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Members of the Enterobacteriaceae with extended-spectrum beta-lactamases (ESBLs) of the CTX-M type have disseminated rap-
idly in recent years and have become a threat to public health. In parallel with the CTX-M type expansion, the consumption and
widespread use of silver-containing products has increased. To determine the carriage rates of silver resistance genes in different
Escherichia coli populations, the presence of three silver resistance genes (silE, silP, and silS) and genes encoding CTX-M-, TEM-,
and SHV-type enzymes were explored in E. coli isolates of human (n � 105) and avian (n � 111) origin. The antibiotic profiles
were also determined. Isolates harboring CTX-M genes were further characterized, and phenotypic silver resistance was exam-
ined. The silE gene was present in 13 of the isolates. All of them were of human origin. Eleven of these isolates harbored ESBLs of
the CTX-M type (P � 0.007), and eight of them were typed as CTX-M-15 and three as CTX-M-14. None of the silE-positive iso-
lates was related to the O25b-ST131 clone, but 10 out of 13 belonged to the ST10 or ST58 complexes. Phenotypic silver resistance
(silver nitrate MIC > 512 mg/liter) was observed after silver exposure in 12 of them, and a concomitant reduced susceptibility to
piperacillin-tazobactam developed in three. In conclusion, 12% of the human E. coli isolates but none of the avian isolates har-
bored silver resistance genes. This indicates another route for or level of silver exposure for humans than that caused by com-
mon environmental contamination. Since silE-positive isolates were significantly more often found in CTX-M-positive isolates,
it is possible that silver may exert a selective pressure on CTX-M-producing E. coli isolates.

The prevalence of pathogenic bacteria with antibiotic multire-
sistance has increased rapidly in recent years, and they have

become a serious threat to public health. During 2007, approxi-
mately 25,000 patients died due to therapeutic failure in Europe
alone, and Gram-negative bacteria were the cause in about two-
thirds of the cases (1).

Beta-lactamases of the extended-spectrum type (ESBLs) are
major players in this development, and they emerged in the 1980s
as TEM and SHV derivates (2, 3). These enzymes are usually
harbored by members of the family Enterobacteriaceae and hydro-
lyze penicillins, cephalosporins, and monobactams. Today, the
CTX-M enzymes are the most prevalent group of ESBLs. They
have spread in a pandemic fashion, causing outbreaks in hospitals
and communities worldwide (4–6). Furthermore, they have dis-
seminated into distant environmental niches where there are no
or few human activities (7–9).

Escherichia coli clone O25b-ST131 has been the dominant
ESBL lineage in about 25% of the human E. coli cases (10), and it
usually produces CTX-M-14 or CTX-M-15. During the years
2005 to 2007, there was a major outbreak at Uppsala University
Hospital caused by a CTX-M-15-producing Klebsiella pneu-
moniae strain (11). A 41-kbp resistance region, highly similar to
the resistance regions of two plasmids isolated previously from E.
coli strains belonging to the outbreak lineage ST131, was found on
one of its plasmids. This plasmid carried, in addition, a complex of
sil genes (12).

Bacteria can develop resistance to silver (13) through inducible
efflux mechanisms encoded by sil or pco (cop) genes (14, 15). sil
genes can be harbored on plasmids carrying antibiotic resistance
genes (16, 17), and silver can thereby exert an indirect selective
pressure. Silver may also affect antibiotic resistance more directly
by selecting for porin deficiency and thereby mediate a cross-re-
sistance to beta-lactams (18).

Since the turn of the century, the consumption of biocides has
increased (1). One of the more popular biocides is silver, which is
used as a disinfectant and preservative in a wide and mounting
range of health care and consumer products, e.g., silver-contain-
ing wound dressings, silver-treated catheters and textiles, and
washing machines releasing silver ions (19, 20). Although humans
and animals are naturally exposed to silver at low concentrations
through food and water (21, 22), the exposure level in both hos-
pitals and in the society is probably higher today than when the
silver consumption was mainly confined to the photographic, bat-
tery, and car industries.

