Resistance genes identified aadAS5, blatem.1, blactx-m-14 blacTx-m-1 blacrx-m-14, tet(A) aph(8')-1c, blactx-m-14,
dfrA17, strAB, sull, sul2, tet(B) StrAB, sul2, tet(B)

Plasmid origins identified IncFIB, IncFIC, Incl1, IncQ1 IncH IncFIB, IncFIC, IncFIB, IncFIC, IncB/O/K/Z
IncB/O/K/Z

Nalidixic acid 256 4 256 256

Ciprofloxacin 12 0.008 12 6

Fosfomycin 1 2 1.5 3

Sulfamethoxazole 1024 64 1024 1024

Streptomycin 48 6 8 64

Tetracycline 192 4 64 192

Tigecycline 0.094 0.125 0.19 0.094

Ampicillin 256 256 256 256

Mecillinam 1 0.19 0.19 0.5

Cefotaxime 32 32 32 32

Ertapenem 0.004 0.006 0.008 0.006

Chloramphenicol 3 4 4 2

Nitrofurantoin 24 24 48 32

Virulence genes identified iroN, iss, mchF gad cba, cma, gad, iss, iroN, ireA, iroN, iss, mchF, tsh
IpfA, mchF

Sequence type
(reference(s))

10 (Manges and Johnson, 2012;
Olesen et al., 2012)

409 (Manges and
Johnson, 2012;

359 (Maluta et al., 2014) 93 (Bortolaia et al., 2011;
Dierikx et al., 2013)

Hasman et al., 2014;
Campos et al., 2015)

Minimum inhibitory concentrations determined by Etest. Susceptibility differences used to distinguish the experimental strains shown in bold type.
Note that SP4 had a distinct morphological appearance when cultured on EMBL-plates, thus strengthening the discriminative power between

SP4/SP165.

cba: Colicin B pore forming protein, cma: Colicin M, gad: Glutamate decarboxylase, ireA: Siderophore receptor, iroN: Catecholate siderophore,
iss: Serum survival gene, IpfA: long polar fimbriae, mchF: ABC transporter protein, tsh: Temperature-sensitive hemagglutinin.

E. coli resistant to cefotaxime (10 pg ml~"), nalidixic acid
(10 pg mi~") or streptomycin (50 pg mli~"). No E. coli
resistant to any of the tested antibiotics were found prior
to the inoculation.

Experimental design

Fifteen Mallards were divided into five groups with three
birds in each group. Four groups were inoculated with
10'° cfu of either of SP4, SP132, SP163 and SP165
respectively, and one group was not inoculated and
served as a control. The inoculation was performed using
a blunt syringe that was inserted down into the oesopha-
gus. During the experiment, all Mallards were kept
together and roamed freely in an experiment room of
approximately 12 m2. They had access to a 1 m? pool
containing approximately 170 | of water, and feed and
water ad libitum. The water in the pool was changed
daily and the pool was thoroughly cleaned. In the rest of
the experimental room, faecal matter and dirty or wet
bedding was removed daily.

Sampling

Faecal samples from individual birds were obtained by
putting the birds in individual, clean cardboard boxes and
collecting faeces when they had defecated in the box.
We transferred approximately 0.5 g of faeces into 1 ml of

sterile phosphate-buffered saline (PBS) with 20% of
dimethyl sulfoxide (DMSO) as freeze-protectant. The
samples were stored at —80 °C until analysis. Sampling
was performed before inoculation and at days 1, 11,
26 and 29 days post inoculation (dpi).

Necropsies

All birds were sacrificed at 29 dpi. A minor necropsy was
performed immediately after intravenous injection of an
overdose of pentobarbital. Samples of intestinal content
were obtained by cutting the intestine and gently pressing
both ends to extract the contents. The samples were
taken from the midpoint of the small intestine (jejuno-ileal
junction, by Meckel’s diverticulum), the midpoint of one
caecum and the midpoint of the colon. The intestinal con-
tents were then sampled and processed in the same
fashion as the faecal samples.

