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Escherichia coli is one of the main etiological agents of neonatal calf diarrhea (NCD). The objective of this study was to 
assess the presence of virulence genes, genetic diversity, and antibiotic resistance mechanisms in E. coli associated with NCD 
in Uruguay. PCR was used to assess the presence of intimin, Shiga-like toxin, and stable and labile enterotoxin genes. 
Resistance to fluoroquinolones and oxyimino-cephalosporins was estimated on Müller-Hinton agar plates. Further antibiotic 
disc-diffusion tests were performed to assess bacterial multi-resistance. The presence of PMQR, ESBL, MCR-1, and integron 
genes was evaluated. Isolates were typed using ERIC-PCR, and 20 were selected for MLST, adhesion to Hep-2 cells, in vitro 
biofilm formation, and eukaryotic cytotoxicity. The prevalence of ETEC genes was lower than 3% in each case (estA and elt). 
Six isolates were EPEC (eae+) and 2 were EHEC/STEC (eae+/stx1+). The results of a diversity analysis showed high genetic 
heterogenicity among isolates. Additionally, different sequence types, including ST10, ST21, and ST69, were assigned to 
selected isolates. Thirty-six percent (96/264) of the isolates were fluoroquinolone-resistant, with 61/96 (63.5%) being 
multidrug-resistant. Additionally, 6 were oxyimino-cephalosporin-resistant. The qnrB, qnrS1, and blaCTX-M-14 genes were 
detected, whereas no isolates carried the mcr-1 gene. Isolates had the ability to adhere to Hep-2 cells and form biofilms. Only 
1 isolate expressed toxins in vitro. E. coli from NCD cases in Uruguay are very diverse, potentially virulent, and may interact 
with eukaryotic cells. Zoonotic potential, together with resistance traits and the presence of horizontal transfer mechanisms, 
may play a significant role in infections caused by these microorganisms.

Key words: Escherichia coli, zoonotic potential, antibiotic multi-resistance, mcr-1

Diarrheagenic Escherichia coli infections have been a health 
concern for decades. E. coli is one of the main etiological 
agents responsible for neonatal calf diarrhea (NCD), and 
represents an economic challenge in livestock and dairy 
industries worldwide (33). The severity of NCD infections 
may be associated with a single or various risk factors acting 
simultaneously; however intensive animal breeding systems 
have recently increased the transmission of infectious diseases 
such as NCD (33). Enterotoxigenic (ETEC) and enteropatho-
genic E. coli (EPEC) are two of the most common pathotypes 
associated with NCD, and are responsible for high morbidity 
and mortality rates (27, 36). Additionally, enterohemorrhagic 
(EHEC)/Shiga toxin producer E. coli (STEC) are relevant 
because they are important zoonotic pathogens, and bovines 
have been identified as their natural reservoir (19, 39).

E. coli toxins are worldwide-distributed virulence factors 
involved in NCD and human infections. ETEC heat-labile 
enterotoxin (L-T) and heat-stable enterotoxin (S-T) are 
responsible for the hypersecretion of fluids into the intestinal 
lumen, triggering dehydration and acidosis in neonatal calves 
(35, 41). Stx toxins are regarded as the most important virulence 
factor of STEC because they induce the apoptosis of intestinal 

cells and are associated with human hemolytic uremic syndrome 
(HUS) and hemorrhagic colitis (HC) outbreaks every year (18).

The intestinal microbiota, as well as pathogenic microor-
ganisms, intimately interact with the eukaryotic host. This 
interaction depends on the microorganism and host, as well as 
the stage of infection in the case of pathogens. The ability of 
pathogenic E. coli to adhere to epithelial cells and persist in 
biofilms has important implications in the early stages of 
bacterial infection (27). Additionally, the expression of toxins 
is a crucial step in the infection process. The toxicity of Shiga 
toxins 1 and 2 toxins of EHEC/STEC have been the focus of 
numerous studies, mainly because of the lethal effects of 
human infections (54).

Antibiotic therapy is frequently used to treat different 
infectious diseases in animals, including NCD. While this 
therapy may be associated with a mortality rate reduction in 
some cases, the indiscriminate use of antibiotics has been 
accompanied by an increase in bacterial resistance, generating 
important public health issues and economic losses in pro-
duction industries in recent years (10). The most commonly 
used antibiotics in animals include β-lactams, aminoglycosides, 
fluoroquinolones, and tetracyclines (15). The first 3 groups 
are also widely used in the treatment of various infectious 
diseases in humans; therefore, selection pressure exerted by 
an inadequate use may have a direct impact on public health.

The transference of resistance genes has become relevant 
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in recent years due to cross-contamination between food-
production chains, animals, and humans (38). There are currently 
no studies available on antimicrobial resistance genes in 
bovine E. coli in Uruguay. However, the presence of class 1 
integrons, extended-spectrum β-lactamases (ESBL), class C 
β-lactamases (AmpC), and plasmid-mediated quinolones 
resistance genes (PMQRg) has been detected in Salmonella 
enterica and/or E. coli in our country (3, 4, 16, 58, 59). 
Among transferable resistance genes, plasmid colistin resis-
tance genes (mcr-1 and mcr-2), which have already been 
identified in humans, but mainly in livestock and farm animals, 
have emerged around the world as a new threat to human 
health (32).

The aim of this study was to detect the presence and distri-
bution of genes that allow the identification of EHEC/STEC 
and ETEC in bovines in order to elucidate the E. coli population 
structure, assess antibiotic resistance, and evaluate interac-
tions between bacteria and eukaryotic cells. Additionally, we 
performed the first survey in our country on plasmid genes 
involved in extended-spectrum cephalosporins, quinolones, 
and colistin resistance in E. coli isolated from bovines.

Methods

E. coli isolates
A total of 303 E. coli isolates obtained from different animal 

facilities throughout Uruguay were analyzed in this study: 297 were 
collected from calves younger than 35 d old between 2012 and 2013 
(55), and 6 were from 6-month-old symptomatic calves in 2014 (this 
study). All isolates were biochemically identified and 16S RNA 
genes were sequenced for identity confirmation. A total of 242 
isolates from animals with symptoms and 61 isolates from healthy 
animals were analyzed throughout this study.

Bacteriological culture and growth conditions
Isolates were routinely grown on Tryptone Soy Agar plates 

(TSA) or Tryptone Soy Broth (TSB) (Oxoid) at 37°C for 18–24 h. In 
antibiotic tests, isolates were cultured in Müller-Hinton agar 
(Oxoid) at 37°C for 24 h.

Genomic DNA extraction
Genomic DNA was extracted using the GenElute Bacterial 

Genomic DNA kit (Sigma). DNA quantification was performed 
using NanoDrop (Thermo Scientific).

