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Overview

A One Health Perspective for Defining
and Deciphering Escherichia coli
Pathogenic Potential in Multiple Hosts

Alexis Garcia?$" and James G Fox?

E. coliis one of the most common species of bacteria colonizing humans and animals. The singularity of E. coli’s genus and
species underestimates its multifaceted nature, which is represented by different strains, each with different combinations of
distinct virulence factors. In fact, several E. coli pathotypes, or hybrid strains, may be associated with both subclinical infection
and arange of clinical conditions, including enteric, urinary, and systemic infections. E. coli may also express DNA-damaging
toxins that could impact cancer development. This review summarizes the different E. coli pathotypes in the context of their
history, hosts, clinical signs, epidemiology, and control. The pathotypic characterization of E. coli in the context of disease in
different animals, including humans, provides comparative and One Health perspectives that will guide future clinical and
research investigations of E. coli infections.

Abbreviations: AA, aggregative adherence; A/E, attaching and effacing; aEPEC, Atypical EPEC; Afa, afimbrial adhesin; AIDA-],
adhesin involved in diffuse adherence; AIEC, Adherent invasive E. coli; APEC, avian pathogenic E. coli; ATCC, American Type
Culture Collection; BFP, bundle-forming pilus; CD, Crohn disease; cdt, cytolethal distending toxin gene; Clb, colibactin; CNF,
cytotoxic necrotizing factor; CS, coli surface (antigens); DAEC, diffusely adhering E. coli; DB, Dutch Belted; eae, E. coli attaching
and effacing gene; EAEC, Enteroaggregative E. coli; EAF, EPEC adherence factor (plasmid); EAHEC, entero-aggregative-
hemorrhagic E. coli; EAST-1, enteroaggregative E. coli heat-stable enterotoxin; E. coli, Escherichia coli; ED, edema disease; EHEC,
enterohemorrhagic E. coli; EIEC, enteroinvasive E. coli; EPEC, enteropathogenic E. coli; ESBL, extended-spectrum B-lactamase;
Esp, E. coli secreted protein; ETEC, enterotoxigenic E. coli; EXPEC, extraintestinal pathogenic E. coli; fyuA, yersiniabactin receptor
gene; GI, gastrointestinal; Hly, hemolysin; HUS, hemolytic uremic syndrome; IBD, inflammatory bowel disease; LA, localized
adherence; LEE, locus of enterocyte effacement; LPF, long polar fimbriae; LT, heat-labile (enterotoxin); MLST, multilocus sequence
typing; NDM, New Delhi Metallo-B-lactamase; NZW, New Zealand White; pap, pyelonephritis-associated pilus; pks, polyketide
synthase; sfa, S fimbrial adhesin; SLT, Shiga-like toxin; ST, heat-stable (enterotoxin); STEC, Stx-producing E. coli; Stx, Shiga toxin;
tEPEC, typical EPEC; UPEC, uropathogenic E. coli; UTI, urinary tract infection
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Escherichia coli (E. coli) is the most common bacterial model
used in research and biotechnology. It is an important cause of
morbidity and mortality in humans and animals worldwide,
and animal hosts can be involved in the epidemiology of in-
fections 2403757342727 The adaptive and versatile nature of E. coli
argues that ongoing studies should receive a high priority in the
context of One Health involving humans, animals, and the envi-
ronment.?**3153372 Two of the 3 E. coli pathogens associated with
death in children with moderate-to-severe diarrhea in Asia and
Africa are classified into 2 E. coli pathogenic groups (also known
as pathotypes or pathovars): enterotoxigenic E. coli (ETEC) and
enteropathogenic E. coli (EPEC).*” In global epidemiologic
studies, ETEC and EPEC rank among the deadliest causes of
foodborne diarrheal illness and are important pathogens for
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increasing disability adjusted life years.*>*25 Furthermore, in
humans, E. coli is one of the top-ten organisms involved in coin-
fections, which generally have deleterious effects on health.?
ETEC is also an important etiologic agent of diarrhea in the
agricultural setting.'® E. coli-associated extraintestinal infec-
tions, some of which may be antibiotic-resistant, have a tre-
mendous impact on human and animal health. These infections
have a major economic impact on the poultry, swine, and dairy
industries.”0151168681694781797 The pervasive nature of E. coli, and
its capacity to induce disease have driven global research ef-
forts to understand, prevent, and treat these devastating dis-
eases. Animal models for the study of E. coli infections have
been useful for pathogenesis elucidation and development of
intervention strategies; these include zebrafish, rats, mice, Syr-
ian hamsters, guinea pigs, rabbits, pigs, and nonhuman prima
tes.27’72’101’232’238’347’476’489’493’566’693’713’744’754 Experiments involving hu_
man volunteers have also been important for the study of infec-
tious doses associated with E. coli-induced disease and of the role
of virulence determinants in disease causation.!?1763¢5400497,702703
E. coli strains (or their lipopolysaccharide) have also been used
for experimental induction of sepsis in animals; the strains used
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for these studies, considered EPEC, are not typically involved in
SystemiC diSeaSe.140'205'216’274'575’782