Selective culturing of ESBL-producing bacteria

Faecal samples of 100 pl were plated on Eosin
Methylene-Blue 1% Lactose (EMBL) plates and EMBL
plates supplemented with 10 ug mi~" cefotaxime (EMBL
Ctx), incubated O/N at 37 °C and the next day the num-
bers of colonies were counted. Up to 50 individual big
brown-red or green colonies per sample were further
screened on individual selective EMBL plates containing
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nalidixic acid (10 pg ml™"), fosfomycin (8 pg mI~"), sulfa-
methoxazole (1000 pg mi~"), streptomycin (50 ng mi~")
and cefotaxime (10 pg mi~") respectively. The original
strains SP4, SP132, SP163 and SP165 were also
patched on all different plates as controls. By comparing
the results with the resistance patterns shown in Table 1
and phenotypic differences in colony morphology, each
colony from the EMBL Cix plate was attributed to one of
the inoculated strains.

Results and discussion

Carriage of ESBL-producing E. coli proceed for over
4 weeks

To assess the carriage time and spread of ESBL-
producing E. coli strains among Mallards in a flock, we
inoculated four groups of three Mallards each with one of
four different ESBL-producing E. coli strains originally iso-
lated from gulls and kept three birds as uninoculated con-
trols (Fig. 1). The bacterial strains belonged to different
MLST-types (Table 1) that have all previously been iden-
tified as avian pathogenic E. coli (APEC) and extraintest-
inal pathogenic E. coli (ExPEC) and shown to infect both
humans and birds (references in Table 1). The strains
were chosen for their differential resistance phenotypes
that facilitated post-inoculation screening for the respec-
tive strain. In addition, we whole genome sequenced all
four strains to have a better understanding of their differ-
ences in genetic context. In accordance with differences
in resistance gene content, the strains also contained
individual but partly overlapping sets of virulence genes
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previously identified in E. coli of avian origin (Table 1).
Before inoculation, all mallards were negative for ESBL-
producing E. coli but already at 1 dpi, all birds, including
the negative controls, were positive for excretion of
ESBL-producing E. coli (Fig. 1). At the end of the
experiment (29 dpi), only 1 of 15 birds excreted ESBL-
producing E. coli. However, based on the large number
excreting ESBL-producing E. coli at 26 dpi (10/15) and
positivity in intestinal samples as discussed below, our
findings suggest that ESBL-producing E. coli carriage
can continue for well over 4 weeks in a Mallard flock in
the absence of any antibiotic selection.

ESBL-producing E. coli in the intestine

To assess if ESBL-producing E. coli can be present in
the intestinal content of the Mallards without being shed
in faeces, we performed a minor necropsy and sampled
intestinal content from each bird by the end of the experi-
ment at dpi 29. ESBL-producing E. coli were present in
four caecal samples and one colon sample. None of the
birds with ESBL-producing E. coli in the caecum excreted
ESBL-producing E. coli in the faeces. A possible expla-
nation for this observation is that the caecum in Mallards
has fermentative properties and limited exchange of con-
tents with the rest of the intestine. Thus, studies that rely
solely on faecal samples could underestimate the preva-
lence of resistant coliform bacteria in Mallards and likely
also in other birds that have a similar fermentative func-
tion of their caeca. The only bird positive in colon at the
necropsies was also positive in the faeces, indicating that

Strain Bird Inoculation Day 1 Dayil Day 26 Day 29 Duodenum Caecum Colon
1
o |
: ] []
4 IDI | H
SP132 5
; N |: I 0
7 il 0 H i
SP163 8 [ |
9 Ll
10 [ | []
SP165 11 lD ﬂ
12 . []
13 ID.
No
inoculation 14
15

Fig. 1. Overview of inoculation strains and results from culturing of faecal and necropsy samples.