Identification of virulence genes
The presence of 5 E. coli virulence genes was evaluated by con-

ventional PCR. Primers for the partial amplification of stx1 and stx2, 
eae, and estA and elt (coding Shiga-like toxins 1 and 2, intimin, and 
S-T and L-T enterotoxins, respectively) were used as previously 
described (22, 42, 44).

ERIC-PCR
The diversity of E. coli isolates was analyzed by ERIC-PCR as 

described by Versalovic (57). Gel images were analyzed by 
GelCompar II software (Applied Maths, Version 6.5). Dendrograms 
were constructed using the UPGMA method and Dice coefficient. 
Isolates were grouped into the same genetic variant when similarity 
values were ≥75% and were considered to be the same strain when 
similarity values were ≥98% (11). Genetic variants were used to 
assess the Shannon Diversity Index (H′ ) of the collection (8). The H′ 
index was calculated according to the following equation:
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where S is number of unique genetic variants, pi is number of iso-
lates sharing the same genetic variant (i)/total number of isolates.

E. coli isolates were separated into different groups according to 
ERIC-PCR patterns (genetic variants), virotyping (presence of virulence 
genes), collection dates, and animal symptoms. All non-duplicate 
isolates were selected for later susceptibility studies. Twenty of 
these isolates were selected as representatives of the different iso-
lates groups and were used for multilocus sequence typing (MLST), 
adhesion to Hep-2 cells, in vitro biofilm formation, and eukaryotic 
cytotoxicity. Additionally, MLST was performed on 6 isolates that 
harbored PMQR and ESBL resistance genes.

MLST
MLST was performed on the selected E. coli isolates following 

the method described by Wirth et al. (61). Seven housekeeping 
genes (adk, fumC, gyrB, icd, mdh, purA, and recA) were partially 
amplified by PCR using previously described primers (61). Allele 
numbers and sequence types (ST) were assigned in accordance with 
the E. coli MLST database (http://mlst.warwick.ac.uk/mlst/). The 
concatenated gene sequence of each isolate was used to generate 
phylogenetic trees with MEGA software (Version 6.06), the 
Neighbor-Joining method, and 1,000 bootstrap replicates.

Antimicrobial susceptibility analyses
In order to detect isolates with some degree of resistance to fluo-

roquinolones and oxyimino-cephalosporins, we performed 2 screens 
with ciprofloxacin (CIP) and cefotaxime (CTX). CIP screening was 
performed according to the proposed ECOFF value to this antibiotic 
by EUCAST (http://www.eucast.org) and as recommended by 
Cavaco et al. (10). Briefly, bacterial suspensions were adjusted to 
0.5 Mc Farland and plated onto Müller Hinton agar plates supple-
mented with CIP (0.125 μg mL–1) (MH-CIP) at 37°C for 24 h. CTX 
screening was performed using the same protocol at a concentration 
of CTX of 1 μg mL–1 (MH-CTX). E. coli ATCC 25922 was used as 
a quality control. Each isolate was cultured in duplicate. Isolates that 
grew were considered for later studies.

Isolates grown in MH-CIP and MH-CTX were analyzed using the 
Kirby-Bauer disc-diffusion method, according to the Clinical 
Laboratory Standard Institute (CLSI) (45). Fourteen different antibi-
otics were examined: amoxicillin-clavulanic acid (AMC), ampicillin 
(AMP), ceftriaxone (CRO), ceftazidime (CAZ), cefepime (FEP), 
imipenem (IMP), meropenem (MEM), nalidixic acid (NA), CIP, 
enrofloxacin (ENR), gentamicin (CN), amikacin (AK), trimethoprim-
sulfamethoxazole (SXT), and fosfomycin (FOS). All antibiotic discs 
were from Oxoid. Quality control was performed with E. coli ATCC 
25922 and ATCC 35218. The interpretation of results was performed 
according to CLSI 2016, except for ENR, which was interpreted 
using Veterinary Antimicrobial Susceptibility Testing (VAST) (60). 
The presence of ESBL and AmpC was evaluated by the synergy 
double-disc method in isolates that were resistant to 3rd generation 
cephalosporins using ESBL and AmpC inhibitors (AMC and boronic 
acid) plus a 3rd generation cephalosporin according to Cordeiro et 
al. (16) and the European Committee on Antimicrobial Susceptibility 
Testing (EUCAST) (www.eucast.org). All non-duplicate E. coli, as 
previously described, including susceptibility results obtained so 
far, were selected for further studies (n=264).

Antibiotic resistance patterns were generated using AMP (A), 
oxyimino-cephalosporins (O), CN (G), SXT (S), fluoroquinolones 
(Q), and FOS (F). Oxyimino-cephalosporin resistance was considered 
if resistance to CRO and/or CAZ and/or FEP was observed. 
Fluoroquinolone resistance (Q) was considered if resistance to CIP 
and/or ENR was observed. Isolates were considered to be multi-
resistant if non-susceptibility to at least one agent on three or more 
antimicrobial categories appeared (16).

All isolates that showed CIP disk diffusion inhibition zones ≤20 mm 
were considered to be resistant, whereas those that displayed a zone 
diameter of 21–30 mm were considered with a low level of CIP 
resistance screening (LLCR) (1).
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Identification of PMQR and ESBL genes
The presence of PMQR and ESBL genes was evaluated by PCR. 

The partial amplification of qnrA, qnrB, qnrC, qnrD, qnrS, and qepA 
genes was performed following previously described protocols (10, 
28). The presence of blaSHV, blaPER-2, blaTEM, and blaCTX-M genes was 
evaluated in isolates that were positive in the synergy double-disc 
technique accordingly to our previous studies (3, 58). Plasmid-
encoded AmpC (pAmpC) alleles were detected by multiplex PCR 
according to Pérez-Pérez et al. (46). All PCR products were confirmed 
by direct sequencing.

Presence of integrons
Class 1 and class 2 integron genes were studied in selected E. coli 

isolates. The amplification of int1, int2, qacEΔ1, and sul1 genes was 
performed according to previous studies (34, 58). The variable 
region of the class 1 integron was sequenced in isolates possessing 
int1 (5ʹ integron region) and qacEΔ1 and sul1 (3ʹ integron region) 
genes using the 5CS and 3CS primers, as previously described (3, 58).

Colistin resistance mechanism
The colistin resistance gene mcr-1 was detected according to Liu 

et al. (32) in the whole collection.