The aim of the present study was to investigate the distribution
of silver resistance genes in seven E. coli populations derived from
humans and wild birds. The four avian populations had various
levels of exposure to human activity.

MATERIALS AND METHODS
Bacterial isolates. A total of 216 E. coli isolates were included in the study.
The isolates were fecal samples from humans (n � 105) and wild birds
(n � 111) collected during the years 2006 to 2008. The human samples
were all unidentified before culturing and belonged to one of the follow-
ing groups: (i) randomly chosen routine samples from patients with di-
arrhea in Uppsala County (n � 52), (ii) randomly chosen samples from
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patients admitted to Uppsala University Hospital during the major K.
pneumoniae outbreak and thereby automatically taking part in a surveil-
lance program of ESBL producers (n � 34) (11), and (iii) samples from
healthy travelers participating in a study in which the risk of acquiring
ESBL-producing Enterobacteriaceae during travels outside Scandinavia
was investigated (n � 19) (23). The avian samples were collected from
four wild bird populations from the following areas and with an increas-
ing exposure to human activities: Commander Islands, Russia (n � 26)
(24); Kalmar (n � 27) (25) and Uppsala (n � 17), Sweden; and Marseille,
France (n � 41) (26) (Table 1).

The avian E. coli samples isolated at the Department of Clinical Mi-
crobiology, Uppsala University Hospital, were collected with the M40
Transystem (Copan Diagnostics, USA). After the swabs had been rotated
in fresh feces from mallard ducks living at a pond in central Uppsala, they
were put into the transport medium and immediately brought to the
laboratory. These samples and those collected from the patient group with
diarrhea were plated on cysteine lactose electrolyte-deficient agar or blood
agar (Becton, Dickinson Company, USA). After overnight incubation at
35°C, E. coli was identified using standard laboratory procedures or the
Vitek 2AutoMicrobic system (bioMérieux, USA). Collection and culture
of the remaining isolates were performed as described earlier (9, 11, 23, 25,
26). All isolates were frozen at �70°C before further analysis.

Antibiotic susceptibility. Susceptibility testing was carried out on Iso-
Sensitest agar with the disc diffusion method (Oxoid Ltd., England) ac-
cording to the recommendations of the Swedish Reference Group for
Antibiotics (www.srga.org) at that time point. The following antibiotics
were included: cefpodoxime, ceftibuten, piperacillin-tazobactam, cefo-
taxime, meropenem, ciprofloxacin, gentamicin, and cotrimoxazole. The
plates were incubated for 18 to 20 h at 35°C. Species-related breakpoints
defined by SRGA were used for the categorization of isolates as suscepti-
ble, indeterminate, or resistant.

The first criterion for ESBL production was resistance to cefpodoxime
(inhibition zone � 24 mm). Phenotypic confirmation of ESBL produc-
tion was performed by disc diffusion synergy test according to the method
described by Jarlier et al. (27).

DNA preparation and amplification. DNA was prepared by heating
the bacterial suspension to 95°C for 10 min. Two �l of the prepared
template was amplified in Taq or HotStar MasterMix (Qiagen, Germany).
All PCRs were carried out in a GeneAmp PCR system 9700 cycler (PE
Applied Biosystems, USA). For each PCR, denaturation lasted 2 to 15 min
at 94°C, followed by 30 to 35 cycles as follows: denaturation at 94°C for 30
to 60s, annealing at a primer-specific temperature for 30 to 60s, elongation
at 72°C for 1 to 3 min, and a final extension step at 72°C for 12 min. (For

details about primer sequences and annealing temperatures, see the sup-
plemental material.) The PCR products were separated by electrophoresis
on 1.0% agarose gels (Shelton Scientific Inc., USA) containing ethidium
bromide. After completed electrophoresis, the gels were photographed
and the bands analyzed. The sizes of the different PCR products were
compared with a DNA molecular weight marker (Fermentas, USA). The
positive controls were provided by the Department of Clinical Microbi-
ology, Uppsala University Hospital, unless otherwise indicated. Before
use, all products were sequenced to verify their specificity.

