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The impact of feed supplementation with bambermycin, monensin, narasin, virginiamycin, chlortetracycline,

penicillin, salinomycin, and bacitracin on the distribution of Escherichia coli pathotypes in broiler chickens was
investigated using an E. coli virulence DNA microarray. Among 256 E. coli isolates examined, 59 (23%) were
classified as potentially extraintestinal pathogenic E. coli (EXPEC), while 197 (77%) were considered commen-
sal. Except for chlortetracycline treatment, the pathotype distribution was not significantly different among
treatments (P > 0.05). Within the 59 ExXPEC isolates, 44 (75%) were determined to be potentially avian
pathogenic E. coli (APEC), with the remaining 15 (25%) considered potentially “other” EXPEC isolates. The
distribution within phylogenetic groups showed that 52 (88%) of the EXPEC isolates belonged to groups B2 and
D, with the majority of APEC isolates classified as group D and most commensal isolates (170, 86%) as group
A or Bl. Indirect assessment of the presence of the virulence plasmid pAPEC-02-ColV showed a strong
association of the plasmid with APEC isolates. Among the 256 isolates, 224 (88%) possessed at least one
antimicrobial resistance gene, with nearly half (107, 42%) showing multiple resistance genes. The majority of
resistance genes were distributed among commensal isolates. Considering that the simultaneous detection of
antimicrobial resistance tet(A), sull, and bla,, genes and the integron class I indicated a potential presence
of the resistance pAPEC-O2-R plasmid, the results revealed that 35 (14%) of the isolates, all commensals,
possessed this multigene resistance plasmid. The virulence plasmid was never found in combination with the
antimicrobial resistance plasmid. The presence of the ColV plasmid or the combination of iss and #sh genes in
the majority of APEC isolates supports the notion that when found together, the plasmid, iss, and tsh serve as
good markers for APEC. These data indicate that different resistant E. coli pathotypes can be found in broiler
chickens and that the distribution of such pathotypes and certain virulence determinants could be modulated

by antimicrobial agent feed supplementation.

Several classes of antimicrobial agents, such as glycolipids
(bambermycin), cyclic peptides (bacitracin), ionophores (mo-
nensin and salinomycin), streptogramins (virginiamycin), and
B-lactams (penicillin), are widely used as food additives in
modern animal husbandry to prevent infections and promote
growth (6). Increasing antimicrobial resistance in animals and
its potential threat to human health led to the ban of bacitra-
cin, spiramycin, tylosin, and virginiamycin as feeding additives
by the European Union in 1999 (7, 46). Although this precau-
tionary measure is still controversial because of being seen as
having a negligible impact on human health, negative conse-
quences for animal health and welfare, including economic
losses for farmers, were subsequently observed in Europe (7).
In stark contrast, however, the ban has been beneficial in
reducing the total quantity of antibiotics administered to food
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animals (7, 47). Under good production conditions and correct
use of antibiotics, poultry production is reported to be com-
petitive (14, 47, 48) and even beneficial in reducing antimicro-
bial resistance in important food animal reservoirs and thus the
potential threat to public health (48).

Escherichia coli is generally considered a commensal member
of the normal gastrointestinal microflora in humans and animals,
yet some strains are known to cause serious morbidity and mor-
tality. The expression of various virulence factors, which affect
cellular processes, can result in different clinical diseases, such as
cystitis, pyelonephritis, sepsis/meningitis, and gastroenteritis. The
possession of different virulence gene subsets can further define
the E. coli pathotype (31). The extraintestinal pathogenic E. coli
(EXPEC) strains are epidemiologically and phylogenetically dis-
tinct from both intestinal pathogenic and commensal strains (43).
In North America, annually, several million cases of urinary tract
infections, abdominal infections, pelvic infections, pneumonia,
meningitis, and sepsis are caused by EXPEC (42). In poultry
production, avian pathogenic E. coli (APEC) is responsible for
significant economic losses. APEC strains induce extraintestinal
diseases such as air sacculitis, colibacillosis, polysorositis, and sep-
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ticemia in birds (9, 21, 22, 31, 35, 45). Although no specific set of
virulence factors has been clearly linked to APEC strains, most
identified virulence factors are similar to those frequently associ-
ated with ExPEC (36).

Bearing in mind that the avian intestinal environment has
been considered a reservoir of E. coli having zoonotic potential
(15) and the possible contamination of poultry products with
such bacteria during slaughter, the impact of antimicrobial
feeding additives on the distribution and dissemination of bac-
terial pathotypes and antibiotic resistance needs to be explored
to address human, animal, and environmental health concerns.
To this end, an E. coli DNA virulence microarray previously
employed to assess the genotypes (virulence and antibiotic
resistance genes) of E. coli strains isolated from different en-
vironmental ecosystems and from the chicken intestinal tract
(1, 10, 19, 20, 33) was used. The aim of the present trial was to
investigate the distributions of pathotypes and of virulence and
antibiotic resistance genes in E. coli isolates from broilers fed
with antimicrobial supplementation diets including bambermy-
cin, penicillin, salinomycin, bacitracin, chlortetracycline, virginia-
mycin, monensin, and narasin.

MATERIALS AND METHODS

Broiler chickens and treatments. The study was performed in two different
trials with 1,800 1-day-old male broiler chicks and was conducted under feed,
trial design, and raising conditions similar to those previously described (10). The
birds were placed in 36 pens (18/study; 50 birds per pen) that were assigned at
random to 11 treatments, including one control group fed without antibiotics and
10 groups fed rations containing the following per kg of feed: trial I, 2 mg
bambermycin, 2.2 mg procaine penicillin, 60 mg salinomycin, 55 mg bacitracin,
and a combination of 55 bacitracin plus 60 mg salinomycin; and trial IT, 110 mg
chlortetracycline, 11 mg virginiamycin, 22 mg virginiamycin, 99 mg monensin,
and 70 mg narasin. Biosecurity and hygienic practices were applied to both trials
as previously described (10). All experimental procedures were approved by the
Animal Care Committee of the Pacific Agri-Food Research Center and followed
principles described by the Canadian Council on Animal Care.

Sample collection and bacteriological analysis. A total of 256 E. coli isolates
(109 and 147 from trials I and II, respectively) were analyzed for pathotypes and
antimicrobial resistance genes. E. coli isolates were obtained from the ceca,
cloacae, and litter of broiler chickens from day 7 to day 28 to 36. The isolation
method for these E. coli isolates has been previously reported (10). Briefly,
samples were aseptically collected from 18 separate pens for each trial at each
sampling time. Samples were then transferred to peptone buffer in sterile con-
tainers, placed on ice, and transported to the microbiology laboratory for bac-
teriological analysis carried out the same day. The total E. coli population was
estimated using E. coli and coliform Petrifilms (3 M, St. Paul, MN) at each
sampling time as previously described (11). Presumptive E. coli isolates from
each treatment group (two colonies per pen) were purified on blood agar and
confirmed as E. coli using API20E strips (BioMérieux, St-Laurent, QC, Canada)
according to the manufacturer’s specifications.