Adhesion to Hep-2 culture cells
The ability of E. coli isolates to adhere to Hep-2 cells was evalu-

ated using a previously reported protocol by Etcheverría et al. (21). 
Briefly, confluent Hep-2 monolayers were inoculated with bacterial 
suspensions (0.5 Mc Farland scale). Each isolate was inoculated in 
duplicate. After 3 h, monolayers were washed, and cells were 
detached with Trypsin-EDTA. The percentage of adhesion (adhered 
and internalized bacteria) with respect to total cell numbers was 
enumerated by colony counts on TSA plates after a 24-h incubation 
at 37°C.

Cytotoxicity assay
The cytotoxicity of E. coli isolates was evaluated in Vero cells 

monolayers (30). Bacterial supernatants were inoculated onto Vero 
monolayer wells (×2) for 48 h. Eukaryote cells were then stained 
with 10% methylene blue and fixed with methanol. The interpretation 
of monolayer destruction was separately evaluated by two different 
scientists in a blind mode. E. coli O157:H7 supernatant was used as 
a positive control (2).

Biofilm formation
In vitro biofilm formation was evaluated according to the protocol 

described by Pratt and Kolter (48). E. coli isolates were cultured in 
TSB wells (×3) at 37°C for 48 h. Proteus mirabilis 2921 was used as 
a positive control (65). Biofilms were dyed with crystal violet (CV) 
and then solubilized with ethanol. The absorbance of each well was 
measured at 590 nm and the interpretation of results was performed 
using the Angel-Villegas criteria (2).

Results

Presence of virulence genes
After PCR analyses, eae showed a prevalence of 2.6% 

(8/303), corresponding to the highest prevalence of all evalu-
ated genes (Table 1). Two isolates (2/303) were classified as 
EHEC/STEC (stx1+/eae+), whereas 6 eae+ isolates (6/303) 
were classified as EPEC. The prevalence of elt and estA was 
2.6% (8/303) in both analyzed genes (Table 1).

E. coli genomic diversity
Genetic differences between E. coli isolates were observed 

after ERIC-PCR. However, a clear pattern was not obtained 

within the entire collection. ERIC-PCR analyses showed high 
genetic heterogenicity within the E. coli collection (Fig. S1), 
which was then confirmed with the Shannon Diversity Index, 
H’=2.89. As exemplified in Fig. S1, E. coli isolates obtained 
in close herds (adjacent herd facilities) were grouped in the 
same variants. We observed different genetic variants in the 
same bovine herd. Certain genetic variants were even found 
in healthy or symptomatic calves (Fig. S1).

MLST analysis
MLST was performed on selected isolates with the objective 

of establishing the populational structure of our E. coli collec-
tion. Isolate selection criteria were based on virotyping, the 
geographical origin of the isolates, and ERIC-PCR grouping, 
as previously described. Seventeen different ST were found, 
including 4 novel ST (Fig. 1B). The only repeated ST was 
ST101, which was assigned to 2 E. coli isolates from a single 
farm. These isolates were obtained from an animal with 
diarrhea, whereas the other animal had no symptoms. Novel 
ST were submitted to the Warwick MLST database and 
classified as ST5846 (isolate 53), ST5849 (isolate 55.1), 
ST5851 (isolate 57.1), and ST5852 (isolate 69.2) (Fig. 1B). It 
was not possible to assign 2 E. coli isolates (21.1 and 67.1) to 
any ST because a new adk gene allele must be identified in 
both isolates.

After comparing our results with the Warwick MLST 
database, isolates assigned to previously described ST grouped 
with the pathogen E. coli strains (ExPEC, EHEC/STEC, 
APEC, and EAEC) of animal and human origins. ST69 was 
assigned to 1 bovine E. coli isolate (8.1), whereas our eae+/
stx1+ isolate (74.1) was assigned to ST21, a member of the 
ST29 complex.

Phylogenetic analyses on concatenated housekeeping gene 
sequences showed previous genetic heterogenicity observed 
with ERIC-PCR. Isolates assigned to ST101 grouped together 
(isolates 59.1 and 64.2), whereas those assigned to new ST 
and different geographical origins (isolates 53 and 55.1) also 
grouped together (Fig. 1A).

Antimicrobial susceptibility analyses
According to previously established criteria, we analyzed 

264/303 non-redundant E. coli isolates. A total of 112/264 E. 
coli isolates (42.4%) grew on Müller-Hinton agar plates sup-
plemented with 0.125 μg mL–1 of CIP and were considered to 
have reduced sensitivity to this antibiotic. Additionally, 6/264 
(2%) grew on Müller-Hinton agar plates supplemented with 
1.0 μg mL–1 of CTX, including 3 with resistance to CIP and 
CTX.

Table 1. Prevalence of E. coli virulence genes

Symptoms
nS=242

Healthy
nH=61

Totalisolates
n=303

eae 5 (2.1%) 3 (4.9%) 8 (2.6%)
stx1 2 (4.8%) 0 (0%) 2 (0.7%)
stx2 0 (0%) 0 (0%) 0 (0%)
estA 6 (2.5%) 2 (3.3%) 8 (2.6%)
elt 6 (2.5%) 2 (3.3%) 8 (2.6%)

nS, number of E. coli isolates recovered from animals with symptoms of 
diarrhea; nH, number of E. coli isolates recovered from healthy animals.
Brackets: prevalence of each gene.
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Hence, the disc-diffusion test was used to evaluate 115 E. 
coli isolates. Of these, 84 were resistant to CIP (zone diameter 
less than or equal to 20 mm), whereas 12 isolates showed LLCR. 
When fluoroquinolone-resistant isolates were considered 
(resistance to CIP and/or ENR), 92 were fluoroquinolone-
resistant. Additionally, 4 isolates showed LLCR.

Considering CTX resistance, 3 out of 6 isolates resistant to 
oxyimino-cephalosporins were also resistant to fluoroquinolones.

A total of 99 isolates were analyzed, including: 84 isolates 
resistant to CIP (3/84 were ESBL-positive), 12 LLCR, and 3 
isolates that were resistant to oxyimino-cephalosporins, but 
susceptible to CIP. All were distributed in 18 different sus-
ceptibility profiles and 75/99 (75.8%) were concentrated in 4 
profiles (Table 2).

Sixty-one out of 99 isolates (61.6%) showed multidrug 
resistance; explaining the profiles QAS and QASG 54/61 

Fig. 1. Assigned ST, percentage of adhesion to Hep-2 monolayers, and presence of class 1 integrons. (A), E. coli phylogeny of 7 concatenated 
housekeeping gene sequences using the Neighbor-Joining method. Bootstrap values are a product of 1,000 replicates. (B), Assigned ST, adhesion 
percentages to the Hep-2 monolayers of bovine E. coli isolates, and the presence of Class 1 integrons. S, animal with symptoms; H, healthy animal. 
Virotyping: f17, fimbriae 17 gene; clpG, CS31A adhesion gene; f5, fimbriae F5 gene. The presence of F17, F5, and CS31A genes were previously 
evaluated (55). *, ST not assigned.