Detection of genes for resistance to silver and mercury. For detection
of silver resistance genes, a PCR method described by Percival et al. (28)
was used. All strains were screened for the silE gene. Additional PCR
amplifications were carried out for the silP and silS genes whenever the silE
gene was present in an isolate. CTX-M-15-producing K. pneumoniae
strain U-0503875 (the outbreak strain) with the complete sil gene cassette
was included as a positive control.

Since resistance to mercury is widely dispersed in the environment,
resistance to this toxic heavy metal was investigated for comparison by
screening for the merA gene, as described earlier (29). As a positive con-
trol, strain ESBL0610747 was used.

Molecular detection and characterization of beta-lactamases. All
isolates with phenotypic ESBL production were screened for genes encod-
ing blaCTX-M phylogenetic lineage groups I, II, III, and IV and for blaTEM

and blaSHV genes with PCR, as described by Pitout et al. or elsewhere (11,
30). Isolates positive for CTX-M genes were further typed by sequencing
(11). Amplified products were purified by using the ExoSAP-IT purifica-
tion kit (Amersham Biosciences, United Kingdom). Sequencing was per-
formed using the BigDye Terminator sequencing kit (version 3.1) and an
automatic DNA sequencer (Applied Biosystems, USA). The sequences
obtained were edited with Vector NTI Advance 10 software (Invitrogen,
USA) and compared with published sequences, employing the NCBI Ba-
sic Local Alignment Search Tool (BLAST).

PCR detection of the O25b-ST131 clone. All ESBL-positive isolates
were screened for the pabB gene using an O25b-ST131 clone allele-specific
PCR described by Clermont et al. (31). It was slightly modified before use.
Briefly, DNA templates for PCR were generated by boiling bacteria in
distilled water (dH2O) for 5 min, followed by centrifugation at 13,000
rpm for 10 min. Two microliters of the supernatant was used as the DNA
template in each PCR, which had a total volume of 25 �l. HotStarTaq
master mix kit (Qiagen, Germany) and a 400 nM concentration of each
primer (Eurogentec S.A., Belgium) were used. Amplification was per-
formed on a Perkin-Elmer Cetus DNA thermal cycler. E. coli strain 65917
was the positive control (24).

TABLE 1 Origin and genetic properties of the isolates included in the study

Beta-lactamase

No. of isolatesa

Human Avian

Patients with
diarrhea (Uppsala)

Patients in surveillance
programs

Herring gulls
(Larus argentatus)
(Commander Islands)

Black-headed gulls
(Larus ridibundus)
(Kalmar)

Mallards
(Anas platyrhynchos)
(Uppsala)

Yellow-legged gulls
(Larus michahellis)
(Marseille)Uppsala

Outside
Scandinavia

Total 52 34 19 26 27 17 41
CTX-M-15 0 21 11 1 1 0 1
CTX-M-14 0 11 2 0 1 0 0
CTX-M-9 0 0 3 0 0 0 0
CTX-M-1 0 0 1 0 0 0 8
CTX-M-27 0 0 2 0 0 0 0
silE 2 8 3 0 0 0 0
merA 5 8 4 0 0 0 5
TEM NA 27 9 NA NA NA 9
SHV NA 2 1 NA NA NA 2
a NA, not applicable.
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Susceptibility to silver nitrate. The MIC of silver nitrate was deter-
mined for all isolates positive for the silE gene. Bacteria were suspended in
Iso-Sensitest broth (Oxoid Ltd., USA) containing silver nitrate at concen-
trations ranging from 4 to 512 mg/liter. The final bacterial concentration
was 105 CFU/ml. After 24 h of incubation, the MIC was recorded as the
lowest concentration yielding no visible growth. A silver nitrate MIC of
�512 mg/liter classified the bacterium as silver resistant. E. coli strain
ATCC 25922 was used as a control.