DNA extraction. E. coli isolates were grown overnight in 3 ml of brain heart
infusion broth (Becton Dickinson, Sparks, MD) at 37°C, after which 200 pl of
culture was transferred to 1.5-ml Eppendorf centrifuge tubes and centrifuged at
13,000 X g for 2 min. Supernatants were removed, and the bacterial pellets were
resuspended in 200 pl of sterile water with vortexing. The suspension was boiled
for 10 min and centrifuged for 5 min, after which 150 pl of the supernatant
containing DNA was removed for testing.

E. coli DNA labeling. Bacterial DNA was labeled using a Bioprime DNA
labeling system (Invitrogen Life Technologies, Burlington, ON, Canada). Fifteen
microliters of the supernatant containing DNA was added to a final volume of
32.5 pl containing 10 pl of a random primer solution, 0.5 .l of high-concentra-
tion DNA polymerase (Klenow fragment, 40 U/pul), 5 pl of a deoxyribonucleo-
side triphosphate mixture (1.2 mM dATP, 1.2 mM dGTP, 1.2 mM dTTP, and 0.6
mM dCTP in 10 mM Tris [pH 8.0] and 1 mM EDTA), and 2 pl of 1 mM
Cy5-dCTP. Labeling reactions were performed in the dark at 37°C for 3.5 h and
stopped by the addition of 5 wl of 0.5 M Na,EDTA (pH 8.0). The labeled
samples were then purified with a PureLink PCR purification kit (Invitrogen Life
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Technologies, Carlsbad, CA) according to the manufacturer’s protocol. The
amount of incorporated fluorescent Cy5 dye was then quantified by scanning the
DNA sample with a NanoDrop ND-1000 spectrophotometer from 200 to 700
nm. Data were analyzed using a Web-based percent incorporation calculator
(http://www.pangloss.com/seidel/Protocols/percent_inc.html).

DNA microarrays. The microarray used in this study was based on earlier
published work (5) and carries 302 oligonucleotides of 70 bases in length tar-
geting 264 virulence or virulence-related genes and 38 antimicrobial resistance or
antimicrobial resistance-related genes found in gram-negative bacteria. The mi-
croarray, designed to detect a complete set of virulence genes representative of
all E. coli pathotypes, includes genes for virulence factors such as adhesins, the
locus of enterocyte effacement, colicins and microcins, toxins, iron acquisition
and transport systems, capsular and somatic antigens, hemolysins, and hemag-
glutinins, as well as newly recognized or putative E. coli virulence genes. Anti-
microbial resistance genes included in the microarray represent different anti-
microbial families, such as B-lactams, aminoglycosides, tetracycline, phenicols,
trimethoprim, sulfonamide, and class I integron. The microarray also carries five
positive oligonucleotide controls for E. coli derived from the sequences of genes
encoding tryptophanase (tnaA), beta-glucuronidase (uidA), lactose permease
(lacY), beta-galactosidase (lacZ), and glutamate decarboxylase (gad). Negative
controls added to this microarray consist of oligonucleotides derived from the
gene sequences for the green fluorescent protein of Aequorea victoria, the lactose
permease of Citrobacter freundii, and the chlorophyll synthase of Arabidopsis
thaliana.

Hybridization of labeled DNA. Prehybridization and hybridizations were per-
formed as previously described (19), with the following modifications: hybridiza-
tions were performed using a Slide Booster hybridization work station (model
SB800; Advalytix, Germany), and scanning was performed using a ScanArray
Lite fluorescent microarray analysis system (Perkin-Elmer, Mississauga, ON,
Canada) with images scanned at 5-wm resolution and laser power set to 95%.
Acquisition of fluorescent spots and quantification of fluorescent spot intensities
were performed as described by Hamelin et al. (19).

Phylogenetic analysis and virulence genotyping. Following the method devel-
oped by Clermont et al. (8), based on the presence or absence of the chuA (outer
membrane receptor protein for heme transport and utilization), yja4 and tspE4.C2
genes, isolates were assigned to one of four E. coli phylogenetic groups (A, B1, B2,
or D). Isolates were designated intestinal E. coli pathotypes based on the presence
of specific virulence genes, such as locus of enterocyte effacement genes and heat-
stable, heat-labile, or Shiga-like toxin-encoding genes (5). The EXPEC pathotype is
not yet clearly defined, as different groups have assigned different genes to it. The
criteria elaborated by Johnson et al. (25) were used to classify E. coli isolates as
ExPEC. Isolates must possess two or more of the following virulence genes: pap (P
fimbriae), sfa or foc (S/F1C fimbriae), afa or dra (Dr binding adhesins), iut4 (aer-
obactin receptor), and kpsM 1II (group II capsule synthesis).

The precise set of virulence factors possessed by APEC is also not clearly
established. For the purpose of this work and based on the literature on APEC-
related virulence factors (9, 13, 17, 22, 34, 39), we chose to classify isolates as
potentially APEC based on the presence of at least four of the five following
functional genes or gene groups: iss (increased serum survival protein); tsh
(temperature-sensitive hemagglutinin); P, F, or S fimbriae; iron acquisition sys-
tems (aerobactin receptor or yersiniabactin), and kpsM II (group II capsule
synthesis). It should be considered, however, that no true genotype of APEC is
generally agreed upon and that isolates cannot be stated as truly APEC unless
they have been proven to be infectious in vivo. Isolates that were not classified
within an intestinal pathotype or within an extraintestinal pathotype (e.g.,
ExPEC or APEC) were considered commensals.

Although our virulence array does not directly detect the AEC-02-ColV or the
APEC-02-R plasmid, the simultaneous detection of the genes tsh, iss, cvaC (struc-
tural gene for microcin V), ompT (outer membrane protein 3b, also called protease
VII), iroN (siderophore receptor), and the aerobactin iron acquisition system, or of
the complement resistance protein gene #raT and the antimicrobial resistance tet(A),
sull, and blagy; genes as well as integron class I, was considered potentially repre-
sentative of the presence of the virulence plasmid pAPEC-O2-ColV (29) or the
antimicrobial resistance plasmid pAPEC-O2-R (28), respectively.

Statistical analysis. Data were analyzed according to a randomized complete
block design using SAS software (2000) with the individual pens as experimental
units (three pens per treatment group). The Cochran-Mantel-Haenszel associa-
tion test was used to determine the relationship between feed supplementation
and genotype using the FREQ procedures. Associations between pathotype and
genotype were determined using the Pearson’s chi-square and Fischer exact tests.
A P value of 0.05 was used to declare significance.
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TABLE 1. Pathotype distribution among the 256 E. coli isolates
from chickens fed with antimicrobial agents in the two studies

No. (%) of isolates

Study and treatment (1) “Other”

ExPEC APEC Commensal
I
Control (20) 3(15.0) 6(3.3) 11 (55.0)
Bambermycin (14) 2(143)  3(21.4) 9 (64.3)
Penicillin (17) 2(11.8)  7(41.2) 8 (47.0)
Salinomycin (21) 4(19.0)  4(19.0) 13 (62.0)
Bacitracin (19) 3(15.8)  1(5.3) 15 (78.9)
Salinomycin + bacitracin (18)  1(5.6) 6(3.3) 11 (61.1)
Total (109) 15(13.8) 27(24.7) 67 (61.5)
P? 0.50 0.17 0.50
II
Control (29) 0(0.0) 3(103)  26(89.7)
Chlortetracycline (18) 0(0.0) 0(0.0) 18 (100)
Virginiamycin, 11 ppm (23) 0(0.0) 7(30.4) 16 (69.6)
Virginiamycin, 22 ppm (31) 0(0.0) 2(6.5) 29 (93.5)
Monensin (21) 0(0.0) 1(4.8) 20 (95.2)
Narasin (25) 0 (0.0) 4(16.0) 21 (84.0)
Total (147) 0(0.0) 17(11.6) 130(88.4)
P ND” 0.02* 0.02*
Total (256) 15(5.8) 44(17.2) 197 (77.0)

“ P value obtained by Cochran-Mantel-Haenszel test. *, statistically significant
difference between treatment groups (P = 0.05).
> ND, not determined (or estimated).