Table 2. Antibiotic resistance profiles and presence of ESBL/PMQR genes

Profile Antibiotic resistance profile No. of isolates ESBL PMQR
1 AMP, FQ, SXT 36 ND —
2 AMP, FQ, CN, SXT 14 ND qnrB2 (1)
3 AMP, FQ 13 ND —
4 FQ 12 ND qnrS1 (1)
5 FQ, SXT 4 ND qnrB2 (2)
6 AMP, CXM, FQ, SXT 4 ND —
7 AMP, AMC, CXM, CTX, CAZ 3 ND —
8 AMP, AMC, CXM, CTX, CAZ, FEP, FQ 3 blaCTX-M-14 (3) —
9 AMP, FQ, CN 1 ND —
10 AMP, FQ, SXT, FOS 1 ND —
11 AMP, FQ, CN, SXT, FOS 1 ND —
12 AMP, CXM, FQ, SX, FOS 1 ND —
13 AMP, CXM, FQ, CN, SXT 1 ND qnrB2 (1)
14 AMP, CIP* 1 ND —
15 AMP, CIP*, CN, SXT 1 ND qnrB2 (1)
16 AMP, CIP*, SXT 1 ND —
17 FQ, CN, SXT 1 ND qnrB2 (1)
18 Nal, CIP* 1 ND —

Total 99 3 7

AMP, Ampicillin; FQ, fluoroquinolones; SXT, trimethoprim-sulfamethoxazole; CN, gentamicin; CXM, cefuroxime; 
CTX, cefotaxime; CAZ, ceftazidime; FEP, cefepime; AMC, amoxicillin-clavulanic acid; FOS, fosfomycin; CIP*, 
Low-level ciprofloxacin resistance; Nal, Nalidixic acid.
Brackets: number of isolates showing ESBL (bla+) or PMQR (qnr+) genes within the antibiotic resistance profile.
ND: Not done.
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(82%) of multi-resistant isolates (profiles 1 and 2, Table 2). 
Three out of 59 MDR isolates were also resistant to FOS 
(profiles 10 to 12, Table 2).

Three isolates were resistant to fluoroquinolones and 
oxyimino-cephalosporins and displayed a positive synergy 
test between CRO, CAZ, and AMC (profile 8, Table 2). 
Another 3 isolates showed susceptibility to CIP, but resistance 
to oxyimino-cephalosporins and a positive synergy test between 
CAZ, CRO, and boronic acid (profile 7, Table 2). A total of 
264 isolates were susceptible to AK and carbapenems.

Presence of PMQR, ESBL, and transferable colistin resistance 
gene (mcr-1)

PMQR genes were evaluated in 96 E. coli isolates (84 
FQ-resistant and 12 LLCR). PMQR genes were detected in 
7/96 isolates: 6/96 were qnrB2+ (isolates 4.1, 4.4, 7.4, 9.1, 
9.2, and 73.2) and 1/96 was qnrS1+ (isolate 68.1). All posi-
tive isolates were obtained from symptomatic animals, and 
7.4, 9.1, and 9.2 also showed multidrug resistance to antibiotics. 
Three E. coli strains displayed a double disc synergy test with 
clavulanic acid and were blaCTX-M-14 producers (21.3, 22.1A 
and 22.1B). On the other hand, 3 isolates were positive for the 
boronic acid test; however, we were unable to confirm any 
plasmidic AmpC β-lactamase gene (Table 2).

Transferable colistin resistance gene (mcr-1) was not 
detected in any E. coli isolate.

Integron-mediated resistance
The presence of class 1 integrons was examined in 5/20 

evaluated E. coli isolates (7.4, 42.3, 48.1, 53, and 64.2). All 5 
isolates were positive for int1, qacEΔ1, and sul1 by PCR. 
Integron sequencing revealed 4 different gene arrangements: 
dfrA7; dfrA17-aadA5; dfrA1-aadA1; dfrA12-orfF-aadA2 
(Fig. 1B). No class 2 integron genes were detected.

MLST distribution of qnr/ESBL producers
Four different ST were detected within qnr+ isolates or 

ESBL producers: ST10, ST162, ST226, and ST694 (Fig. 2), 
with two being repeated. ST162 was assigned to 2 qnr+ E. 
coli isolates, while ST694 was assigned to 2 blaCTX-M-14 E. 
coli isolates (Fig. 2B).

Hep-2 adhesion assay
The colony plate counts of adhered and internalized bacteria 

to Hep-2 cells showed variable adhesion percentages within 
E. coli isolates. As shown in Fig. 1B, adhesion was calculated 
as the mean of colony counts in two different Hep-2 wells. 
Nine E. coli isolates (45%) had an adhesion value that was 
lower than 10%, whereas 11 isolates showed adhesion values 
that were greater than 30% (Fig. 1B.). Within the last group, 
only 3 isolates had an adhesion value that was higher than 
80% (isolates 42.3, 57.1, and 74.1) (Fig. 1B).

Cytotoxic effect
The expression of E. coli cytotoxins was evaluated in Vero 

culture cells, as described in the Materials and methods. The 
destruction of Vero monolayers was analyzed by light 
microscopy and the interpretation of results was performed 
by two observers in a blind mode. Only 1/20 of the evaluated 
E. coli isolates showed a destructive phenotype. E. coli 74.1 
isolate, which was previously classified as an EHEC/STEC 
by PCR (eae+/stx1+), showed a toxic phenotype, destroying 
more than 90% of Vero monolayer wells with respect to non-
treated cells. This percentage of damage was even greater 
than that produced by positive control E. coli O157: H7 
(80%) (Fig. S2).

In vitro biofilm formation
The same 20 E. coli isolates selected were further analyzed 

for in vitro biofilm formation. All isolates were cultured in 
triplicate and values are presented as their mean (Fig. S3). 
The interpretation of results was performed using the Angel-
Villegas criteria, as previously described in the Materials and 
methods. The in vitro ability to form biofilms varied amongst 
isolates. Ten isolates (50%) showed no or a weak ability to 
form biofilms in vitro (isolates 8.1, 14.3, 21.1, 48.1, 55.1, 
57.1, 59.1, 64.2, 67.1, and 74.3). On the other hand, only 1 
isolate had a moderate ability to form biofilms (isolate 36.4), 
and 45% of E. coli isolates showed a strong ability to form 
biofilms (isolates 6.2, 7.4, 28.1, 42.3, 51.2, 52.3, 53, 56.1, and 
74.1) (Fig. S3).