To investigate whether phenotypic silver resistance could be induced,
one CFU of each isolate was inoculated into Iso-Sensitest broth. After an
overnight incubation at 37°C, 10 �l of the bacterial suspension was inoc-
ulated into a series of tubes with increasing concentrations of silver nitrate
(16 to 512 mg/liter) in the same broth. The tubes were incubated at 37°C
overnight, and the new inocula were transferred from the tube with the
highest silver nitrate concentration and still-visible growth to a new series
of tubes. The experiment was repeated until a MIC of silver nitrate of
�512 mg/liter was reached or 10 passages had been carried out.

To control how stable the silver resistance was, all silver-resistant iso-
lates were subcultured five times on blood agar (Acumedia Manufactur-
ers, Lansing, MI, USA). After each passage, at least five colonies from each
isolate were tested to determine if they were still able to grow in Iso-
Sensitest broth (Oxoid Ltd.) containing 512 mg/liter of silver nitrate
broth.

Susceptibility to cefpodoxime, ceftibuten, piperacillin-tazobactam,
cefotaxime, meropenem, ciprofloxacin, gentamicin, and cotrimoxazole
was tested with the disc diffusion method after silver exposure. A change
of the inhibition zone diameter of more than 5 mm was defined as signif-
icant.

Outer membrane protein profiles. Outer membrane protein profiles
were examined (32) before and after silver exposure in six randomly cho-
sen isolates (R09, S10, P03, S08, P18, and F23). In brief, bacteria were
grown to late logarithmic phase at 37°C in Mueller-Hinton broth. An
amount of culture equivalent to two units of optical density at 600 nm
(OD600) was centrifuged for 10 min at 2,335 � g, washed with 100 mM
Tris-HCl (pH 8.0) with 20% sucrose, and incubated on ice for 10 min.
Cells were centrifuged again and suspended in 1 ml 100 mM Tris-HCl (pH
8.0) with 20% sucrose and 10 mM EDTA. Lysozyme was added to a final
concentration of 100 �g/ml and incubated on ice for 10 min. MgSO4,
RNase A, and DNase I were added (final concentrations of 20 mM, 5
�g/ml, and 5 �g/ml, respectively), and cells were disrupted with 5 freeze-

thaw cycles in dry ice– ethanol and a room temperature water bath. After
the 6th freezing, samples were left to thaw on ice for 2 to 3 h. Membranes
were pelleted for 25 min at 16,100 � g and washed and pelleted three times
in 1 ml 20 mM NaPO4 (pH 7.0) and 0.5% N-lauroylsarcosine. The protein
extracts were suspended in 60 �l Laemmli sample buffer (80 mM Tris-
HCl [pH 6.8], 3% SDS, 10% glycerol, 5% �-mercaptoethanol, 0.02%
bromophenol blue), boiled for 5 min, and subjected to SDS-PAGE (11%
polyacrylamide, 6 M urea).

Multilocus sequence typing (MLST). All silE-positive isolates (n �
13) were typed with multilocus sequencing, together with 10 randomly
chosen ESBL-producing avian isolates and 8 ESBL-producing silE-nega-
tive human isolates. Amplification of adk, fumC, gyrB, icd, mdh, purA, and
recA was carried out according to an established protocol (33) after mod-
ifications: the primer pairs were linked with universal tags, and the PCR
step was performed in a Lightcycler (Roche, Switzerland). Sequence data
were edited using SeqTrace (34), ClustalW (35), Jalview (36), and the E.
coli MLST website (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli). With the
eBURST program (version 3; http://eburst.mlst.net) (37), a population
snapshot of the E. coli populations from the E. coli MLST database (down-
loaded July 2013) was performed with related and unrelated STs. The
stringent group definition of clonal complexes (CCs) was used, i.e., only
STs that shared identical alleles at �6 of 7 loci were grouped (37).

Statistical analyses. Differences in the distributions of silE and merA
genes in the various E. coli populations of human and avian origin were
analyzed with Fisher’s exact test. A difference was considered statistically
significant if P was �0.05.