This article provides an overview of selected topics related to
E. coli, a common aerobic/facultative anaerobic gastrointestinal
organism of humans and animals.!*#7432477716 In addition, we
briefly review: history, definition, pathogenesis, prototype (ar-
chetype or reference) strains, and features of the epidemiology
and control of specific pathotypes. Furthermore, we describe
cases attributed to different E. coli pathotypes in a range of ani-
mal hosts. The review of scientific and historical events regard-
ing the discovery and characterization of the different E. coli
pathotypes will increase clinical awareness of E. coli, which is
too often regarded merely as a commensal organism, as a pos-
sible primary or co- etiologic agent during clinical investiga-
tions. As Will and Ariel Durant write in The Lessons of History:
“The present is the past rolled up for action, and the past is the
present unrolled for understanding”.

Beneficial E. coli strains

E. coli, originally called Bacterium coli commune, was isolated
from a human infant and reported in 1885.1%% This isolate, cur-
rently identified as National Collection of Type Cultures 86, was
sequenced and found to be genetically similar to E. coli K-12, a
laboratory strain that has played a significant role in research
and biotechnology.!$5%5037442 E coli K-12 was isolated from a
convalescent diphtheria patient without diarrhea or urinary
tract infection (UTI).2%%* The K-12 genetic sequence provides
evidence of genetic changes (genomic plasticity) that allows the
bacteria to adapt.®®??*! The phylogenetic and genomic char-
acteristics of K-12 and National Collection of Type Cultures 86
support their roles as commensal bacteria.'® Another E. coli,
genetically similar to K-12, is B, which probably originated from
Institute Pasteur’s Bacillus coli and was used by Delbriick and
Luria for bacteriophage studies.’®**5 In 1969, Delbriick, Lu-
ria, and Hershey became Nobel Laureates “for their discoveries
concerning the replication mechanisms and genetic structure of
viruses”.” E. coli B includes strains BL21 and REL606, which
have been used for studies of evolution and recombinant pro-
tein production, respectively.?? BL21 and others strains used for
recombinant DNA experiments [such as DH5a, EQ1, and BLR
(of K-12 background)] have been investigated in animal models
and found to be nonpathogenic.”'"5* Shedding of BL21 and
EQ1 was still present at week 6 after inoculation in a 1-d old spe-
cific-pathogen-free chick." Other laboratory strains of E. coli in-
clude C [American Type Culture Collection (ATCC) 700078], W
(ATCC 9637), and Crooks (ATCC 8739; GenBank: CP000946.1)
or Crookes. 01972737347 E_¢oli C, which was originally isolated at
the Lister Institute, exhibits robust biofilm formation and was
recently sequenced.”? The W strain was isolated from cemetery
soil, and its “W” designation alludes to its discoverer, Selman A.
Waksman, who also discovered streptomycin and was awarded
the Nobel Prize in 1952.1

A First World War soldier who was resistant to dysentery
was colonized with an E. coli strain that was isolated by Alfred
Nissle and is currently known as the probiotic Nissle 1917 (E.
coli O6:K5:H1).34587¢0 E_ coli Nissle 1917 (EcN) is commercially
available and has been used to treat intestinal disorders includ-
ing inflammatory bowel disease (IBD), constipation, and diar-
rhea.33,34,598,760

E. coli O9:H4 (HS), isolated from the feces of a healthy human,
is another strain considered to be commensal, and it has been
useful for studies of colonization and genetics.?*#7¢5* Genetic
studies comparing commensal and pathogenic E. coli have been
useful for the determination of the E. coli pan-genome, which
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consists of core (genes present in all strains), dispensable [genes
absent in greater than or equal to 1 strain(s)], and unique (pres-
ent in a particular strain) genes.?7'57% Because E. coli is char-
acterized by having a mosaic structure (sharing gene clusters
with other isolates), commensals are thought to behave as gene
“donors” and/or “recipients” and in doing so, become patho-
genic.¥*7® In fact, over 90% of the pan-genome is constituted by
variable/’accessory’ genes.*”

Mobile genetic elements, such as bacteriophages and plas-
mids, and homologous recombination contribute to the evolu-
tion of E. coli virulence.??>77%077¢ Furthermore, an experiment
using mice demonstrated in vivo transduction of a recipient
K-12 E. coli (MC4100) with a Shiga toxin (Stx) 1-encoding bacte-
riophage and thereby documented the importance of horizontal
gene transfer on E. coli evolution and virulence potential 2?%3264