Discussion

In the present study, the prevalence of ETEC genes (estA 
and elt) was lower than 3% in each case, which was lower 
than previous findings in the region (47). Within the 303 iso-
lates examined, 6 belonged to EPEC (eae+) and only 2 to 

Fig. 2. ST distribution of qnr and ESBL E. coli producers. (A), Dendrogram generated with the UPGMA method (GelCompar II). Ten E. coli 
isolates that showed resistance genes. (B), Assigned ST and resistance genes of bovine E. coli isolates. S, animal with symptoms. H, healthy animal. 
Virotyping: elt, LT gene (this work); f17, fimbriae 17 gene (previously evaluated [55]). n/e, not evaluated.



Umpiérrez et al.280

EHEC/STEC (eae+/stx1+). No isolate was stx2+. The low 
prevalence of these genes differed from the findings obtained 
in Argentina and Brazil, both geographically very close to our 
territory, and revealed molecular E. coli differences between 
bordering countries (7, 53). In support of these results, unlike 
endemic HUS and HC in Argentina, these infections are a 
sporadic health concern in Uruguay nowadays (56).

Additionally, diversity analyses established a high genetic 
heterogenicity among E. coli isolates of bovine origin, high-
lighting the complexity of the NCD scenario. We found dif-
ferent genetic variants in the same bovine herd. Even certain 
genetic variants were detected in healthy or symptomatic 
calves. Furthermore, given the low prevalence of ETEC, 
EPEC, and EHEC/STEC virulence genes, no relationships 
were detected with these genes and symptoms between isolates. 
Hence, other factors such as adequate nutrition and colostrum 
consumption, animal hygiene, or co-infection with other 
pathogens are risk factors that may contribute to the onset of 
the disease (33, 37).

Within MLST analyses, 17 different ST were found in the 
20 evaluated isolates, with 4 being assigned to new ST 
(ST5846, ST5849, ST5851, and ST5852). Only 1 out of 17 
ST was repeated (ST101). Similar results, including E. coli 
strains of human and bovine origins, established the occur-
rence of a high number of different ST circulating in 
Argentina (9). Some previously reported ST have been 
assigned exclusively to E. coli of animal origin, whereas most 
have been assigned to E. coli isolates of animal and human 
origins. Of these, ST69 has been widely characterized in 
ExPEC infections (particularly in human UPEC infection) 
(52), including human infections in our country (59); how-
ever, it has also been detected in environmental samples, such 
as freshwater (40). On the other hand, one E. coli isolate was 
affiliated to ST21, a member of the ST29 complex. ST29 
emerged in the mid-1990s in Germany as an E. coli O26:H11/H- 
human clone (64), and has also more recently been detected 
in healthy animals in Switzerland and included new virulent 
clones of EHEC O26: H11/H- and STEC O26 in Europe (6, 
12, 24, 66). Therefore, E. coli isolates assigned to ST that include 
highly virulent human pathogens highlights the zoonotic role 
of bovine E. coli in Uruguay.

Regarding qnr+ or ESBL producer isolates, 3 out of 4 
detected ST (ST10, ST162, and ST226) have previously been 
associated with human infection (5, 13, 14). Two were 
repeated: ST162 (2 qnr+ E. coli isolates) and ST694 (2 
blaCTX-M-14 E. coli isolates). This finding highlights the role of 
bovine cattle as a reservoir of human pathogens carrying 
diverse resistance mechanisms.

Antibiotic resistance has been recognized for decades as a 
major health issue, and, more recently, a call for attention 
regarding the emergence of multi-resistance has led to 
debates on the more frequent occurrence of non-effective 
treatments for infectious diseases (38). Antibiotic resistance 
to 14 antibiotics was tested using Kirby-Bauer’s disc-
diffusion method according to the CLSI. Fluoroquinolone 
resistance was detected in 36.4% (96/264) of isolates. This is 
an important concern, taking into account the frequent use of 
ENR to treat different infections in animals, particularly 
poultry. Twelve out of 96 isolates showed LLCR, and only 
one carried the qnrB2 gene. The occurrence of LLCR isolates 

may be due to the presence of PMQR genes or mutations in 
gyrA and/or gyrB genes, which confer resistance, but do not 
reach the breakpoint selected in this study. This may be a 
cause for concern because isolates with susceptibility to CIP 
between 21–30 mm may be regarded as susceptible using 
CLSI breakpoint criteria. Rodriguez-Martinez et al. (49) 
suggested the use of an epidemiological cut-off for CIP of 
EUCAST (0.032 mg L–1) in E. coli isolates for the detection 
of LLCR, which is more suitable to predict resistance in vivo.

Studies in the USA, Spain, and the Netherlands reported 
that fluoroquinolone-based therapy such as ENR and sara-
floxacin in birds is responsible for the occurrence of resistant 
Campylobacter spp. in human infections (20, 43, 50). Although 
ENR is used in Uruguay, there are no records of its adminis-
tration frequency or doses. Concerning oxyimino-cephalosporin 
resistance, only 3 (21.3, 22.1A, and 22.1B) out of 96 isolates 
showed an ESBL phenotype, corresponding to ESBL CTX-
M-14. CTX-M-14 and CTX-M-15 are considered to be the 
most prevalent members of the ESBL CTX-M group within 
multi-resistant E. coli (51). The most frequently identified 
ESBLs in Uruguay are CTX-M-15, CTX-M-14, CTX-M-2, 
SHV-5, and SHV-12 among others, and have only been 
detected in human clinical samples to date (3, 58, 59). 
Besides multi-resistant E. coli phenotypes, genetic analyses 
on transferable resistant mechanisms are imperative. In this 
study, we detected the presence of qnrB and qnrS1 PMQR 
genes in E. coli isolates of bovine origin. The prevalence of 
both genes was low, but similar to those found in human and 
animal samples in Argentina and other countries (1, 17, 25, 29, 
62). This is the first study to report on the qnrS1 gene in Uruguay.

Transferable polymyxin resistance has very recently become 
a focus of attention (32). The emergence of MCR-1 has 
alarmed academic and clinical fields because polymixin is 
regarded as one of the last effective antibiotic groups against 
intra-hospital Gram-negative infections. We herein report the 
absence of the mcr-1 gene in our collection of E. coli isolates 
of bovine origin.

The presence of a class 1 integron was detected in 5 of the 
E. coli isolates analyzed. Four different variable regions were 
identified (dfrA7, dfrA17-aadA5, dfrA1-aadA1, and dfrA12-
orfF-aadA2), which may confer resistance to aminoglycosides 
and trimethoprim to our E. coli isolates. The gene cassettes 
dfrA17-aadA5 and dfrA12-orfF-aadA2 have been reported in 
calves and poultry strains (26), whereas dfrA17-aadA5 has 
been detected in E. coli strains isolated from adults and children 
hospitalized in Uruguay (3, 23, 31, 63).