Red denotes strain SP4, blue SP132, yellow SP163 and green SP165. Each group of three inoculated birds are grouped according to the inocu-
lated strain and the coloured bars indicate which birds were colonized with that strain at each sampling point. Multiple coloured bars in the same
column mean that more than one strain was detected in the individual bird during strain specific culturing. The first column displays which strain
each bird was inoculated with, the following columns display the culturing results from faecal samples at different time points in the experiment,
and the final three columns display culture results from necropsy samples obtained at different positions in the intestine. Necropsies were per-
formed at 29 dpi, at the same time as the last faecal sample was obtained.
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carriage in the colon might be better reflected in faecal
samples. All necropsy samples from the small intestine
were negative, consistent with the fact that E. coli mainly
colonizes the distal parts of the intestine. All ESBL-
producing E. coli found in samples from necropsies were
SP163 (yellow in Fig. 1).

Rapid and extensive transmission of ESBL-producing
E. coli between birds in the flock

At 1 dpi, all birds excreted ESBL-producing E. coli,
even the non-inoculated controls. This rapid transmis-
sion demonstrates that resistant coliform bacteria can
spread readily between individual Mallards in a flock,
most likely via the faecal-oral route. There was also a
rapid spread of all four different ESBL-strains at 1 dpi;
from five birds all four strains were recovered, four
birds carried three strains, one bird two strains and five
birds one strain (Fig. 1). The Mallards in our study were
kept in a confined space with shared sources of water
and feed which could increase the chance of interindi-
vidual transmission. However, this scenario is similar to
the wild behaviour of many wetland bird species. Gulls
and ducks often feed in highly aggregated flocks in
small water ponds and gulls breed close together in
densely populated colonies. A possible contributing
factor to the rapid spread is the large amounts of bacte-
ria used for inoculation (approximately 10'° cfu/bird
inoculated) that might give an initial increased shed-
ding of the bacterial strains in the faeces. However,
daily water change and cleaning of the pool was per-
formed to decrease the influence of contamination of
bacteria from the initial inoculation and support
the hypothesis of ongoing transmission between birds
throughout the experiment rather than initial contami-
nation of the experimental room. The pronounced
changes over time in which bacterial strains were
recovered from the different Mallards is also a sign of
ongoing transmission (Fig. 1). From our data, it seems
that SP163—and to some extent SP4—are more suc-
cessful colonizers as they gradually dominate the fae-
cal/intestinal samples over time. SP163 was also the
only strain found in the necropsies of the birds. This
may reflect a better general colonizing ability. Strain
SP4 belong to MLST cluster ST10 and SP163 to
ST359, both of which are lineages that have previously
been isolated both clinically from humans and from
birds (Valverde et al., 2009; Okeke et al., 2010; Borto-
laia et al., 2011) and has been attributed to the avian
pathogenic E. coli group (APEC) (Maluta et al., 2014).
If differences in the presence of virulence factors
between the strains contributed to the differences in
carriage time remains to be investigated.

Implications of long-term carriage of resistant bacteria in
bird flocks

Our results demonstrate that Mallards can carry ESBL-
producing E. coli for at least 29 days. Mallards can
migrate over 600 km in only a few days (Smietanka et al.,
2016) and about 1700 km in 1 month (according to ring
and recovery data), potentially carrying resistant bacteria
to new areas. Most likely, the ability to carry resistant
bacteria for several weeks is not limited to Mallards and
chickens. The transmission of ESBL-producing E. coli in
the Mallard flock seen in our experiment suggests that
the carriage time in flock-dwelling birds is prolonged by
inter-bird transmission of bacteria via the faecal-oral
route. Previous studies have also suggested that there is
a regular transfer of bacterial strains between humans
and birds (Bonnedahl et al., 2009; Bonnedahl et al.,
2010; Guenther et al., 2010; Hernandez et al., 2010;
Hernandez et al., 2013; Simoes et al., 2010). Thus, birds
in general could pick up and spread resistant bacteria
during migration as a consequence of human-bird inter-
actions. Even though the E. coli strains used in our
experiment were isolated from Gulls and not adapted to
the Mallard as a host species, all of the strains could be
found in the Mallards during at least the first 11 days post
inoculation. This indicates that the colonization ability is
widespread among wild bird E. coli. However, the differ-
ence seen with respect to which strain persisted the lon-
gest in the bird population suggests that strain specific
traits may indeed influence the colonization time. Thus,
our results could underestimate the potential carriage
time as compared to if resistance was established in
Mallard-adapted Enterobacteriaceae. Furthermore, in
many parts of the environment such as sewage water
and sludge, low levels of antibiotics are present. Earlier
studies have shown that even very low concentrations of
antibiotics can select for resistant bacteria (Gullberg
et al., 2011). Thus, weak antibiotic selection pressures
present in the environment could be a factor further
increasing carriage of resistant bacteria in birds.