E. coli the commensal and E. coli the pathogen

The pathogenicity of E. coli has been investigated in vivo
since the 1920s.¢%”® However, E. coli is commonly referred to as
a commensal and its importance as a pathogen may be under-
appreciated.'83%%162 The potentially beneficial attributes dis-
played by some E. coli strains, including K-12, Nissle 1917, and
HS, do not provide a rationale to exclude the pathogenic po-
tential of other E. coli strains isolated from clinically unaffected
hosts. Clinicians should not assume that E. coli identified/
isolated from a clinically unaffected patient is a commensal. A
commensal relationship implies that during a host-bacterium
interaction, the commensal E. coli benefits, while the host is nei-
ther benefited nor affected.”® However, because E. coli promotes
colonization resistance (or the ability to outcompete pathogens
trying to colonize), which benefits the host, this host-bacterium
interaction is arguably mutualistic, providing benefits for both
bacteria and host.'#341541716 Tn addition, some E. coli strains are
facultative pathogens, meaning that they can live as commen-
sals in the gastrointestinal (GI) tract and also become associ-
ated with disease.”®*! Furthermore, host factors must also be
considered.*® Even Nissle 1917 can induce systemic disease in
susceptible animal hosts if their immune system and microflora
are perturbed.”? Therefore, understanding these relationships
provides the basis for pursuing and performing a comprehen-
sive characterization of an E. coli pathotype upon isolation and
aids in deciphering its clinical relevance.

Identifying serotype and phylogenetic group

Hosts may be infected with more than one E. coli pathotype
(E. coli coinfection).*37%% Therefore, several E. coli isolates from
a particular host tissue or targeted biologic sample should be
selected for characterization. Once E. coli has been isolated on
selective culture media (that is MacConkey agar, CHROMID
CPS) and identified biochemically (that is API 20E), a basic ap-
proach is to “name” the E. coli by serotype determination. The
gold-standard for serotyping E. coli consists of identification of
the O (O-specific polysaccharide of the lipopolysaccharide) and
H (flagellar protein) antigens."®'>%% Historically, O serotyp-
ing has been performed using sera (antibodies), although cur-
rent techniques take advantage of molecular methods including
polymerase chain reaction (PCR).12?284054 The E. coli Reference
Center at Penn State University performed serotyping and select
molecular characterization of virulence genes in E. coli isolates.
Some serotypes are more common within particular pathogenic
E. coli groups.™ For example, O157:H7 is a characteristic entero-
hemorrhagic E. coli (EHEC) serotype.™



The creation of an E. coli reference (ECOR) collection, com-
posed of both human and animal isolates, facilitated the study
of E. coli diversity."$** Phylogenetic group determination using a
multiplex PCR method allowed further classification of the E. coli
isolate.*'%2* During a clinical investigation, classification of E.
coli into the major phylogenetic groups, including A, B1, B2, and
D, provided information about epidemiology and virulence. "%
Another study determined that groups A and B2 were preva-
lent in humans, whereas A and B1 and D and B1 were prevalent
in nonhuman mammals and birds, respectively.'® In general,
groups A and Bl represent commensal strains, whereas B2 and
D represent pathogenic/virulent strains.?>123%5% B] isolates are
usually not host-adapted, whereas B2 isolates are host-adapted.”

Sequence type determination is performed using multilocus
sequence typing (MLST), a molecular technique involving the
sequencing of 7 to 8 house-keeping genes (loci), and using the
genetic data to classify the E. coli strains and identify poten-
tially pathogenic clones.'?#1257776 By calculating homologous
recombination frequency, investigators can determine if the E.
coli population is clonal.®”7677¢ Currently, E. coli MLST data-
bases at The Institut Pasteur and Enterobase can be accessed on-
line.'4313515721 For example, clonal group ST131 is predominant
among extraintestinal pathogenic E. coli (ExPEC).5

In summary, when detecting or describing a particular E. coli
strain, the investigator may use a combination of phylogenetic
group, sequence type, and serotype, respectively, as illustrated
with a pandemic antibiotic resistant clonal group known as
B2-ST131-O25b (ST131, the sequence type; O25b, a molecular
subtype of 025).1»4861 High-throughput genome sequencing
is useful for rapid molecular characterization of bacteria, in-
cluding their virulence determinants and comparative analy-
sis. 11118458462 T ong-read sequencing methods such as PacBio are
useful for deciphering plasmids that may be involved in anti-
biotic resistance.””** Finally, these sequencing technologies are
revealing the heterogeneous nature of E. coli in terms of combi-
nation of virulence factors, thus expanding their classic pathot-
ypic designation.1694%

E. coli pathotypes, acronyms, and prototypes

In general, classification of E. coli into specific pathotypes
depends on which virulence determinants are encoded and
expressed by the E. coli isolates.” For example, molecular
methods, including PCR assays with specific primers, can be
performed to detect particular virulence determinants that are
characteristic of particular E. coli pathotypes. Protein expres-
sion and phenotypic characteristics such as in vitro cell adher-
ence or cytotoxicity should be confirmed.’®*%! In general, E.
coli pathotypes are categorized into those that induce disease
within (diarrheagenic) or outside of (extraintestinal) the GI tract.
However, some strains may be considered hybrids because they
have virulence determinants/characteristics of more than one
pathotype.187’425'437’524