The ability of pathogenic microorganisms to adhere to the 
intestinal epithelium is essential for the enteric infectious 
processes of bacteria such as E. coli. Adhesion to Hep-2 cells 
and in vitro biofilm formation were detected. However, no 
relationships were observed among these properties and 
virotyping (virulence genes), genetic diversity (ERIC-PCR), 
and clonal distribution (MLST). Only 1 isolate (74.1) had the 
ability to damage Vero cells, confirming the in vitro expression 
of the Stx toxin in this isolate. Furthermore, the absence of 
Vero monolayer disruption with the other isolates evaluated 
demonstrated the lack of other cytotoxic factors, different 
from Stx.

Our results support E. coli associated with NCD being a 
genetically heterogeneous group that carry virulence-related 
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genes and interact with eukaryotic cells in vitro. Zoonotic 
potentiality, as revealed by MLST, combined with resistance 
traits and the presence of horizontal gene transfer mechanisms 
may play a significant role in human infections caused by these 
microorganisms, favoring inter-species resistance transmission 
and hindering methods to treat bacterial infections.

Acknowledgements

This work was supported by FCE_3_2011_1_6359 (ANII-Uruguay), 
a grant from ANII (POS_NAC_2012_1_8657), and PEDECIBA-
Biología.

We are very grateful to all the veterinarians and farmers who 
collaborated for sample collection. The authors especially thank Dr. 
Guillermo Arroyo for his remarkable collaboration for the Vero and 
Hep-2 cells experiments.

References

1. Andres, P., C. Lucero, A. Soler-Bistué, et al. 2013. Differential distri-
bution of plasmid-mediated quinolone resistance genes in clinical 
enterobacteria with unusual phenotypes of quinolone susceptibility 
from Argentina. Antimicrob. Agents Chemother. 57:2467–2475.

2. Angel-Villegas, N., J. Baronetti, I. Albesa, R. Polifroni, A. Parma, A. 
Etcheverría, M. Becerra, N.L. Padola, and M. Paraje. 2013. Relevance 
of biofilms in the pathogenesis of Shiga-toxin-producing Escherichia 
coli infection. Sci. World J. 2013:1–7.

3. Bado, I., N.F. Cordeiro, L. Robino, V. García-Fulgueiras, V. Seija, C. 
Bazet, G. Gutkind, J.A. Ayala, and R. Vignoli. 2010. Detection of 
class 1 and 2 integrons, extended-spectrum β-lactamases and qnr 
alleles in enterobacterial isolates from the digestive tract of Intensive 
Care Unit inpatients. Int. J. Antimicrob. Agents 36:453–458.

4. Bado, I., V. Garcia-Fulgueiras, N.F. Cordeiro, et al. 2012. First human 
isolate of Salmonella enterica serotype Enteritidis harboring blaCTX-M-14 
in South America. Antimicrob. Agents Chemother. 56:2132–2134.

5. Bado, I., C. Gutiérrez, V. García-Fulgueiras, N.F. Cordeiro, L. 
Araújo-Pirez, V. Seija, C. Bazet, G. Rieppi, and R. Vignoli. 2016. 
CTX-M-15 in combination with aac(6')-Ib-cr is the most prevalent 
mechanism of resistance both in Escherichia coli and Klebsiella 
pneumoniae, including K. pneumoniae ST258, in an ICU in Uruguay. 
J. Glob. Antimicrob. Resist. 6:5–9.

6. Bielaszewska, M., A. Mellmann, S. Bletz, et al. 2013. Enterohemorrhagic 
Escherichia coli O26:H11/H-: a new virulent clone emerges in 
Europe. Clin. Infect. Dis. 56:1373–1381.

7. Blanco, M., N.L. Padola, A. Krüger, et al. 2004. Virulence genes and 
intimin types of Shiga-toxin-producing Escherichia coli isolated from 
cattle and beef products in Argentina. Int. Microbiol. 7:269–276.

8. Byappanahalli, M.N., R.L. Whitman, D.A. Shively, J. Ferguson, S. 
Ishii, and M.J. Sadowsky. 2007. Population structure of Cladophora-
borne Escherichia coli in nearshore water of Lake Michigan. Water 
Res. 41:3649–3654.

9. Cadona, J.S., A.V. Bustamante, J. González, and A.M. Sanso. 2016. 
Genetic relatedness and novel sequence types of non-O157 Shiga 
toxin-producing Escherichia coli strains isolated in Argentina. Front. 
Cell Infect. Microbiol. 6:93.

10. Cavaco, L.M. 2009. qnrD, a novel gene conferring transferable 
quinolone resistance in Salmonella enterica serovars Kentucky and 
Bovismorbificans strain of human origin. Antimicrob. Agents Chemother. 
53:639–645.

11. Chandran, A., and A. Mazumder. 2014. Occurrence of diarrheagenic 
virulence genes and genetic diversity in Escherichia coli isolates from 
fecal material of various avian hosts in British Columbia, Canada. J. 
Appl. Environ. Microbiol. 80:1933–1940.

12. Chase-Topping, M.E., T. Rosser, L.J. Allison, et al. 2012. Pathogenic 
potential to humans of bovine Escherichia coli O26, Scotland. Emerg. 
Infect. Dis. 18:439–448.

13. Chen, Y., X. Chen, S. Zheng, et al. 2014. Serotypes, genotypes and 
antimicrobial resistance patterns of human diarrhoeagenic Escherichia 
coli isolates circulating in southeastern China. Clin. Microbiol. Infect. 
20:52–58.

14. Coelho, A., A. Mora, R. Mamani, et al. 2011. Spread of Escherichia 
coli O25b:H4-B2-ST131 producing CTX-M-15 and SHV-12 with 
high virulence gene content in Barcelona (Spain). J. Antimicrob. 
Chemother. 66:517–526.

15. Constable, P.D. 2004. Antimicrobial use in the treatment of calf 
diarrhea. J. Vet. Intern. Med. 8:8–17.

16. Cordeiro, N.F., A. Nabón, V. García-Fulgueiras, M. Álvez, A. Sirok, 
T. Camou, and R. Vignoli. 2016. Analysis of plasmid-mediated 
quinolone and oxyimino-cephalosporin resistance mechanisms in 
Uruguayan Salmonella enterica isolates from 2011–2013. J. Glob. 
Antimicrob. Resist. 6:165–171.

17. Corkill, J.E., J.J. Anson, and C.A. Hart. 2005. High prevalence of the 
plasmid-mediated quinolone resistance determinant qnrA in multidrug-
resistant Enterobacteriaceae from blood cultures in Liverpool, UK. J. 
Antimicrob. Chemother. 56:1115–1117.