Conclusions

Mallards can carry ESBL-producing E. coli for at least
1 month, enough time to cover long distances. Extensive
transmission of ESBL-producing strains occurs between
individuals, which in dense wild bird populations could
increase persistence of resistance. Detection of ESBL-
producing E. coli in samples from the caecum in faeces-
negative birds demonstrates that this part of the intestine
may function as a reservoir of resistant bacteria. This
needs to be taken into account in surveillance studies
when extrapolating frequency of faeces positivity for
resistant bacteria to true prevalence that thus may be
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underestimated. Our and previous results indicate that
wild birds could play a role in the global dissemination of
antibiotic-resistant bacteria. Measures to alleviate the
problem include limitation of dispersion of resistant bacte-
ria and antibiotics to the environment but more research
is needed to better understand and assess the risks of
antibiotic resistance at the human/animal/environment
interface.

Acknowledgements

We thank Susanne Bloemberg and all the staff at the Animal
House at the National Veterinary Institute for technical help
and excellent animal care and Krzysztof Smietanka, Depart-
ment of Epidemiology and Risk Assessment, NVRI Pulawy,
Poland for sharing Mallard migration data. We are grateful to
Jonas Waldenstrdom for assistance in preparing the manu-
script and to Lionel Guy for help with the layout of Figure 1.

Funding information

Swedish Research Council FORMAS (to DIA), Grant/Award
Numbers: 211-2013-1320 (to JDJ) and 2016-00642
(to LS); Swedish Research Council (to DIA), Grant/Award
Numbers: K2013-99X-22208-01-5 (to LS) and 2016-02606
(to JDJ); European Commission 7th framework program
project EVOTAR (to DIA); Olle Engkvist Byggmastare Foun-
dation (to JDJ). The funders had no role in study design,
data collection and interpretation or the decision to submit
the work for publication.

References

Baez, J., Hernandez-Garcia, M., Guamparito, C., Diaz, S.,
Olave, A., Guerrero, K., et al. (2015) Molecular characteri-
zation and genetic diversity of ESBL-producing Escheri-
chia coli colonizing the migratory Franklin’s gulls
(Leucophaeus pipixcan) in Antofagasta, North of Chile.
Microb Drug Resist 21: 111-116.

Ben Said, L., Jouini, A., Klibi, N., Dziri, R., Alonso, C.A.,
Boudabous, A., et al. (2015) Detection of extended-
spectrum beta-lactamase (ESBL)-producing Enterobacter-
iaceae in vegetables, soil and water of the farm environ-
ment in Tunisia. Int J Food Microbiol 203: 86—92.

Blanco, G., Lemus, J.A., and Grande, J. (2009) Microbial
pollution in wildlife: linking agricultural manuring and bac-
terial antibiotic resistance in red-billed choughs. Environ
Res 109: 405-412.

Bonnedahl, J., Drobni, M., Gauthier-Clerc, M., Hernandez,
J., Granholm, S., Kayser, Y., et al. (2009) Dissemination
of Escherichia coli with CTX-M type ESBL between
humans and yellow-legged gulls in the South of France.
PLoS One 4 €5958.