Diarrheagenic E. coli

Enteropathogenic E. coli (EPEC). Definition. EPEC strains do
not produce Shiga toxin, but induce pathognomonic lesions
known as attaching and effacing (A/E) lesions that can be
observed microscopically.#** EPEC adheres to the intestinal
epithelium, the microvilli become effaced, actin is polymerized,
and pedestals are formed (Figure 1).%°® The A/E phenotype,
enterocyte membrane cupping surrounding bacteria adhering
to the mucosa, and pedestal formation have been observed in
human tissues'620,640,7‘12,742

E. coli Infections in a Range of Hosts

History and pathogenesis. Bacterium coli strains including an
“O55 B5 H7” (strain 3801) have been reported in human infants
with vomiting and diarrhea.” Prior to the description of EPEC
associated diarrhea, the 2 known mechanisms of E. coli-induced
diarrhea consisted of enterotoxin production and intestinal
mucosa invasion.!®¢? These 2 mechanisms of E. coli-induced
diarrhea were not involved in the diarrheal disease observed
during an EPEC trial in human volunteers.**** However, by
experimentally infecting neonatal pigs with E. coli “055B5H7”,
a human isolate from a diarrheic patient, investigators dem-
onstrated attaching and intracellular E. coli, increased density
under the attachment area which was thought to be “a cellular
response to the bacterium”, and microvillus exfoliation in ileal
sections.*’**% The increased density under the attached bacteria
was found to be due to site-specific concentrations of cytoskel-
etal actin, which characterized the A/E lesion; this was dem-
onstrated using EPEC strains including E. coli O55:H7 (strain
660-79) associated with infant diarrhea.’*?% O55:H7 infant diar-
rhea strains are evolutionarily relevant because they gave rise to
EHEC O157:H7 21277

Investigations of spontaneous cases of diarrhea in rabbits led
to the discovery of E. coli O15 (strain RDEC-1), the prototype
rabbit EPEC which is used experimentally to elucidate EPEC
pathogenesis.'”! Infecting New Zealand White (NZW) rabbits
with RDEC-1 demonstrated that coincidental bacterial adher-
ence to intestinal epithelial cells occurred only when there was
a lack of brush border.”” Other experimental studies demon-
strated RDEC-1-induced A/E lesions and adherence pedestals
in both pigs and rabbits.*”® Another NZW rabbit study, using E.
coli 015:H- (strain U83/39), demonstrated bacterial attachment
to goblet cells and absorptive epithelial cells as well as microvil-
lus border effacement.>*

The locus of enterocyte effacement (LEE) is a genetic region
known as a pathogenicity island, which has virulence determi-
nants that are necessary for A/E lesions to develop. It encodes
effector proteins and a type III secretion system that operates
as an injector apparatus, translocating effectors into human
or animal cells.>?%3256%0711  EE effectors include translocated
intimin receptor, E. coli secreted proteins (Esps), and Map,
among others.® The chromosomal eaeA (E. coli attaching and
effacing) gene is necessary for the formation of A/E lesions,
and the 94-kDa immunogenic protein it encodes is known as
intimin.”#**%% The characteristic A /E phenotype is the result of
EPEC inserting intimin (an outer membrane protein) and trans-
located intimin receptor (LEE effector) into the host cell.>%6%
Other organisms that induce A/E lesions include EHEC and
Citrobacter rodentium.5*%° C. rodentium causes transmissible mu-
rine colonic hyperplasia and has been used experimentally in
mice to study EPEC pathogenesis. #5644

Prototype. E. coli O127:H6 (E2348/69), originally isolated
from a diarrheal outbreak in children, is the prototype human
EPEC strain. It was used experimentally in humans to elucidate
virulence and pathogenic potential.!763114050714 Eor example, in
a randomized double-blind human volunteer study, E2348/69
caused diarrhea in 100% of the subjects, whereas the eaeA mu-
tant caused diarrhea in only 36% of the subjects, demonstrating
eaeA was a virulence determinant.'”® In another randomized
double-blind human volunteer study, E2348/69 caused diarrhea
in 90% of the subjects, whereas the AespB mutant caused diar-
rhea in 10% of the subjects, indicating that EspB was another im-
portant virulence determinant with immunogenic properties.”