RESULTS

Pathotype distribution and prevalence according to supple-
mentation diets. The hybridization array data from all 256
isolates examined in this study revealed the complete absence
of any potential intestinal E. coli pathotypes. More specifically,
no enterocyte effacement genes or heat-stable, heat-labile, or
Shiga-like toxin-encoding genes were detected among the
strains tested. However, of all 256 E. coli isolates examined
with our DNA virulence microarray, 59 (23.0%) were classified
as potentially ExPEC. The remaining 197 isolates (77.0%)
were considered commensal strains. The 59 ExPEC isolates
were further subdivided into two groups based on the criteria
described in Materials and Methods. Among these 59 EXPEC
isolates, 44 (74.6%) and 15 (25.4%) were classified as poten-
tially APEC and “other” ExPEC, respectively. Although the
majority of isolates were classified as commensal, all isolates
did carry virulence-encoding genes to some extent. The cate-
gorical separation of EXPEC and commensal strains is empir-
ical and is based on the absence of specific sets of virulence-
encoding genes rather than on in vivo bioassays.

Within the different antibiotic supplementation groups, the
distributions of all EXPEC and commensal strains do not seem
to be influenced by antibiotic treatment, except for chlortetra-
cycline in study II. Although ExPEC isolates appeared to be
randomly distributed among the treatment groups, including
the untreated controls, all 18 (100%) isolates from chickens
fed with chlortetracycline were classified as commensal E. coli
(Table 1).

Prevalence of virulence genes. Analysis of the virulence gene
content revealed the presence of several virulence and viru-
lence-related genes distributed among the isolates regardless
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of treatment. Isolates possessed an average of 28 = 5 virulence
or virulence-related genes, ranging from 16 to 38 genes per
isolate. The number of virulence-encoding genes detected in
APEC isolates was significantly higher than that in the “other”
ExPEC or the commensal isolates (P < 0.05). The “other”
ExPEC isolates possessed an average of 30 = 1 virulence
genes, while the APEC isolates harbored an average of 35 = 2
virulence genes. As expected, commensal strains possessed an
overall lower average, with approximately 26 = 5 genes de-
tected per isolate. No effect of treatment was noted for the
number of virulence genes detected (P > 0.05).

Among the 256 isolates in this study, 99 different genotypes
were observed, including antimicrobial resistance and viru-
lence genes, underscoring the great genetic diversity among
the isolates as a whole. Moreover, the rest of the isolates were
not a homogeneous group per se but represented a distribution
of genetic patterns showing similarity to at least one other
isolate.

The prevalence of fsh was not influenced by treatments;
however, this gene was significantly associated with “other”
ExPEC isolates (P < 0.05). Of the 15 potentially “other”
ExPEC isolates, 14 (93.3%) carried the tsh gene, compared to
22 (11.2%) of the 197 commensal isolates. As previously
stated, the classification of strains as APEC was, in part, based
on the presence of the #sh and the iss genes. Consequently, 43
(98%) of the 44 strains classified as APEC were tsh and iss
gene positive. In contrast, all 15 “other” EXPEC isolates were
negative for iss. The majority, i.e., 179 (91%), of the 197 com-
mensal isolates harbored the iss gene.

The hral (heat-resistant agglutinin 1) gene, coding for an
integral membrane hemagglutinin, was detected in 101
(39.4%) of the 256 studied isolates. Apart from being found in
all four isolates of phylogenetic group B2, it was present pri-
marily in isolates from the commensal phylogenetic group A
(34/42, 81.0%) and was significantly associated with isolates
from bacitracin (12/19, 63.2%) and salinomycin (11/21, 52.4%)
treatments (P < 0.05) in study I. In study II, the distribution of
adhesion [[pfA(EHEC) and Ipf4(0113)] genes, colicin and mi-
crocin (cba, cei, cma, cvaC, and mccB) genes, iron acquisition
or transport system (chuA, fepC, and yersiniabactin biosynthe-
sis and uptake) genes, capsular and somatic antigen [kpsM 11,
wzy(0103), and wzy(O7)] genes, and genes with various func-
tions (yjaA, iss, tia, traT, and tspE4.C2) was found to be signif-
icantly different among the treatment groups (Table 2). For
example, the irp and fyuA genes, coding for the yersiniabactin
biosynthesis and yersiniabactin receptor protein, respectively,
were found in 19/25 (76.0%), 22/54 (40.7%), and, 4/21 (19.0%)
isolates from the narasin, virginiamycin (11 and 22 ppm), and
monensin treatment groups, respectively.

The following virulence-encoding genes, not included in the
criteria elaborated for pathotype classification, were detected
at a higher frequency within the “other” EXxPEC and APEC
groups than within commensal isolates: chuA4 (heme transport
protein), fepC (ferric enterobactin transport protein), and, in
the case of EXPEC strains, tsh (Table 2). The ccdB (cytotoxic
protein), malX (phosphotransferase system, pathogenicity is-
land [PAI] associated), ompT, and the toxin-encoding ast4 and
astA(2) genes were detected at a higher frequency in the APEC
group than in commensal isolates or the “other” EXPEC group
(Table 2). The enterotoxigenic E. coli invasion protein-encod-
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TABLE 2. Distribution of virulence genes among pathotypes of 256 E. coli isolates from chicken

No. (%) of isolates

Function of gene product Gene(s) “Other” EXPEC APEC Commensal Total P
(n = 15) (n = 44) (n = 197) (n = 256)

Adhesin agn43 0(0.0) 0(0.0) 118 (59.9) 118 (46.1) <0.01
bfpA 13 (86.7) 39 (88.4) 182 (92.4) 234 (91.4) 0.96
f165(1)A 0(0.0) 7(15.9) 0(0) 7(2.7) <0.01
hral® 0(0.0) 6(13.6) 95 (48.2) 101 (39.5) <0.01
iha 0(0.0) 0(0) 1(0.5) 1(0.4) 0.73
IpfA 0(0.0) 0(0) 48 (24.4) 48 (18.8) <0.01
IpfA(EHEC)* 0(0.0) 39 (88.6) 172 (87.3) 77 (30.1) 0.56
IpfA(0113)° 0(0.0) 37 (84.1) 172 (87.3) 75 (29.3) 0.03
IpfA(0157) 0(0.0) 0 (0) 10 (5.1) 10 (3.9) 0.60
papA(11) 0(0.0) 7(15.9) 0(0.0) 7(2.7) <0.01
papC 0(0.0) 6 (13.6) 0(0.0) 6(2.3) <0.01
papGII 0(0.0) 6(13.6) 0(0.0) 6(2.3) <0.01