RESULTS
Genes encoding resistance to silver and mercury. The silE gene
was detected in 13 (6%) of the isolates examined. They were all
isolated from human samples (P � 0.0001), and three of them
were acquired during travels to India (n � 2) and Tajikistan (n �
1). Ten of the 13 isolates positive for the silE gene harbored, in
addition, silS and silP genes. Of the remaining three isolates, two
lacked the silP gene and one isolate carried the silE gene alone. See
Tables 1 and 2 for distribution.

The merA gene was detected in 22 (10%) of the 216 isolates.
Seventeen isolates were of human origin, whereas 5 were of avian
origin (Table 1). Although the mercury resistance gene was pres-

TABLE 2 Characteristics of the silE positive strains in the study

Isolatea

Presence of
silP/presence
of silS ESBL type

TEM/SHV
type

No. of passages needed to induce silver
resistance (affected antibiotic
susceptibility)

Sequence type and
clonal complex

P03c 	/	 CTX-M-15 TEM/� 8 (ceftibuten, ciprofloxacin) ST1598; CC ST10
P09 	/	 CTX-M-15 TEM/� 3 ST388
P14c 	/	 CTX-M-15 TEM/� 9 (piperacillin-tazobactam, cotrimoxazole) ST205; CC ST58
P18 	/	 CTX-M-15 TEM/� 5 ST127
P21 	/	 CTX-M-15 TEM/� 7 (ceftibuten) ST1312; CC ST10
S08 	/	 CTX-M-14 �/� 7 ST58; CC ST58
S10 �/	 CTX-M-14 TEM/� 3 ST940; CC ST58
S11b,c 	/	 CTX-M-14 TEM/� 2 (ciprofloxacin) ST10; CC ST10
R07c 	/	 CTX-M-15 TEM/� 2 (piperacillin-tazobactam) ST424; CC ST58
R09 	/	 CTX-M-15 �/� 6 ST940; CC ST58
R20 	/	 CTX-M-15 TEM/� 3 (ceftibuten) ST155; CC ST58
F23 �/	 NAd NA 6 (piperacillin-tazobactam, gentamicin,

cotrimoxazole)
409

F32 �/� NA NA NA ST10; CC ST10
a Designations with P and S indicate isolates from patients in surveillance programs at Uppsala University Hospital (group 2); R indicates isolates from healthy travelers (group 3); F
indicates isolates from patients with diarrhea (group 1).
b merA-positive strain.
c Multiresistant strain.
d NA, not applicable.
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ent in avian samples (5%), the gene was significantly more fre-
quent (16%) in human isolates (P � 0.004). Furthermore, the
merA gene was detected only in birds from the Marseille area. A
single isolate carried merA and silE genes simultaneously, and it
was isolated from a stool sample from a patient taking part in the
surveillance program during the K. pneumoniae outbreak.

ESBL-positive isolates. A total of 72 isolates (34%) exhibited a
phenotypic ESBL profile. Of these isolates, 63 (88%) carried ESBL
genes of the CTX-M type. Beta-lactamases of the TEM and SHV
types were found in the remaining 9 isolates (Table 1).

Fifty-three (76%) of the ESBL producers were isolated from
human samples. The predominant ESBL type was CTX-M-15
(60%), followed by CTX-M-14 (25%). Among the CTX-M pro-
ducers, 11 (85%) of the silE-positive isolates were observed (P �
0.007). The most common ESBL type among the carriers of silE
gene was CTX-M-15 (n � 8) followed by CTX-M-14 (n � 3). Two
of the three isolates with only one or two sil genes did not produce
ESBL (Table 2).

Four CTX-M-positive isolates belonged to the pandemic
O25b-ST131 clone, of which one was of avian origin. They carried
CTX-M-15 (n � 3) or CTX-M-14 (n � 1). The most frequent
ESBL type in avian samples was CTX-M-1 (42%). None of the
O25b-ST131 positive isolates harbored silE or merA, and none of
the merA-carrying birds from the Marseille area were colonized
with CTX-M-producing E. coli.