Epidemiology and control. Epidemiologically, typical EPEC
(tEPEC) strains can be isolated from humans and carry the
EPEC adherence factor (EAF) plasmid, which includes genes
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Figure 1. Transmission electron micrograph showing organisms consistent with E. coli and associated attaching and effacing lesions and pedes-
tals on the cecal mucosal surface of an experimentally infected Dutch Belted rabbit.

encoding bundle-forming pilus (BFP).>**7*2 Having the plas-
mid gives EPEC the ability to adhere to HeLa and HEp-2 cells
with the characteristic localized adherence (LA) pattern/phe-
notype in which cells attach to the cell surface on one or a few
sites. 8502642 Atypical EPEC (aEPEC) strains isolated from hu-
mans and animals do not carry the EAF plasmid.*7* This EAF-
negative EPEC can exhibit the localized adherence-like pattern
(“poor LA”) in which less-compact bacterial microcolonies/
clusters are found on a few cells when the assay is performed,
but a long incubation period (6 h) is necessary.**'%*! tEPEC strains
are associated with infantile diarrhea in developing countries,
whereas aEPEC strains are not necessarily associated with clini-
cal disease,® although prolonged/persistent diarrhea in chil-
dren has been linked to aEPEC infection.”3** tEPEC and 2 other
pathogens, including heat-stable toxin (ST)-producing ETEC
and Cryptosporidium spp., are associated with death in children
with moderate-to-severe diarrhea.’” Both tEPEC and aEPEC
can be identified using the fluorescent-actin staining test, which
is used to determine if the bacteria can induce A/E lesions. In
this test, the A/E lesions are detected as an accumulation of cy-
toskeletal actin under the attached bacteria.?****! Definitive dem-
onstration of protective immunity against EPEC is lacking and
an effective vaccine for humans is not currently available.”>¢13
An overview of natural EPEC infections in different hosts re-
veals comparative aspects of etiopathogenesis (Figure 2).

Enterohemorrhagic E. coli (EHEC). Definition. EHEC are Stx-
producing E. coli (STEC) that encode intimin and induce A/E
lesions. Stxs are also known as Shiga-like toxins or Vero tox-
ins.*%?2¢ The STEC or VTEC designation indicates that a strain
is a Stx producer; however, intimin may not be expressed. In
addition to the infamous serotype, O157:H7, other STEC with a
variety of serotypes are known collectively as non-O157 strains.
Some of these strains, including O26 and O111, may originate
from aEPEC after transduction with a Stx-encoding bacterio-
phage.**®® EHEC strains can produce Stx 1 and/or 2 (and sub-
types/variants); Stx2 production, especially Stx2d, is associated
with severe disease.*174?

History and pathogenesis. Outbreak investigations involv-
ing 47 human cases of GI disease, including watery and hem-
orrhagic diarrhea without pyrexia, in patients that consumed
hamburger meat at fast food establishments led to the isolation

6

of E. coli O157:H7.5%7¢” Previous reports of cases of hemor-
rhagic colitis in the US and Canada were also associated with
E. coli O157:H7 1233 Two patients with hemorrhagic colitis and
0157:H7 infection also developed hemolytic uremic syndrome
(HUS), a clinical triad of microangiopathic hemolytic anemia,
thrombocytopenia, and acute renal failure.®* An important
association was discovered while investigating idiopathic HUS
in 40 children, as 75% of them exhibited evidence of Verotoxin-
producing E. coli infection.** The production of this toxin by E.
coli, and its cytopathic effect on Vero cells (Cercopithecus aethiops
kidney cells) had been reported in 19773

Initially, an experiment using infant NZW rabbits reproduced
0157:H7-associated diarrheal disease in humans, and histopath-
ologic lesions were observed in the colon of these animals.>*
Weanling NZW rabbits infected with Verotoxin-producing E.
coli demonstrated A/E lesions and revealed that epithelial cell
adherence of organisms was most common in cecum (87%), fol-
lowed by proximal colon (39%), and distal ilea (26%).%* Oral
inoculation of NZW rabbits with a Stx1-transduced RDEC-1
induced enteric lesions, confirming Stx1 as a virulence deter-
minant in EHEC colitis.®” A study using infant NZW rabbits
experimentally infected with isogenic mutants of an O157:H7
HUS-associated human strain demonstrated that stx2 is associ-
ated with diarrhea and intestinal inflammation, whereas eze and
translocated intimin receptor gene (tir) are important for coloni-
zation and induction of diarrhea.®* Following a report of natural
infection of EHEC O153 in Dutch Belted (DB) rabbits with HUS-
like disease, our laboratory reproduced enteric and glomerular
lesions in experimentally inoculated DB rabbits.?**2#36* Other
experiments developing a rabbit model of HUS or HUS-asso-
ciated central nervous system disease included IV inoculation
of Stxs.282923424247060178 Jsing DB rabbits, our laboratory dem-
onstrated that IV Stx2 promoted enteritis and renal injury.?#
Another HUS model consisting of IV inoculation of baboons
with Stx, suggested that HUS was more likely to develop after
infection with Stx2-producing E. coli than with E. coli strains that
only produced Stx1.56°

An experimental strategy using streptomycin, with the ob-
jective of promoting EHEC colonization by reducing faculta-
tive intestinal flora, has been used to model EHEC infection
in mice.*?”* Disease development in streptomycin-treated