Toxin astA, astA(2) 0(0.0) 5(11.4) 5(2.5) 10 (3.9) <0.01
cdtB-1 0(0.0) 4(9.1) 0(0.0) 4 (1.6) <0.01

Hemagglutinin tsh 14 (93.3) 43 (97.7) 22(11.2) 79.0 (30.9) <0.01

Colicin or microcin cba® 15 (100.0) 11 (25.0) 148 (75.1) 174 (70.0) <0.01
cela 0(0.0) 1(2.3) 51(25.9) 52 (20.3) 0.27
cei® 15 (100.0) 2 (4.5) 47 (23.9) 64 (25.0) <0.01
cia 0(0.0) 11 (25.0) 13 (6.6) 24 (9.4) <0.01
cib 0(0.0) 0(0) 69 (35.0) 69 (27) <0.01
cma® 15 (100.0) 10 (22.7) 148 (75.1) 173 (67.6) <0.01
cvaCe 15 (100.0) 33 (75.0) 106 (53.8) 154 (60.2) <0.01
mcbA 0(0.0) 4(9.1) 2 (1.0) 6(2.3) <0.01
mccB¢ 0(0.0) 0(0.0) 8 (4.1) 8(3.1) 0.32
mchB 0(0.0) 0(0.0) 1(1.0) 1(0.4) 0.73
mcjA 0(0.0) 0(0.0) 4(2.0) 4(1.6) 0.27
mtfS 0(0.0) 0(0.0) 2(1.0) 2(0.8) 0.53

Iron acquisition or transport Aerobactin gene 15 (100.0) 43 (96.3) 24 (12.2) 82 (32.0) <0.01

system chuA° 15 (100.0) 37 (84.1) 27 (13.7) 79 (30.9) <0.01
fepCe 15 (100.0) 33 (75.0) 26 (13.2) 74 (28.9) <0.01
iroN 0(0.0) 39 (88.6) 123 (62.4) 162 (63.3) 0.76
Yersiniabactin gene® 0(0.0) 42 (95.5) 63 (32.0) 105 (41) <0.01

Capsular or somatic antigen kpsM 11 15 (100.0) 38 (86.4) 14 (7.1) 67 (26.2) <0.01
mtfA 0(0.0) 0(0.0) 1(0.5) 1(0.4) 0.73
neuA, neuC 0(0.0) 1(2.3) 0(0.0) 1(0.4) 0.22
wzy(0103)° 0(0.0) 0(0.0) 14 (7.1) 14 (5.5) 0.15
wzy(O7)° 15 (100.0) 3(6.8) 10 (5.1) 28 (10.9) <0.01

Newly recognized or putative b1121 15 (100.0) 40 (90.9) 187 (94.9) 227 (94.5) 0.06

E. coli virulence gene b1432 0(0.0) 4(9.1) 0(0.0) 4 (1.6) <0.01
product ECs1282 0(0.0) 0 (0) 9 (4.6) 9(3.5) 0.09
rtx 15 (100.0) 5(11.4) 4(2.0) 24 (94) <0.01
yjaA< 0(0.0) 4(9.1) 41 (20.8) 45 (17.6) 0.58
virk 0(0.0) 0(0.0) 1(0.5) 1(0.4) 0.73

Various capU 0(0.0) 0(0.0) 1(0.5) 1(0.4)
ccdB 0 (0.0) 36 (81.8) 59 (29.9) 95 (37.1) <0.01
eaf 15 (100.0) 1(23) 4(2.0) 20 (7.8) <0.01
flic 15 (100.0) 38 (86.4) 152(77.2) 205 (80.1) 0.58
AIC(HT) 0(0.0) 0(0.0) 3(1.5) 3(1.2) 0.38
flmA54 0 (0.0) 4(9.1) 46 (23.4) 50 (19.5) 0.17
iss, iss(2)¢ 0(0.0) 44 (100) 155 (78.7) 199 (77.7) <0.01
malX 0(0.0) 22 (50.0) 3(1.5) 47 (18.4) <0.01
ompT 0(0.0) 33 (75.0) 92 (46.7) 125 (48.8) 0.75
pic 0(0.0) 0(0.0) 4(2.3) 4 (1.6) 0.53
tia® 0(0.0) 31 (70.5) 0(0.0) 31 (12.1) <0.01
tir-3 0 (0.0) 1(23) 6(3.1) 727) 0.23
thrA 13 (86.7) 2(7.4) 3(1.5) 18 (7.0) 0.38
traT* 15 (100.0) 43 (96.3) 170 (86.3) 228 (89.1) 0.5
tspE4.C2¢ 15 (100.0) 10 (22.7) 153 (77.7) 178 (69.3) <0.01
shf 0(0.0) 0(0.0) 1(0.5) 1(0.4) 0.73

¢ P value obtained by Cochran-Mantel-Haenszel test. A P value of =0.05 was considered to indicate a statistically significant difference between pathotypes.
b Statistically significant difference (P < 0.05) between treatment groups in study I.
¢ Statistically significant difference (P = 0.05) between treatment groups in study II.
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TABLE 3. Distribution of pathotypes among E. coli
phylogenetic groups
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TABLE 4. Phylogenetic distribution of the 256 E. coli isolates from
chickens fed with antimicrobial agents

No. (%) of isolates

Phylogenetic
group “Other” EXPEC APEC Commensal Total
(n = 15) (n = 44) (n = 197) (n = 256)
A 0(0.0) 1(2.3) 41 (20.8) 42 (16.4)
B1 0(0.0) 6 (13.6) 129 (65.5) 135 (52.7)
B2 0(0.0) 4(9.1) 0(0.0) 4 (1.6)
D 15 (100.0) 33 (75.0) 27 (13.7) 75 (29.3)

ing gene tia was detected only in 31/44 (70.5%) isolates of the
APEC group.

Lateral transfer of mobile genetic elements of different or-
igin such as plasmids and PAIs leads to the development of
new and unexpected strains (2). Usually, these contiguous vir-
ulence genes and PAIs are absent from commensal strains
(26). The Yersinia PAI was indeed detected in 42/44 (95.5%) of
potentially APEC strains but also in 63/197 (32.0%) of the
commensal strains.

Although the presence of the plasmid was not directly
tested, the combined detection of tsh, iss, iroN, cvaC, and ompT
genes as well as the aerobactin-iron acquisition system was
considered an indicator of pAPEC-O2-ColV presence. This
gene combination was detected in 36 (14.1%) of the 256 iso-
lates, which were distributed between the two pathogenic phy-
logenetic groups B2 and D. A significant association (P < 0.05)
between APEC and this potential pAPEC-O2-ColV plasmid
was observed. Thirty-two (72.7%) of the 44 APEC isolates
possessed the gene combination, while none of the 15 “other”
ExPEC isolates and only three (1.5%) of the 197 commensal
isolates possessed it. No significant association was observed
between the presence of this gene combination and the treat-
ments (P > 0.05).

Phylogenetic distribution of E. coli isolates. Isolates were
classified into four different phylogenetic groups (A, B1, B2, or
D) based on the presence or absence of the chuA, yjaA, and
tspE4.C2 genes (8). Most of the 197 commensal E. coli isolates
(170, 86.3%), belonged to the normally avirulent A and Bl
phylogenetic groups, with the rest falling into group D (Table
3). Of all 256 isolates, only four were classified as B2, and all
four of these isolates belonged to the APEC group. All 15
“other” ExPEC isolates and 33 (75.0%) of the 44 APEC iso-
lates were associated with phylogenetic group D (P < 0.01).