Bonnedahl, J., Drobni, P., Johansson, A., Hernandez, J.,
Melhus, A., Stedt, J., et al. (2010) Characterization, and
comparison, of human clinical and black-headed gull
(Larus ridibundus) extended-spectrum beta-lactamase-
producing bacterial isolates from Kalmar, on the

Carriage and transmission of ESBL in Mallards 581

Southeast Coast of Sweden. J Antimicrob Chemother 65:
1939-1944.

Bortolaia, V., Larsen, J., Damborg, P., and Guardabassi, L.
(2011) Potential pathogenicity and host range of
extended-Spectrum beta-lactamase-producing  Escheri-
chia coli isolates from healthy poultry. Appl Environ Micro-
biol 77: 5830-5833.

Campos, J., Gil, J., Mourao, J., Peixe, L., and Antunes, P.
(2015) Ready-to-eat street-vended food as a potential
vehicle of bacterial pathogens and antimicrobial resis-
tance: an exploratory study in Porto region, Portugal. Int J
Food Microbiol 206: 1-6.

Cole, D., Drum, D.J.V., Stallknecht, D.E., White, D.G.,
Lee, M.D., Ayers, S., et al. (2005) Free-living Canada
geese and antimicrobial resistance. Emerg Infect Dis 11:
935-938.

Coque, T.M., Baquero, F., and Canton, R. (2008) Increasing
prevalence of ESBL-producing Enterobacteriaceae in
Europe. Euro Surveill 13. pii: 19051.

Cosentino, S., Voldby Larsen, M., Moller Aarestrup, F., and
Lund, O. (2013) PathogenFinder--distinguishing friend
from foe using bacterial whole genome sequence data.
PLoS One 8: e77302.

Dierikx, C., van der Goot, J., Fabri, T., van Essen-
Zandbergen, A., Smith, H., and Mevius, D. (2013)
Extended-spectrum-beta-lactamase- and AmpC-beta-
lactamase-producing Escherichia coli in Dutch broilers
and broiler farmers. J Antimicrob Chemother 68: 60-67.

Dorado-Garcia, A., Smid, J.H., van Pelt, W., Bonten, M.J.M.,
Fluit, A.C., van den Bunt, G., et al. (2018) Molecular relat-
edness of ESBL/AmpC-producing Escherichia coli from
humans, animals, food and the environment: a pooled
analysis. J Antimicrob Chemother 73: 339-347.

Gordon, D.M., and Cowling, A. (2003) The distribution and
genetic structure of Escherichia coli in Australian verte-
brates: host and geographic effects. Microbiology 149:
3575-3586.

Guenther, S., Grobbel, M., Beutlich, J., Bethe, A,
Friedrich, N.D., Goedecke, A., et al. (2010) CTX-M-15--
type  extended-spectrum  beta-lactamases-producing
Escherichia coli from wild birds in Germany. Environ
Microbiol Rep 2: 641-645.

Guenther, S., Ewers, C., and Wieler, L.H. (2011) Extended-
Spectrum Beta-lactamases Producing E. coli in wildlife,
yet another form of environmental pollution? Front Micro-
biol 2: 246.

Gullberg, E., Cao, S., Berg, O.G., llback, C., Sandegren, L.,
Hughes, D., and Andersson, D.I. (2011) Selection of resis-
tant bacteria at very low antibiotic concentrations. PLoS
Pathog 7: €1002158.

Hasman, H., Saputra, D., Sicheritz-Ponten, T., Lund, O.,
Svendsen, C.A., Frimodt-Moller, N., and Aarestrup, F.M.
(2014) Rapid whole-genome sequencing for detection and
characterization of microorganisms directly from clinical
samples. J Clin Microbiol 52: 139—146.

Hernandez, J., Bonnedahl, J., Eliasson, I., Wallensten, A.,
Comstedt, P., Johansson, A., et al. (2010) Globally dis-
seminated human pathogenic Escherichia coli of
025b-ST131 clone, harbouring bla(CTX-M-15), found in
glaucous-winged gull at remote Commander Islands,
Russia. Environ Microbiol Rep 2: 329-332.