E. coli Infections in a Range of Hosts

Hosts Manifestations/Disease conditions Virulence determinants* References
Humans (typical EPEC) Developing country infantile diarrhea and Intimin (eae), bundle-forming pilus 500,732
death (bfpA);
Production of BFP may be the best
way to differentiate typical versus
atypical EPEC
Humans (atypical EPEC) Subclinical, mild persistent diarrhea without eae, bfpA negative 6,198,300,306,513
dehydration (children), or acute diarrhea
(children)
Children Acute diarrhea eaeA, bfpA (+ or negative); and 552
(typical and atypical EPEC) supplementary virulence genes
(including cdt).
Cotton-top tamarins Acute diarrhea (profuse) associated with eae, bfpA + 423
(typical EPEC) ulcerative colitis
New World Nonhuman primates “Healthy” or diarrhea eae, bfpA (+ or negative), EAF negative 63,106
(NHPs): mainly marmosets (typical
and atypical EPEC)
Simian immunodeficiency virus- Diarrhea and wasting eaeA 422
inoculated macaques (EPECt)
Common marmosets (EPECY) Hemorrhagic diarrhea, watery diarrhea, acute eaeA 723
death
Pot belly pig (EPECt) Diarrhea eaeA 304
Pig (atypical EPEC) "Healthy" eae, bfpA negative 233
Pig "Healthy" eae, bfpA (+ or negative) 346
(typical and atypical EPEC)
Dog (typical EPEC) Diarrhea eae, bfpA + 32,180,258,371,495,609
Dog (atypical EPEC) Subclinical or diarrhea eae, bfpA negative 32,180,258,371,495,584
Puppy (atypical EPEC) Chronic diarrhea; coinfection with canine eae, EAF negative 753
distemper virus
Cat (typical EPEC) Diarrhea eae, bfpA + 258,371
Cat (atypical EPEC) Subclinical or diarrhea eae, bfpA negative 258,371,481
Birds (atypical EPEC) "Apparently healthy" (chickens and ducks) or eae, bfpA negative 210,362
not mentioned (pigeons)
"Healthy" (gulls and pigeons) or not mentioned
(broilers)
Birds (typical EPEC) Not mentioned (pigeons and psittacines) eae, bfp + 631
Finches Death eae, cdt 225
Cows "Healthy" eae, bfpA (+ or negative) 67
(typical and atypical EPEC)
Goats (atypical EPEC) "Healthy" eae, bfpA negative 133
Goat kid (atypical EPEC) Diarrhea, dehydration, death eae, bfp negative 181
Sheep (atypical EPEC) "Healthy" eae, bfp negative 416
Goat kids and lambs Diarrhea eae, bfpA (not determined) 120
Rabbits Diarrhea eae 101,324
Belgian and Dutch rabbits “Healthy” eae (negative), EAF negative 572
Belgian and Dutch rabbits Diarrhea eae, EAF negative 572
Rabbits (Spain) “Healthy” or diarrhea eqe (+ or negative) 59
Dutch Belted (DB) rabbits Subclinical or diarrhea eae, bfpA (not determined) 239,243
DB rabbits Clinically normal or diarrheic eae, bfpA negative 700
(atypical EPEC)
Rats Unknown eae 217
Amargosa voles (with “attaching Colitis, sepsis (No molecular characterization, but 221
and effacing E. coli”) histologic evidence of attaching and
effacing lesions)

Figure 2. Natural EPEC infections: Hosts, manifestations, and virulence determinants.*, This column includes selected virulence determinants
investigated in the cited references such as E. coli attaching and effacing (eae or eaeA) gene, bundle-forming pilus (bfp or bfpA) gene, and cytole-
thal distending toxin (cdt) gene. Typical E. coli usually encodes the bfpA gene whereas atypical does not. EAF refers to EPEC adherence factor

plasmid. 1, not characterized as typical or atypical.

MyD88~/~ mice infected with E. coli O157:H7 provided evidence
for the role of innate immunity in pathogenesis.” Another
mouse model to study EHEC pathogenesis involved feeding
C57BL/6 mice a low protein diet (5% protein) that caused in-
testinal epithelial lesions, and upon infection, resulted in neu-
rologic disease and death.”® Oro-gastric inoculation of weaned
(17 to 21 d old) BALB/c mice with EHEC has also been used as
a model for renal lesions.® Colonic lesions and acute tubular ne-
crosis are observed in germ-free Swiss Webster mice orally inoc-
ulated with EHEC.!"®!¥ Intraperitoneal inoculation of C57BL/6
mice with Stx2 and lipopolysacharide has been used as a model
of HUS that includes glomerular lesions.>