Among the 109 isolates in study I, no B2 group was found,
and group A was found in only six isolates; among them three
were from the bambermycin treatment group (Table 4). Patho-
types B1 and D were each found in 53 isolates, similarly dis-
tributed between the treatment groups (P > 0.05). In study II,
only four isolates of B2 group were found, and none of the 36
isolates of group A was found in birds treated with 11 ppm of
virginiamycin (Table 4). The frequency of this pathotype was
significantly lower in isolates from the monencin treatment
group than those from the other groups (P < 0.05). The dis-
tribution of the 83 isolates of group B1 was significantly influ-
enced by the treatment (P < 0.05). The highest B1 frequencies
were in bird treated with monencin, virginiamycin at 11 ppm,
and chlortetracycline. The lowest frequency was found for
naracin treatment. None of the 23 isolates of group D were

No. (%) of isolates in phylogenetic group:

Study and treatment (1)

A Bl B2 D
Control (20) 1(5.0) 9(45.0) 0(0.0) 10(50.0)
Bambermycin (14) 3(214)  7(50.0) 0(0.0) 4(28.6)
Penicillin (17) 2(11.8)  5(294) 0(0.0) 10(58.8)
Salinomycin (21) 0(0.0) 9(429) 0(0.0) 12(57.1)
Bacitracin (19) 0(0.0) 13(68.4) 0(0.0) 6(31.6)
Salinomycin + 0(0.0) 7(38.9) 0(0.0) 11(61.1)
bacitracin
(n =18)
Total (109) 6(5.5) 50(459) 0(0.0) 53(48.6)
pe 0.04* 0.28 ND? 0.23
II
Control (29) 10 (34.5) 16(55.2) 0(0.0) 3(10.3)
Chlortetracycline (18) 5(27.8) 12(66.7) 0(0.0) 1(5.5)
Virginiamycin, 11 ppm 0 (0.0) 16 (69.6) 0(0.0)  7(30.4)
(23)
Virginiamycin, 22 ppm 11 (35.5) 18 (58.0) 2(6.5)  0(0.0)
31
Monensin (21) 1(4.8) 17(80.9) 1(4.8) 2(9.5)
Narasin (25) 9(36.0) 6(24.0) 1(40) 9(36.0)
Total (147) 36(24.5) 85(57.8) 4(27) 22(15.0)
pr <0.01* 0.01* 0.11 <0.01*
Total (256) 42 (16.4) 135(52.7) 4(1.6) 75(29.3)

“ P value obtained by Cochran-Mantel-Haenszel test. *, statistically difference
between treatment groups (P = 0.05).
®ND, not determined (or estimated).

found in the group treated with virginiamycin at 22 ppm. The
lowest frequencies of group D were found in the control group
and birds treated with chlortetracycline and monensin,
whereas the isolates from birds treated with naracin and with
virginiamycin at 11 ppm showed the highest frequencies of
isolates of group D (P < 0.05).

Prevalence of antimicrobial resistance genes. The impact of
feed supplementation on the distribution of antimicrobial re-
sistance determinants was previously analyzed for strains iso-
lated from birds fed with either bambermycin, procaine peni-
cillin, salinomycin, bacitracin, or a combination of bacitracin
plus salinomycin (10). No significant association could be
found between the prevalence of antimicrobial resistance
genes and diet in E. coli strains isolated from chickens fed with
chlortetracycline, virginiamycin, monensin, or narasin.

At least one antimicrobial resistance gene was found in 224
(87.5%) of all 256 E. coli isolates analyzed. As shown in Table
5, the combination of tetracycline [tet(A)], sulfonamide (sulll),
and phenicol (floR) resistance genes was detected in all 15
“other” ExPEC isolates. Of the 44 APEC isolates, 37 (84.1%)
possessed tetracycline resistance genes tet(B) and/or fet(A),
whereas, eight (18.2%) were positive for the sulll sulfonamide
resistance gene. None of the strains classified within the
“other” EXPEC or APEC group possessed more than four
antimicrobial resistance genes, with 27 (61.4%) of the 44
APEC isolates having only one and all 15 “other” EXPEC
isolates possessing three to four each.

Only in the 197 commensal E. coli isolates could both sul-
fonamide resistance genes (45 isolates, 22.8%), both B-lactam
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TABLE 5. Distribution of antibiotic resistance genes among the 256 E. coli isolates

No. (%) of isolates

Antibacterial Gene(s) “Other” ExPEC APEC Commensal Total
(n = 15) (n = 44) (n = 197) (n = 256)
Aminoglycoside (streptomycin) ant(3)-1a (aadAl) 0(0.0) 6 (13.6) 50 (25.4) 56 (21.9)
Trimethoprim dhfrl 0(0.0) 6 (13.6) 1(0.5) 7(2.7)
Phenicol floR 15 (100.0) 2(4.5) 46 (23.4) 63 (24.6)
Class I integron intl(1) + intl(2) + intl(3) 0(0.0) 0(0.0) 50(25.4) 50 (19.3)
Sulfonamide sull 0(0.0) 0(0.0) 4(2.0) 4 (1.7)
sulll 15 (100.0) 8(18.2) 5(2.5) 28 (10.9)
sull + sulll 0(0.0) 0(0.0) 45 (22.8) 45 (17.6)
B-Lactam (ampicillin) blargy 0(0.0) 3(6.8) 47 (23.9) 50 (19.3)
blagyy 0(0.0) 0(0.0) 13 (6.6) 13 (5.0)
blargy + blagyy 0(0.0) 0(0.0) 2 (1.0) 2(0.8)
Tetracycline” tet(A) 13 (86.7) 2(4.5) 85 (43.1) 100 (39.0)
tet(B) 0(0.0) 35(79.5) 43 (21.8) 78 (30.5)
tet(A) + tet(B) 0(0.0) 1(2.3) 26 (13.2) 27 (10.5)
tet(A) + tet(C) 2(13.3) 0(0.0) 6(3.0) 8(3.1)
tet(A) + tet(B) + tet(C) 0(0.0) 0(0.0) 8(4.1) 8(3.1)

“ None of the isolates were positive for tet(C) alone or for the fet(B)-tet(C) combination.

resistance genes (2, 1.0%), all tetracycline resistance genes (8,
4.0%), and all integron class I resistance genes (50, 25.4%) be
found. Thirty-three (16.8%) of the 197 commensal isolates
possessed 10 or more antimicrobial resistance genes, and 17
(8.6%) possessed between 5 and 9 antimicrobial resistance
genes. The pAPEC-O2-R plasmid, originally isolated from an
APEC strain, carries raT (complement resistance protein);
antibiotic resistance genes tet(A), sull, and blargy,, and inte-
gron class I (28). The combination of these genes, which col-
lectively implies plasmid presence, was detected in 35 (17.8%)
of the 197 commensal strains but was not detected in either
APEC or ExPEC strains.

DISCUSSION

Increasing resistance to first-line antimicrobial agents
among E. coli isolates represents a potential threat to animal
and human health (10, 28, 42). Therefore, it is important to
identify factors that can negatively affect the balance of gut
microflora and consequently the health status and production
performance of chickens.