18. Croxen, M.A., and B.B. Finlay. 2010. Molecular mechanisms of 
Escherichia coli pathogenicity. Nat. Rev. Microbiol. 8:26–38.

19. Dean-Nystrom, E.A., B.T. Bosworth, H.W. Moon, and A.D. O’Brien. 
1998. Escherichia coli O157:H7 requires intimin for enteropathoge-
nicity in calves. Infect. Immun. 66:4560–4563.

20. Endtz, H.P., G.J. Ruijs, B. van Klingeren, W.H. Jansen, T. van der 
Reyden, and R.P. Mouton. 1991. Quinolone resistance in Campylobacter 
isolated from man and poultry following the introduction of fluoro-
quinolones in veterinary medicine. J. Antimicrob. Chemother. 27:199–208.

21. Etcheverría, A.I., G.H. Arroyo, R. Alzola, and A.E. Parma. 2011. 
Reduction of adherence of E. coli O157:H7 to HEp-2 cells and to 
bovine large intestinal mucosal explants by colicinogenic E. coli. 
ISRN Microbiol. 2011:1–5.

22. Franck, S.M., B.T. Bosworth, and H.W. Moon. 1998. Multiplex PCR 
for enterotoxigenic, attaching and effacing, and Shiga toxin-producing 
Escherichia coli strains from calves. J. Clin. Microbiol. 36:1795–
1797.

23. García-Fulgueiras, V., I. Bado, M.I. Mota, L. Robino, N.F. Cordeiro, 
G. Varela, G. Algorta, G. Gutkind, J.A. Ayala, and R. Vignoli. 2011. 
Extended-spectrum β-lactamases and plasmid-mediated quinolone 
resistance in enterobacterial clinical isolates in the paediatric hospital 
of Uruguay. J. Antimicrob. Chemother. 66:1725–1729.

24. Geue, L., S. Klare, C. Schnick, B. Mintel, K. Meyer, and F.J. 
Conraths. 2009. Analysis of the clonal relationship of serotype 
O26:H11 enterohemorrhagic Escherichia coli isolates from cattle. J. 
Appl. Environ. Microbiol. 75:6947–6953.

25. Guillard, T., A. de Jong, A. Limelette, A.L. Lebreil, J. Madoux, C. de 
Champs, and the ComPath Study Group. 2015. Characterization of 
quinolone resistance mechanisms in Enterobacteriaceae recovered 
from diseased companion animals in Europe. Vet. Microbiol. 
194:23–29.

26. Kang, H.Y., Y.S. Jeong, J.Y. Oh, et al. 2005. Characterization of 
antimicrobial resistance and class 1 integrons found in Escherichia 
coli isolates from humans and animals in Korea. J. Antimicrob. 
Chemother. 55:639–644.

27. Kaper, J.B., J.P. Nataro, and H.L.T. Mobley. 2004. Pathogenic 
Escherichia coli. Nat. Rev. Microbiol. 2:123–140.

28. Kim, H.B., C.H. Park, C.J. Kim, EC. Kim, G.A. Jacoby, and D.C. 
Cooper. 2009. Prevalence of plasmid-mediated quinolone resistance 
determinants over a 9-year period. Antimicrob. Agents Chemother. 
53:639–645.

29. Kirchner, M., H. Wearing, and C. Teale. 2011. Plasmid-mediated 
quinolone resistance gene detected in Escherichia coli from cattle. 
Vet. Microbiol. 148:434–435.

30. Konowalchuk, J., J.I. Speirs, and S. Stavric. 1977. Vero response to a 
cytotoxin of Escherichia coli. Infect. Immun. 18:775–779.

31. Lee, J.C., J.Y. Oh, J.W. Cho, J.C. Park, J.M. Kim, S.Y. Seol, and D.T. 
Cho. 2001. The prevalence of trimethoprim-resistance-conferring 
dihydrofolate reductase genes in urinary isolates of Escherichia coli in 
Korea. J. Antimicrob. Chemother. 47:599–604.

32. Liu, Y-Y., Y. Wang, T.R. Walsh, et al. 2015. Emergence of plasmid-
mediated colistin resistance mechanism MCR-1 in animals and human 
beings in China: a microbiological and molecular biological study. 
Lancet Infect. Dis. 16:161–168.

33. Lorenz, I., J. Fagan, and S.J. More. 2011. Calf health from birth to 
weaning. II. Management of diarrhoea in pre-weaned calves. Ir. Vet. J. 
64:1–9.



Umpiérrez et al.282

34. Macedo Viñas, M., N.F. Cordeiro, I. Bado, et al. 2009. Surveillance of 
antibiotic resistance evolution and detection of class 1 and 2 integrons 
in human isolates of multi-resistant Salmonella typhimurium obtained 
in Uruguay between 1976 and 2000. Int. J. Infect. Dis. 13:342–348.

35. Mainil, J.G. 2013. Escherichia coli virulence factors. Vet. Immunol. 
Immunopathol. 152:2–12.

36. Mainil, J.G., and J. Fairbrother. 2014. Pathogenic Escherichia coli in 
domestic mammals and birds, p. 19–44. In S. Morabito (ed.), Pathogenic 
Escherichia coli. Molecular and Cellular Microbiology. 1st ed. Caister 
Academic Press, Norfolk.

37. Marcé, C., R. Guatteo, N. Bareille, and C. Fourichon. 2010. Dairy calf 
housing systems across Europe and risk for calf infectious diseases. 
Animal. 4:1588–1596.

38. Marshall, B.M., and S.B. Levy. 2011. Food animals and antimicrobials: 
Impacts on human health. Clin. Microbiol. Rev. 24:718–733.

39. Menge, C., L.H. Wieler, T. Schlapp, and G. Baljer. 1999. Shiga toxin 
1 from Escherichia coli blocks activation and proliferation of bovine 
lymphocyte subpopulations in vitro. Infect. Immun. 67:2209–2217.

40. Müller, A., R. Stephan, and M. Nüesch-Inderbinen. 2016. Distribution 
of virulence factors in ESBL-producing Escherichia coli isolated from 
the environment, livestock, food and humans. Sci. Total Environ. 
541:667–672.

41. Nagy, B., and P.Z. Fekete. 2005. Enterotoxigenic Escherichia coli in 
veterinary medicine. Int. J. Med. Microbiol. 295:443–454.

42. Olive, D.M. 1989. Detection of enterotoxigenic Escherichia coli after 
polymerase chain reaction amplification with a thermostable DNA 
polymerase. J. Clin. Microbiol. 27:261–265.

43. Orand, J-P., G. Mouling, and E.E. Vindel. 2016. Combatting antimi-
crobial resistance through a one health approach: actions and OIE 
strategy. In 84SG/10, OIE World Meeting, Paris.