The Stx receptor is known as globotriaosylceramide (Gb3)
(also known as CD77) and its anatomic location is thought to di-
rect the Stx effect by mediating protein synthesis inhibition and

endothelial lesions to the intestine, kidneys, and brain 852529651
HUS may result from the inhibition of fibrinolysis and fibrin
accumulation after Stx-mediated endothelial injury.”” Micro-
scopically, edema and hemorrhages are present in the colon,
and the kidney shows characteristic lesions consisting of glo-
merular thrombotic microangiopathy.>**® The central nervous
system, pancreas, and heart may also be affected.?!345370463608719
Brainstem changes have been identified in rabbits and humans
(Figure 3) 242769784

Prototype. E. coli O157:H7 [strain CDC EDL 933 (ATCC43895)]
is the prototype EHEC strain.**”%

Clinical aspects. Clinically, performing fecal cultures in hu-
man patients within a 6-d window of time that diarrhea begins
is important for increasing chances of obtaining an O157:H7
positive culture.””” STEC may or may not ferment sorbitol;
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Figure 3. Multifocal brainstem degeneration in a Dutch Belted rabbit after experimental intravenous Shiga toxin 2 infusion (hematoxylin and
eosin stain, scale bar: 200 um). Reprinted from Garcia A, Marini RP, Catalfamo JL, Knox KA, Schauer DB, Rogers AB, Fox JG. 2008. Intravenous
Shiga toxin 2 promotes enteritis and renal injury characterized by polymorphonuclear leukocyte infiltration and thrombosis in Dutch Belted
rabbits. Microbes Infect 10:650-656, with permission from Elsevier. Reference 242.

therefore, if selective media based on sorbitol fermentation is
used (that is sorbitol-MacConkey agar) to isolate STEC, addi-
tional testing may be required.’'*#?#* Physicians treating these
cases may encounter the clinical dilemma of whether to use
antibiotics. Stxs are encoded in bacteriophages, and the use of
some antibiotics to treat STEC infection results in bacterial dam-
age, bacteriophage induction, toxin production and disease.*>7*
A meta-analysis designed to exclude studies with high risk of
bias and lacking an acceptable HUS definition, found a signifi-
cant association between antibiotic administration and HUS
risk, supporting the recommendation of avoiding antibiotic use
in STEC-infected human patients.” A recent literature review
however, concluded that although some antibiotics, such as -
lactams, may be harmful, others such as fosfomycin can have
positive clinical outcomes.>*

Epidemiology and control. The epidemiology of STEC/EHEC
has been well described and includes both zoonotic and food-
borne transmission.® A STEC/EHEC review, emphasizing One
Health, underscores the interconnections of humans, environ-
ment, and animals in epidemiology, prevention and control.*
Food and vegetables may be contaminated before harvest due
to the use of manure fertilizer, feces from wild or farm animals,
or contaminated water."* Transmission can occur in public set-
tings such as petting zoos, and prevention guidelines have been
published.'?>* Targeting the type III secretion system by vac-
cination decreases colonization in animals.***7%* The goal of
decreasing STEC transmission to humans by cattle vaccination
may be more feasible than human vaccination, since vaccine
efficacy determination is difficult in humans due to the low
disease incidence.**! An overview of natural STEC/EHEC in-
fections in different hosts reveals comparative aspects of etio-
pathogenesis (Figure 4).

Enterotoxigenic E. coli (ETEC). Definition. ETEC strains can
produce heat-labile (LT) and/or ST and are an important cause
of diarrhea in humans (traveler’s and infant diarrhea) and pig-
lets.263397,500606736 The 2 serologically distinct LTs are LT-I and
LT-11.3%50057 T T-T is similar to cholera toxin and consists of LTp
(p, pig) and LTh (h, human) variants because these toxins were
identified in pig and human strains, respectively.>0672684763 T T-]]
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was originally identified in E. coli SA53, a water buffalo rectal
isolate that is also positive for Stx2.269486567653 In one study, cow
(75%), buffalo (64%), beef from markets (31%) and human (2%)
LT-producing isolates encode LT-II genes.®

The 2 classes of STs are STa (STI) and STb (STII).5°%27¢ STp
and STh are the 2 STa variants that may be found in human
ETEC isolates.*” Human, pig, and cattle isolates may produce
STp.*¢ STa and STb may be found in porcine ETEC strains.*” In
one study, isolates with genes encoding adhesin involved in dif-
fuse adherence (AIDA-I) and STb were associated with diarrhea
in piglets.” ETEC may also encode the enteroaggregative E. coli
heat-stable enterotoxin (EAST-1).264606,638747.788

History and pathogenesis. The ligated rabbit gut assay, origi-
nally used for Vibrio cholera research, was used to screen E. coli
isolates from human babies, calves, pigs and water.!®*”> Many E.
coli isolates from cases of infantile diarrhea induced dilation in
the ligated rabbit gut assay (positive test result).”® Cattle strains
were less effective than human isolates.” Isolates from swine
enteritis and edema disease (ED) and well water were negative
using this assay.” A pig gut loop assay revealed a heat-labile
enterotoxin in E. coli isolates associated with diarrheal outbreaks
in pigs.”® These E. coli strains were not invasive and did not
damage the villi, but induced fluid secretion and diarrhea.? LT
and ST enterotoxins were also reported from isolates cultured
from diarrheic human patients.'” The secretory diarrhea caused
by ETEC was similar to cholera illness. 8652