Previously we showed that multidrug-resistant E. coli strains
can be found in chicken guts and that feed supplementation
with some antimicrobial agents, such as salinomycin or baci-
tracin, could influence the phenotype and distribution of resis-
tance determinants in E. coli (10). In the present study we
examined the effect of supplementation on virulence gene dis-
tribution. With the exception of chlortetracycline, no correla-
tion between the different antibiotic supplementation diets and
the pathotype of E. coli isolates could be found, as isolates
classified as ExXPEC were similarly distributed among all other
supplemented groups, including the control. The lack of
ExPEC isolates in the chlortetracycline treatment group can-
not be explained by clonal isolation of a non-EXxPEC strain,
since our microarray data revealed that one of every two to
three isolates possessed a unique genotype. However, since the
overall number of isolates in this group was relatively low,

further exploration is needed before drawing any reliable con-
clusions on possible negative selection pressure of chlortetra-
cycline against potentially virulent strains.

Even though commensal E. coli strains are classified on the
basis of their weak virulence potential related to the possession
of fewer virulence factors, they are known to share a consid-
erable amount of virulence-associated genes with the EXPEC
pathotype (12, 26). Unequivocal distinction between EXPEC
and commensal strains is, as a result, problematic. Indeed,
discrimination between commensal and potentially pathogenic
E. coli strains in our study is artificial, since a true virulence
phenotype can be assessed only when infectiousness is demon-
strated in vivo (which was beyond the scope of this study). The
virulence potential of EXPEC is determined largely by the
presence of genes enabling the strains to colonize host mucosal
surfaces, avoid or subvert local and systemic host defense
mechanisms, scavenge essential nutrients such as iron, injure
or invade the host, and stimulate a noxious inflammatory re-
sponse (26). Classified by criteria elaborated by Johnson et al.
(25) and on the assumption that strains carrying similar viru-
lence determinants have the same pathotype, 23% of all 256 E.
coli strains presented here could be grouped as EXPEC strains.
Two other studies, based on the same EXPEC classification and
performed with bacteria isolated from retail chicken products,
demonstrated similar or higher levels of potentially pathogenic
strains, i.e., 21% in the first case and 46% in the second
(25, 28).

One of the difficulties in identifying E. coli pathotypes is that
no single virulence gene can turn a commensal E. coli strain
into a strain with a known pathotype. For example, APEC
strains are known to possess several virulence genes encoding
adhesins, hemolysins, resistance to the bactericidal effect of
serum and phagocytosis, iron acquisition systems, toxins, and
cytotoxins (9, 13, 17, 22, 34, 39), but no single factor can be
linked unequivocally to APEC pathogenicity (9, 16, 32). Our
virulence microarray with its capacity to scan individual iso-
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lates for the full complement of known E. coli virulence genes
represents a powerful tool with which to look for specific gene
combinations, thus facilitating the search for other potential
APEC markers as well as the study of gene distribution. Our
study showed that the antimicrobial used in the diet could
change the composition of E. coli pathotypes and the distribu-
tion of virulence determinants. More studies are needed to
understand and explain these changes, which might be related
to gut physiology and microflora.

The tsh gene has also been suggested as a potential APEC-
specific marker (9, 34, 37, 49). In contrast with data of Maurer
et al. (34), the tsh gene was observed in approximately 31% of
our isolates from healthy chickens, with more than 8% of the
commensal strains being positive for this gene. The iss gene has
also been suggested as a specific marker for APEC identifica-
tion (18, 21, 38, 39). Although 100% of our classified APEC
strains possessed iss, the data clearly showed no correlation
between the sole presence of the iss gene and specific APEC
identification, as this gene was highly prevalent in commensal
strains as well. Plasmids, such as ColV, are commonly found
among APEC strains and are thought to be linked to the
virulence of these organisms (29, 30). Rodriguez-Siek et al.,
(41) demonstrated a correlation between the APEC pathotype
and the presence of the plasmid pAPEC-O2-ColV, carrying
tsh, iss, and other virulence-related genes such as the aerobac-
tin iron acquisition system and the siderophore receptor genes.
Our data showed that among the 256 isolates examined, 14
isolates were tsh positive and iss negative, while of the 199
iss-positive isolates, only 65 carried both iss and zsh. This num-
ber is further reduced to 60 isolates when looking for an iron
acquisition system (e.g., iroN or aerobactin) combined with iss
and #sh. PAISs are also considered to be good virulence markers
(40, 44) and have been shown to be absent from commensal E.
coli genomes (31, 42). Although the Yersinia PAI was more
frequently detected within APEC strains, it was also observed
in more than 30% of the commensal strains. This result clearly
highlights the strong genetic transfer potential between strains
and the great variability of the E. coli genome. Interestingly,
the enterotoxigenic E. coli invasion protein-encoding gene fia
was found only associated with potential APEC isolates (31/
44). Its absence in “other” ExPEC isolates and commensals
suggests a role for this protein in avian virulence.

The results from the present study confirm the observations
that EXPEC strains belong predominantly to the phylogenetic
group B2 and to a lesser extent to group D, while commensal
strains are typically classified within phylogenetic group A or
B1 (3, 4, 26, 27, 40). The association of EXPEC with B2 was
suggested to be more a result of the abundance of virulence
factors in the B2 lineage (23). In agreement with this notion,
we found that the highest number of virulence-encoding genes
were in the B2 phylogenetic group. However, some strains
classified within the A, B1, or D group, exhibiting a large
number of important virulence factors, were also classified as
potentially virulent regardless of their phylogenetic classifica-
tion. The abundance of virulence genes, regardless of their
functions, was significantly higher in our APEC isolates than in
the “other” EXPEC isolates and commensal groups, suggesting,
as previously mentioned (23), that the relative abundance of
virulence factors is an important parameter in assessing the
virulence potential of extraintestinal E. coli isolates.
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A significant percentage of the E. coli isolates studied pos-
sessed one or more antimicrobial resistance genes. Interest-
ingly, a series of antimicrobial resistance genes, i.e., tet(A), sull,
bla g\, and integron I, related to plasmid pAPEC-O2-R, were
detected together within the same strains but were detected
only among commensal strains. As suggested earlier for the
ColV plasmid, the combined presence of those resistance
genes with raT may indirectly reflect the presence of pAPEC-
O2-R. Such horizontally transmissible plasmids may serve as a
reservoir of antimicrobial resistance genes for other bacterial
species of potentially great threat to human health (24). Inter-
estingly, pAPEC-O2-R and pAPEC-O2-ColV were never de-
tected together in the E. coli isolates analyzed, possibly imply-
ing that potentially pathogenic strains have less antimicrobial
resistance potential than isolates classified as commensal. This
observation cannot be explained by incompatibility, since both
pAPEC-O2-R and pAPEC-O2-ColV have been cointroduced
into an avirulent E. coli strain. The resultant transconjugant
acquired both increased resistance and virulence (29).