44. Osek, J. 2003. Development of a multiplex PCR approach for the 
identification of Shiga toxin producing Escherichia coli strains and 
their major virulence factor genes. J. Appl. Microbiol. 95:1217–1225.

45. Patel, J.B., F.R. Cockerill, P.A. Bradford, et al. 2015. Performance 
standards for antimicrobial susceptibility testing; twenty-first informa-
tional supplement. Clinical and Laboratory Standards Institute, Wayne, 
PA.

46. Pérez-Pérez, F.J., and N.D. Hanson. 2002. Detection of plasmid-
mediated AmpC β-lactamase genes in clinical isolates by using multi-
plex PCR. J. Clin. Microbiol. 40:2153–2162.

47. Picco, N.Y., F.E. Alustiza, R.V. Bellingeri, et al. 2015. Molecular 
screening of pathogenic Escherichia coli strains isolated from dairy 
neonatal calves in Cordoba province, Argentina. Rev. Argent. Microbiol. 
47:4–11.

48. Pratt, L.A., and R. Kolter. 1998. Genetic analysis of Escherichia coli 
biofilm formation: roles of flagella, motility, chemotaxis and type I 
pili. Mol. Microbiol. 30:285–293.

49. Rodríguez-Martínez, J.M., J. Machuca, J. Calvo, P. Díaz-de-Alba, C. 
Rodríguez-Mirones, C. Gimeno, L. Martínez-Martínez, and Á. Pascual. 
2015. Challenges to accurate susceptibility testing and interpretation 
of quinolone resistance in Enterobacteriaceae: results of a Spanish 
multicentre study. J. Antimicrob. Chemother. 70:2038–2047.

50. Sánchez, R., V. Fernández-Baca, M.D. Díaz, P. Muñoz, M. 
Rodríguez-Créixems, and E. Bouza. 1994. Evolution of susceptibilities 
of Campylobacter spp. to quinolones and macrolides. Antimicrob. 
Agents Chemother. 38:879–1882.

51. Smith, K.E., J.M. Besser, C.W. Hedberg, F.T. Leano, J.B. Bender, 
J.H. Wicklund, B.P. Johnson, K.A. Moore, and M.T. Osterholm. 
1999. Quinolone-resistant Campylobacter jejuni infections in 
Minnesota, 1992–1998. N. Engl. J. Med. 340:1525–1532.

52. Tartof, S.Y., O.D. Solberg, A.R. Manges, and L.W. Riley. 2005. 
Analysis of an uropathogenic Escherichia coli clonal group by 
Multilocus Sequence Typing. J. Clin. Microbiol. 43:5860–5864.

53. Timm, C.D., K. Irino, T.A. Gomes, M.M. Vieira, B.E. Guth, T.M. 
Vaz, C.N. Moreira, and J.A. Aleixo. 2007. Virulence markers and 
serotypes of Shiga toxin-producing Escherichia coli, isolated from 
cattle in Rio Grande do Sul, Brazil. Lett. Appl. Microbiol. 44:419–
425.

54. Tozzoli, R., and F. Scheutz. 2014. Diarrhoeagenic Escherichia coli 
infection in humans, p. 1–18. In S. Morabito (ed.), Pathogenic Escherichia 
coli. Molecular and Cellular Microbiology. 1st ed. Caister Academic 
Press, Norfolk.

55. Umpiérrez, A., S. Acquistapace, S. Fernández, M. Oliver, P. Acuña, 
E. Reolón, and P. Zunino. 2016. Prevalence of Escherichia coli 
adhesion-related genes in Neonatal Calf Diarrhoea in Uruguay. J. 
Infect. Dev. Ctries. 10:472–477.

56. Varela, G., L. Batthyány, M.N. Bianco, et al. 2015. Enteropathogens 
associated with acute diarrhea in children from households with high 
socioeconomic level in Uruguay. Int. J. Microbiol. 2015:592953.

57. Versalovic, J., M. Schneiderm, F.J. De Bruijn, and J.R. Lupski. 1994. 
Genomic fingerprinting of bacteria using repetitive sequence based 
polymerase chain reaction. Methods Mol. Cell. Biol. 5:25–40.

58. Vignoli, R., G. Varela, M.I. Mota, et al. 2005. Enteropathogenic 
Escherichia coli strains carrying genes encoding the PER-2 and TEM-
116 extended-spectrum β-lactamases isolated from children with 
diarrhea in Uruguay. J. Clin. Microbiol. 43:2940–2943.

59. Vignoli, R., V. García-Fulgueiras, N.F. Cordeiro, et al. 2016. 
Extended-spectrum β-lactamases, transferable quinolone resistance, 
and virulotyping in extra-intestinal E. coli in Uruguay. J. Infect. Dev. 
Ctries. 10:43–52.

60. Wikler, M.A., K. Bush, F.R. Cockerill, et al. 2008. Performance 
standards for antimicrobial susceptibility testing; eighteenth interna-
tional supplement. Clinical and Laboratory Standards Institute, Wayne, 
PA.

61. Wirth, T., D. Falush, R. Lan, et al. 2006. Sex and virulence in 
Escherichia coli: an evolutionary perspective. Mol. Microbiol. 60:1136–
1151.

62. Woodford, N., J.F. Turton, and D.M. Livermore. 2011. Multiresistant 
Gram-negative bacteria: the role of high-risk clones in the dissemina-
tion of antibiotic resistance. FEMS Microbiol. Rev. 35:736–755.

63. Yu, H.S., J.C. Lee, H.Y. Kang, et al. 2003. Changes in gene cassettes 
of class 1 Integrons among Escherichia coli isolates from urine 
specimens collected in Korea during the last two decades. J. Clin. 
Microbiol. 41:5429–5433.

64. Zhang, W.L., M. Bielaszewska, A. Liesegang, H. Tschäpe, H. 
Schmidt, M. Bitzan, and H. Karch. 2000. Molecular characteristics 
and epidemiological significance of Shiga toxin-producing Escherichia 
coli O26 strains. J. Clin. Microbiol. 38:2134–2140.

65. Zunino, P., V. Sosa, A.G. Allen, A. Preston, G. Schlapp, and D.J. 
Maskell. 2003. Proteus mirabilis fimbriae (PMF) are important for 
both bladder and kidney colonization in mice. Microbiology 
149:3231–3237.

66. Zweifel, C., N. Cernela, and R. Stephan. 2013. Detection of the 
emerging Shiga toxin-producing Escherichia coli O26: H11/H- 
sequence type 29 (ST29) clone in human patients and healthy cattle in 
Switzerland. J. Appl. Environ. Microbiol. 79:5411–5413.