© 2018 The Authors. Environmental Microbiology Reports published by Society for Applied Microbiology and John Wiley & Sons Ltd.,

Environmental Microbiology Reports, 10, 576-582



582 L. Sandegren et al.

Hernandez, J., Stedt, J., Bonnedahl, J., Molin, Y., Drobni,
M., Calisto-Ulloa, N., et al. (2012) Human-associated
extended-spectrum beta-lactamase in the Antarctic. App/
Environ Microbiol 78: 2056—-2058.

Hernandez, J., Johansson, A., Stedt, J., Bengtsson, S,
Porczak, A., Granholm, S., et al. (2013) Characterization
and comparison of extended-spectrum beta-lactamase
(ESBL) resistance genotypes and population structure of
Escherichia coli isolated from Franklin’s gulls (Leuco-
phaeus pipixcan) and humans in Chile. PLoS One 8:
e76150.

Hessman, J., Atterby, C., Olsen, B., and Jarhult, J.D. (2018)
High prevalence and temporal variation of extended Spec-
trum beta-lactamase-producing bacteria in Urban Swedish
Mallards. Microb Drug Resist 24: 822—-829.

Jéarhult, J.D., Muradrasoli, S., Wahlgren, J., Séderstrém, H.,
Orozovic, G., Gunnarsson, G., et al. (2011) Environmental
levels of the antiviral oseltamivir induce development of
resistance mutation H274Y in influenza a/H1N1 virus in
Mallards. PLoS One 6: e24742.

Joensen, K.G., Scheutz, F., Lund, O., Hasman, H., Kaas, R.
S., Nielsen, E.M., and Aarestrup, F.M. (2014) Real-time
whole-genome sequencing for routine typing, surveillance,
and outbreak detection of verotoxigenic Escherichia coli. J
Clin Microbiol 52: 1501-1510.

Kummerer, K. (2004) Resistance in the environment. J Anti-
microb Chemother 54: 311-320.

Le Devendec, L., Bouder, A., Dheilly, A., Hellard, G., and
Kempf, I. (2011) Persistence and spread of gnr, extended-
spectrum beta-lactamase, and ampC resistance genes in
the digestive tract of chickens. Microb Drug Resist 17:
129-134.

Literak, I., Dolejska, M., Radimersky, T., Klimes, J., Friedman,
M., Aarestrup, F.M., et al. (2010a) Antimicrobial-resistant
faecal Escherichia coli in wild mammals in Central Europe:
multiresistant Escherichia coli producing extended-spectrum
beta-lactamases in wild boars. J App/ Microbiol 108:
1702-1711.

Literak, I., Dolejska, M., Janoszowska, D., Hrusakova, J.,
Meissner, W., Rzyska, H., et al. (2010b) Antibiotic-
resistant Escherichia coli bacteria, including strains with
genes encoding the extended-spectrum beta-lactamase
and QnrS, in Waterbirds on the Baltic Sea Coast of
Poland. Appl Environ Microbiol 76: 8126—8134.

Maluta, R.P., Logue, C.M., Casas, M.R.T., Meng, T,
Guastalli, E.A.L., Rojas, T.C.G., et al. (2014) Overlapped
sequence types (STs) and serogroups of avian patho-
genic (APEC) and human extra-intestinal pathogenic
(EXPEC) Escherichia coli isolated in Brazil. PLoS One 9:
e105016.

Manges, A.R., and Johnson, J.R. (2012) Food-borne origins
of Escherichia coli causing extraintestinal infections. Clin
Infect Dis 55: 712-719.

Middleton, J., and Ambrose, A. (2005) Enumeration and anti-
biotic resistance patterns of fecal indicator organisms iso-
lated from migratory Canada geese (Branta canadensis).
J Wildl Dis 41: 334-341.

Okeke, I.N., Wallace-Gadsden, F., Simons, H.R., Matthews,
N., Labar, A.S., Hwang, J., and Wain, J. (2010) Multi-locus
sequence typing of Enteroaggregative Escherichia coli
isolates from Nigerian children uncovers multiple lineages.
PLoS One 5: e14093.