In summary, no correlation between the pathogenic poten-
tial of E. coli strains isolated from broiler chickens and their
antimicrobial supplementation diets could be determined, with
the possible exception of chlortetracycline. Further work is
needed to confirm and explain the possible association be-
tween virulence genes and antimicrobial agents used in diet.
Consistent with results from other groups, the presence of
PAPEC-02-ColV was highly correlated with the APEC patho-
type. Furthermore, despite the high numbers of both antibiotic
resistance and virulence genes found among the isolates in this
study, gene combinations reflecting the presence of the anti-
microbial resistance plasmid pAPEC-O2-R and the virulence
plasmid pAPEC-O2-ColV suggested that these plasmids were
never detected together. Although potentially virulent E. coli
isolates tended to carry few antibiotic resistance genes, our
study clearly shows that broiler chickens act as a reservoir for
commensal E. coli strains carrying large numbers of antibiotic
resistance genes. These bacteria have the potential to spread
through fecal waste, potentially contaminating both farm work-
ers and processing plants, food, or the natural environment.

ACKNOWLEDGMENTS

This work was financially supported by funds from Agriculture and
Agri-Food Canada to M. S. Diarra.

This is Pacific Agri-Food Research Centre—Agassiz contribution
number 786.

We thank H. Rempel, F. Silversides, and L. Struthers (Pacific Agri-
Food Research Centre, Agassiz, BC, Canada) and William R. Cox
(Canadian Animal Health Management Services Ltd., Chilliwack, BC,
Canada) for technical assistance. We also acknowledge the technical
assistance of K. Hildebrandt and S. Garcia.

REFERENCES

1. Bekal, S., R. Brousseau, L. Masson, G. Prefontaine, J. Fairbrother, and J.
Harel. 2003. Rapid identification of Escherichia coli pathotypes by virulence
gene detection with DNA microarrays. J. Clin. Microbiol. 41:2113-2125.

2. Bielaszewska, M., U. Dobrindt, J. Girtner, 1. Gallitz, J. Hacker, H. Karch,
D. Miiller, S. Schubert, M. A. Schmidt, L. J. Sorsa, and J. Zdziarski. 2007.
Aspects of genome plasticity in pathogenic Escherichia coli. Int. J. Med.
Microbiol. 297:625-639.

3. Bingen, E., B. Picard, N. Brahimi, S. Mathy, P. Desjardins, J. Elion, and E.
Denamur. 1998. Phylogenetic analysis of Escherichia coli strains causing
neonatal meningitis suggests horizontal gene transfer from a predominant
pool of highly virulent B2 group strains. J. Infect. Dis. 177:642-650.

4. Boyd, E. F., and D. L. Hartl. 1998. Chromosomal regions specific to patho-



6962

10.

11.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

BONNET ET AL.

genic isolates of Escherichia coli have a phylogenetically clustered distribu-
tion. J. Bacteriol. 180:1159-1165.

. Bruant, G., C. Maynard, S. Bekal, I. Gaucher, L. Masson, R. Brousseau, and

J. Harel. 2006. Development and validation of an oligonucleotide microarray
for detection of multiple virulence and antimicrobial resistance genes in
Escherichia coli. Appl. Environ. Microbiol. 72:3780-3784.

. Butaye, P., L. A. Devriese, and F. Haesebrouck. 2003. Antimicrobial growth

promoters used in animal feed: effects of less well known antibiotics on
gram-positive bacteria. Clin. Microbiol. Rev. 16:175-188.

. Casewell, M., C. Friis, E. Marco, P. McMullin, and I Phillips. 2003. The

European ban on growth-promoting antibiotics and emerging consequences
for human and animal health. J. Antimicrob. Chemother. 52:159-161.

. Clermont, O., S. Bonacorsi, and E. Bingen. 2000. Rapid and simple deter-

mination of the Escherichia coli phylogenetic group. Appl. Environ. Micro-
biol. 66:4555-4558.

. Dho-Moulin, M., and J. M. Fairbrother. 1999. Avian pathogenic Escherichia

coli (APEC). Vet. Res. 30:299-316.

Diarra, M. S., F. G. Silversides, F. Diarrasouba, J. Pritchard, L. Masson, R.
Brousseau, C. Bonnet, P. Delaquis, S. Bach, B. J. Skura, and E. Topp. 2007.
Impact of feed supplementation with antimicrobial agents on growth per-
formance of broiler chickens, Clostridium perfringens and Enterococcus
counts, and antibiotic resistance phenotypes and distribution of antimicro-
bial resistance determinants in Escherichia coli isolates. Appl. Environ. Mi-
crobiol. 73:6566-6576.

Diarrassouba, F., M. S. Diarra, S. Bach, P. Delaquis, J. Pritchard, E. Topp,
and B. J. Skura. 2007. Antibiotic resistance and virulence genes in commen-
sal Escherichia coli and Salmonella isolated from commercial broiler chicken
farms. J. Food Prot. 70:1316-1327.

. Dobrindt, U. 2005. (Patho-) genomics of Escherichia coli. Int. J. Med. Mi-

crobiol. 295:357-371.

. Dozois, C. M., M. Dho-Moulin, A. Brée, J. M. Fairbrother, C. Desautels, and

R. Curtiss. 2000. Relationship between the Tsh autotransporter and patho-
genicity of avian Escherichia coli and localization and analysis of the tsh
genetic region. Infect. Immun. 68:4145-4154.

. Engster, H. M., D. Marvil, and B. Stewart-Brown. 2002. The effect of with-

drawing growth promoting antibiotics from broiler chickens: a long-term
commercial industry study. J. Appl. Poult. Res. 11:431-436.

. Ewers, C., E. M. Antao, 1. Diehl, H. C. Philipp, and L. H. Wieler. 2009.

Intestine and environment of the chicken as reservoirs for extraintestinal
pathogenic Escherichia coli strains with zoonotic potential. Appl. Environ.
Microbiol. 75:184-192.

Ewers, C., T. Janssen, S. Kiessling, H. C. Philipp, and L. H. Wieler. 2004.
Molecular epidemiology of avian pathogenic Escherichia coli (APEC) iso-
lated from colisepticemia in poultry. Vet. Microbiol. 104:91-101.

Ewers, C., T. Janssen, S. Kiessling, H. C. Philipp, and L. H. Wieler. 2005.
Rapid detection of virulence-associated genes in avian pathogenic Esche-
richia coli by multiplex polymerase chain reaction. Avian Dis. 49:269-273.
Ewers, C., T. Janssen, and L. H. Wieler. 2003. Avian pathogenic Escherichia
coli (APEC). Berl. Munch. Tier. Wochen. 116:381-395.

. Hamelin, K., G. Bruant, A. El Shaarawi, S. Hill, T. A. Edge, S. Bekal, J. M.

Fairbrother, J. Harel, C. Maynard, L. Masson, and R. Brousseau. 2006. A
virulence and antimicrobial resistance DNA microarray detects a high fre-
quency of virulence genes in Escherichia coli isolates from Great Lakes
recreational waters. Appl. Environ. Microbiol. 72:4200-4206.

Hamelin, K., G. Bruant, A. El-Shaarawi, S. Hill, T. A. Edge, J. Fairbrother,
J. Harel, C. Maynard, L. Masson, and R. Brousseau. 2007. Occurrence of
virulence and antimicrobial resistance genes in Escherichia coli isolates from
different aquatic ecosystems within the St. Clair River and Detroit River
areas. Appl. Environ. Microbiol. 73:477-484.

Horne, S. M., S. J. Pfaff-McDonough, C. W. Giddings, and L. K. Nolan. 2000.
Cloning and sequencing of the iss gene from a virulent avian Escherichia coli.
Avian Dis. 44:179-184.