Resistance to antibiotics and silver nitrate. In general, resis-
tance to any of the tested antibiotics was rare in ESBL-negative
isolates, with the exception of resistance to cotrimoxazole. In ad-
dition, avian isolates were more susceptible to the tested antibiot-
ics than human isolates independent of ESBL status. Multiresis-
tance, defined as resistance to cephalosporins and three other
classes of antibiotics, was present in 13 of the human ESBL-posi-
tive isolates. The corresponding figure for avian ESBL-positive
isolates was 1. All isolates were susceptible to carbapenems. More
detailed information is provided in the supplemental material.

silE-positive isolates were more likely to be resistant to cotri-
moxazole (92% versus 40%; P � 0.0005) and gentamicin (46%
versus 17%; P � 0.022) than silE-negative isolates. In merA-posi-
tive isolates, decreased susceptibility to cotrimoxazole was signif-
icantly more frequent (73% versus 23%; P � 0.0001). This was
also true for gentamicin (27% versus 9%; P � 0.014). The isolate
positive for both silE and merA was resistant to cotrimoxazole,
gentamicin, and ciprofloxacin.

Silver nitrate MICs for silE-positive and silE-negative isolates
were in the range of 8 to 32 mg/liter before silver exposure. After
exposure, 12 of 13 isolates developed silver resistance. Two to nine

passages (mean, 5.1 
 2.4) were necessary to reach a MIC of �512
mg/liter. The silver-resistant phenotype remained stable after five
passages in the absence of silver. Of the isolates with both genetic and
phenotypic silver resistance, 11 (92%) produced CTX-M enzymes,
and 10 (83%) of these had all three sil genes. For details, see Table 2.

Silver exposure decreased the inhibition zones of ceftibuten
(n � 6), piperacillin-tazobactam (n � 5), cefotaxime (n � 2) and
gentamicin (n � 1) with more than 5 mm. For ciprofloxacin and
cotrimoxazole, both increases and decreases of the inhibition
zones were observed. The changes in inhibition zones were clini-
cally relevant for seven isolates, i.e., they changed their classifica-
tion from susceptible or indeterminate to indeterminate or resis-
tant or the inverse (for ceftibuten R20, P21 [I to R], and P03 [S to
R]; for piperacillin-tazobactam, R07 [S to I], P14, and F23 [S to R];
for gentamicin, F23 [S to R]; for ciprofloxacin, S11 and P03 [R to
S]; for cotrimoxazole, P14 [R to I] and F23 [S to R]).

Four of the six randomly selected isolates had deficient expres-
sion of OmpF before silver exposure. After exposure, three isolates
had lost the expression of at least one more porin. Most common
was loss of the OmpC porin (Fig. 1). None of the losses yielded an
obvious pattern in terms of changed susceptibility to the tested
antibiotics.

MLST and eBURST analyses. The MLST analysis of the 31
isolates identified 27 STs, and the eBURST analysis identified 11
CCs. Two complexes predominated, CC ST10 and CC ST58. To-
gether they accounted for 48% of the isolates, which were all de-
rived from human samples. Both humans and birds shared three
CCs: CC ST131, CC ST648, and CC ST665. Furthermore, the ma-
jority of the human ESBL-producing strains clustered in the same
two complexes: 77% of the silE-positive and 63% of the human
silE-negative isolates clustered in the ST10 complex and ST58
complex (Fig. 2). The other silE-positive isolates were assigned to
ST127 (P18), ST388 (P9), and ST409 (F23, a non-ESBL producer).

DISCUSSION

In the present study, the distribution of sil genes was investigated
in seven different E. coli populations originating from humans
and wild birds. The avian stool samples made it possible to inves-
tigate indirectly the natural exposure to silver and how increased
exposure to human activities, including the production and con-
sumption of silver-containing products, might affect the presence
of genes encoding resistance to silver. The results of the study
showed that sil genes were not detected in any of the avian sam-
ples, but they were found in 12% of the human stool samples. A
clear majority of these isolates harbored ESBL of CTX-M types 15
and 14. Both enzymes are part of relatively recent evolutionary

FIG 1 OMP profiles. Lanes (left to right): markers (L), wild-type (wt) E. coli, and isolates R09, S10, P03, S08, P18, and F23 before and after silver exposure.
OmpC, OmpF, and OmpA are indicated with arrows for wt E. coli.