Olesen, B., Scheutz, F., Andersen, R.L., Menard, M.,
Boisen, N., Johnston, B., et al. (2012) Enteroaggregative
Escherichia coli O78:H10, the cause of an outbreak of
urinary tract infection. J Clin Microbiol 50: 3703-3711.

Radimersky, T., Frolkova, P., Janoszowska, D., Dolejska,
M., Svec, P., Roubalova, E., et al. (2010) Antibiotic resis-
tance in faecal bacteria (Escherichia coli, Enterococcus
spp.) in feral pigeons. J App! Microbiol 109: 1687—1695.

Sauter, A., Korner-Nievergelt, F., and Jenni, L. (2010) Evi-
dence of climate change effects on within-winter move-
ments of European Mallards Anas platyrhyncos. Ibis 152:
600-609.

Simoes, R.R., Poirel, L., Da Costa, P.M., and Nordmann, P.
(2010) Seagulls and beaches as reservoirs for multidrug-
resistant Escherichia coli. Emerg Infect Dis 16: 110-112.

Smietanka, K., Bocian, L., Meissner, W., Zietek-Barszcz, A.,
and Rotkos, K. (2016) Assessment of the potential dis-
tance of dispersal of high pathogenicity avian influenza
virus by wild Mallards. Avian Dis 60: 316-321.

Stedt, J., Bonnedahl, J., Hernandez, J., Waldenstrom, J.,
McMahon, B.J., Tolf, C., et al. (2015) Carriage of CTX-M
type extended spectrum beta-lactamases (ESBLs) in gulls
across Europe. Acta Vet Scand 57: 74.

Valverde, A., Canton, R., Garcillan-Barcia, M.P., Novais, A.,
Galan, J.C., Alvarado, A., et al. (2009) Spread of
Bla(CTX-M-14) is driven mainly by IncK plasmids dissemi-
nated among Escherichia coli phylogroups a, B1, and D in
Spain. Antimicrob Agents Chemother 53: 5204—-5212.

van Toor, M.L., Hedenstrém, A., Waldenstrédm, J., Fiedler,
W., Holland, R.A., Thorup, K., and Wikelski, M. (2013)
Flexibility of continental navigation and migration in
European Mallards. PLoS One 8: €72629.

Wellington, E.M., Boxall, A.B., Cross, P., Feil, E.J., Gaze, W.
H., Hawkey, P.M., et al. (2013) The role of the natural
environment in the emergence of antibiotic resistance in
gram-negative bacteria. Lancet Infect Dis 13: 155—-165.

Wirth, T., Falush, D., Lan, R.T., Colles, F., Mensa, P.,
Wieler, L.H., et al. (2006) Sex and virulence in Escherichia
coli: an evolutionary perspective. Mol Microbiol 60:
1136-1151.

Zankari, E., Hasman, H., Cosentino, S., Vestergaard, M.,
Rasmussen, S., Lund, O., et al. (2012) Identification of
acquired antimicrobial resistance genes. J Antimicrob
Chemother 67: 2640-2644.

© 2018 The Authors. Environmental Microbiology Reports published by Society for Applied Microbiology and John Wiley & Sons Ltd.,

Environmental Microbiology Reports, 10, 576-582



	 Long-term carriage and rapid transmission of extended spectrum beta-lactamase-producing E. coli within a flock of Mallards...
	Introduction
	Experimental procedures
	E. coli used for inoculation
	Bioinformatics of the bacterial strains
	Mallards
	Experimental design
	Sampling
	Necropsies
	Selective culturing of ESBL-producing bacteria

	Results and discussion
	Carriage of ESBL-producing E. coli proceed for over 4 weeks
	ESBL-producing E. coli in the intestine
	Rapid and extensive transmission of ESBL-producing E. coli between birds in the flock
	Implications of long-term carriage of resistant bacteria in bird flocks

	Conclusions
	Acknowledgements
	Funding information
	References