Janben, T., C. Schwarz, P. Preikschat, M. Voss, H.-C. Philipp, and L. H.
Wieler. 2001. Virulence-associated genes in avian pathogenic Echerichia coli
(APEC) isolated from internal organs of poultry having died from colibacil-
losis. Int. J. Med. Microbiol. 291:371-378.

Johnson, J. R., and M. Kuskowski. 2000. Clonal origin, virulence factors, and
virulence. Infect. Immun. 68:424-425.

Johnson, J. R., M. A. Kuskowski, K. Smith, T. T. O’Bryan, and S. Tatini.
2005. Antimicrobial-resistant and extraintestinal pathogenic Escherichia coli
in retail foods. J. Infect. Dis. 191:1040-1049.

Johnson, J. R., A. C. Murray, A. Gajewski, M. Sullivan, P. Snippes, M. A.
Kuskowski, and K. E. Smith. 2003. Isolation and molecular characterization
of nalidixic acid-resistant extraintestinal pathogenic Escherichia coli from
retail chicken products. Antimicrob. Chemother. 47:2161-2168.

Johnson, J. R., and T. A. Russo. 2002. Extraintestinal pathogenic Escherichia
coli: “the other bad E. coli.” J. Lab. Clin. Med. 139:155-162.

Johnson, J. R., and A. L. Stell. 2000. Extended virulence genotypes of

28.

29.

30.

31

32.

34.

35.

36.

S

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

APPL. ENVIRON. MICROBIOL.

Escherichia coli strains from patients with urosepsis in relation to phylogeny
and host compromise. J. Infect. Dis. 181:261-272.

Johnson, T. J., K. E. Siek, S. J. Johnson, and L. K. Nolan. 2005. DNA
sequence and comparative genomics of pAPEC-O2-R, an avian pathogenic
Escherichia coli transmissible R plasmid. Antimicrob. Chemother. 49:4681—
4688.

Johnson, T. J., K. E. Siek, S. J. Johnson, and L. K. Nolan. 2006. DNA
sequence of a colV plasmid and prevalence of selected plasmid-encoded
virulence genes among avian Escherichia coli strains. J. Bacteriol. 188:745—
758.

Johnson, T. J., Y. Wannemuehler, C. Doetkott, S. J. Johnson, S. C. Rosen-
berger, and L. K. Nolan. 2008. Identification of minimal predictors of avian
pathogenic Escherichia coli virulence for use as a rapid diagnostic tool.
J. Clin. Microbiol. 46:3987-3996.

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

Kariyawasam, S., T. J. Johnson, and L. K. Nolan. 2006. Unique DNA
sequences of avian pathogenic Escherichia coli isolates as determined by
genomic suppression subtractive hybridization. FEMS Microbiol. Lett. 262:
193-200.

. Kon, T., S. C. Weir, J. T. Trevors, H. Lee, J. Champagne, L. Meunier, R.

Brousseau, and L. Masson. 2007. Microarray analysis of Escherichia coli
strains from interstitial beach waters of Lake Huron (Canada). Appl. Envi-
ron. Microbiol. 73:7757-7758.

Maurer, J. J., T. P. Brown, W. L. Steffens, and S. G. Thayer. 1998. The
occurrence of ambient temperature-regulated adhesins, curli, and the tem-
perature-sensitive hemagglutinin Tsh among avian Escherichia coli. Avian
Dis. 42:106-118.

McPeake, S. J. M., J. A. Smyth, and H. J. Ball. 2005. Characterisation of
avian pathogenic Escherichia coli. Vet. Microbiol. 110:245-253.
Moulin-Schouleur, M., C. Schouler, P. Tailliez, M.-R. Kao, A. Brée, P.
Germon, E. Pswald, J. Mainil, M. Blanco, and J. Blanco. 2006. Common
virulence factors and genetic relationships between O18:K1:H7 Escherichia
coli isolates of human and avian origin. J. Clin. Microbiol. 44:3484-3492.
Ngeleka, M., L. Brereton, G. Brown, and J. M. Fairbrother. 2002. Pathotypes
of avian Escherichia coli as related to tsh-, pap-, pil-, and iuc- DNA se-
quences, and antibiotic sensitivity of isolates from internal tissues and the
cloacae of croilers. Avian Dis. 46:143-152.

Nolan, L. K., S. M. Horne, C. W. Giddings, S. L. Foley, T. J. Johnjon, A. M.
Lynne, and J. Skyberg. 2003. Resistance to serum complement, iss, and
virulence of avian Escherichia coli. Vet. Res. Commun. 27:101-110.
Pfaff-McDonough, S. J., S. H. Horne, C. W. Giddings, J. O. Ebert, C.
Doetkott, M. H. Smith, and L. K. Nolan. 2000. Complement resistance-
related traits among Escherichia coli isolates from apparently healthy birds
and birds with colibacillosis. Avian Dis. 44:23-33.

Picard, B., J. S. Garcia, S. Gouriou, P. Duriez, N. Brahimi, E. Bingen, J.
Elion, and E. Denamur. 1999. The link between phylogeny and virulence in
Escherichia coli extraintestinal infection. Infect. Immun. 67:546-553.
Rodriguez-Siek, K. E., C. W. Giddings, C. Doetkott, T. J. Johnson, and L. K.
Nolan. 2005. Characterizing the APEC pathotype. Vet. Res. Commun. 36:
241-256.

Russo, T. A., and J. R. Johnson. 2003. Medical and economic impact of
extraintestinal infections due to Escherichia coli: focus on an increasingly
important endemic problem. Microbes Infect. 5:449-456.

Russo, T. A., and J. R. Johnson. 2000. Proposal for a new inclusive desig-
nation for extraintestinal pathogenic isolates of Escherichia coli: EXPEC.
J. Infect. Dis. 181:1753-1754.

Schubert, S., B. Picard, S. Gouriou, J. Hi and E. D r. 2002.
Yersinia high-pathogenicity island contributes to virulence in Escherichia coli
causing extraintestinal infections. Infect. Immun. 70:5335-5337.

Skyberg, J. A., T. J. Johnson, J. R. Johnson, C. Clabots, C. M. Logue, and
L. K. Nolan. 2006. Acquisition of avian pathogenic Escherichia coli plasmids
by a commensal E. coli isolate enhances its abilities to kill chicken embryos,
grow in human urine, and colonize the murine kidney. Infect. Immun. 74:
6287-6292.

Turnidge, J. 2004. Antibiotic use in animals—prejudices, perceptions and
realities. J. Antimicrob. Chemother. 53:26-27.

Wierup, M. T. 2001. The Swedish experience of the 1986 year ban of anti-
microbial growth promoters, with special reference to animal health, disease
prevention, productivity, and usage of antimicrobials. Microb. Drug Resist.
7:183-190.

World Heath Organization. 2002. Impacts of antimicrobial growth
promoter termination in Denmark. http://www.who.int/salmsurv/en
/Expertsreportgrowthpromoterdenmark.pdf.

Zhao, S., J. J. Maurer, S. Hubert, J. F. De Villena, P. F. McDermott, J.
Meng, S. Ayers, L. English, and D. G. White. 2005. Antimicrobial suscepti-
bility and molecular characterization of avian pathogenic Escherichia coli
isolates. Vet. Microbiol. 107:215-224.