Sütterlin et al.

6866 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


events. According to GenBank, the CTX-M-14 sequence was sub-
mitted from China in 2000 (accession no. AF252622) and the
CTX-M-15 sequence came from India in 2001 (accession no.
AY044436).

It is impossible for humans and animals, including birds, to
avoid natural low-level exposure to silver. The finding that only
human isolates harbored silver resistance genes, therefore, sug-
gests a route for or level of exposure other than that caused by
common environmental contamination. Although both the silver
and mercury resistance operons are frequently found on plasmids
harboring antibiotic resistance genes, sil and merA genes were
found together only in a single multiresistant ESBL-producing
isolate. A common source for the selection of these genes therefore
does not seem very likely.

Resistance to mercury is one of the most widely observed phe-
notypes in bacteria (38). Not surprisingly, the merA gene was
found in both human and avian isolates, but the frequency of this
gene in human isolates was only slightly higher than that found for
the sil genes. Bacterial flora from wild birds is sometimes used as
an indicator of environmental contamination secondary to hu-
man activity. None of the merA-positive isolates were obtained
from Swedish or Arctic birds. The only source was birds feeding
from the Marseille city dump or in its surroundings (26). Inter-
estingly, the avian E. coli isolates with the merA gene carried only
older types of ESBLs, i.e., TEM and SHV, although several birds
from this area were colonized with E. coli producing CTX-M-1,
the dominant ESBL type in the human population in southern
France (39). Furthermore, silE-positive isolates were more fre-
quently resistant to antibiotics than merA-positive isolates. By be-
ing associated with relatively recent types of CTX-M with more
multiresistant profiles, it is possible that the sil genes are coselected

by antibiotics to a larger extent than the merA gene in the human
population.

Although sil genes were found, none of the sil-positive isolates
were phenotypically silver resistant prior to silver exposure. Silver
resistance was, however, easily induced in vitro, and in some cases
this was associated with loss of porins and/or altered susceptibility
to antibiotics. Loss of porins is known to cause decreased suscep-
tibility to beta-lactams (18, 32, 40). A problematic decrease in
susceptibility to piperacillin-tazobactam, one of the few treatment
alternatives left in more severe infections caused by ESBL-produc-
ing E. coli, was noticed. How this decrease was related to porin
deficiency was, however, not obvious. For the other classes of an-
tibiotics, the outcome of silver exposure was quite unpredictable.

Some ESBL-producing E. coli strains seem to be more prone to
spread than others. Despite the successful dissemination of the
pandemic clone ST131 to secluded areas, such as the Arctic, and its
high virulence (6, 9), none of the silE-positive isolates belonged to
this clone. Instead, nearly half of them belonged to CCs ST10 and
ST58. ST10 and ST58 have both a global distribution, and they
have been isolated from humans as well as animals (41–44). The K.
pneumoniae outbreak in Uppsala was also caused by a global
clone, ST16 (12), which in recent years has been associated with
several clinically important carbapenemases (45). Interestingly, it
has been suggested that resistance to silver ions represents a potent
fitness factor in members of the Enterobacter cloacae complex (46).

In conclusion, 12% of the human E. coli isolates but none of the
avian isolates harbored silver resistance genes. The sil genes were
found among E. coli isolates carrying CTX-M-14 or CTX-M-15,
two globally very successful ESBLs that emerged at the turn of the
century. The potential for silver products to directly and/or indi-

FIG 2 Population snapshot of clusters of E. coli based on the E. coli MLST database (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli) with related and unrelated STs.
STs identified in this study are indicated as follows: red squares, silE-positive isolates; light blue squares, human silE-negative isolates; green squares, avian isolates;
and yellow boxes, clonal complexes (CC).
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rectly select for ESBL producers and other multiresistant strains in
humans and animals needs to be further investigated.
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