ETEC can adhere to enterocytes by using multiple surface
fimbriae (pili), which in human strains are known as coli sur-
face (CS) antigens.?505% One group®* has provided a com-
prehensive list of CS antigens. These host-specific fimbriae are
important for colonization; common ones in strains associated
with human diarrhea include colonization factor antigen 1
(CFA/1), CS1, CS2, CS3, CS4, CS5, CS6, CS7, CS14, CS17, and
(€521 =6396500586622722778 K88 (F4), K99 (F5), 987P (F6), F41 (E7),
and F18 are important for colonization in swine.!092353%456757.775
In swine, neonatal diarrhea is associated with F5, F6, and F41,
whereas postweaning diarrhea is associated with F4 and F18.4%
Newborn and suckling pig diarrhea and mortality are also as-
sociated with F4. Coinfections of ETEC and other pathogens



E. coli Infections in a Range of Hosts

Hosts Manifestations/Disease conditions Virulence determinants* References
Humans Asymptomatic, diarrhea, bloody Intimin (eae) (+ or negative), Shiga 230,231,459,709
diarrhea, and hemolytic uremic toxin 1 (stxI) and/or Shiga toxin 2
syndrome (HUS) (stx2) (or variants)
Humans Asymptomatic or mild diarrhea stx2e + 682
Humans Cystitis, hemorrhagic cystitis stx2a, stx2b and stx1c, eae (+ or 731
negative)
Rhesus macaques Clinically healthy or chronic diarrhea eaeA, stx2c (Stx2c) 656
Cynomolgus macaques Diarrhea stx1, stx2 363
Pigs "Healthy" eae negative, stx2e 346
eae positive, stx1
Pigs Diarrhea and edema disease (ED) stx2., and others [F18, heat-labile 108,148,682
(neurologic signs, vascular lesions, toxin (LT) and/or heat-stable toxins
edema) (STs)]
Dogs Not mentioned Stx1 and Stx2 733
Cats “Healthy” or diarrhea stx1 (Stx1) 1,44,54
Birds Cellulitis (chickens and turkeys), stx1 and/or stx2; eae (negative) 547
swollen head syndrome (chickens);
septicemia (chickens and turkeys)
Birds (pigeons) Not mentioned stx1, stx1 and stx2 667
Cattle “Healthy” SLTI and/or SLTII 436,768
Calves Diarrhea; diarrhea with blood Verotoxin 320
(dysentery)
Goat kid Severe diarrhea, coma SLT1 gene and toxin production 184
Goat kid Diarrhea eaeA and stx 304
Rabbit Clinical condition not reported. E. coli slt-Ilera (SLT-1lera) 352
isolated from the mesenteric lymph
node of a carcass
Belgian and Dutch rabbits; Rabbits Subclinical or diarrhea eae, stx1 59,239,572
(Spain); DB and NZW rabbits
DB rabbits Bloody diarrhea, death, renal lesions, eae, stx1 243
HUS-like disease
Norway rats Not mentioned eaeA, stx1, stx2, pO157 121
Norway rats Not mentioned stx1 516

Figure 4. Natural STEC/EHEC infections: Hosts, manifestations, and virulence determinants. *, This column includes selected virulence deter-
minants investigated in the cited references such as stx genes and Stx production; slt (SLT) refers to Shiga-like toxin (Shiga toxin).

including rotavirus, Salmonella Newport, Crystosporidium parvum,
and Cystoisospora suis have been reported in young pigs.'>**
ETEC can also induce diarrhea in calves; F5 is commonly associ-
ated with these infections, which may be concomitant with Crysto-
sporidium infections.'>?** Infections with rotavirus may increase
susceptibility to ETEC infection and disease in calves.*7%

Prototypes. E. coli O78:K80:H11/LT1-STh-STp/CFA/I
(H10407), originally isolated from the stool of a Vibrio-negative
patient with diarrheal disease in Bangladesh, is the prototype
ETEC strain; its genome sequence indicates that it is related to
the nonpathogenic E. coli strains K-12, C, and HS.#1200201606 The
classification of ETEC into different phylogenetic lineages (poly-
phyletic) by MLST suggests that the acquisition of coloniza-
tion factor and toxin genes by nonpathogenic E. coli results in
ETEC.” Regarding ETEC in ruminants (lambs and calves), E.
coli O101:K99:NM (B41) is the prototype K99 ETEC 314485541 In
China, E. coli O8:K87:H19 (C83902) is the prototype F4 ETEC of
SWil’le.795/7%

Epidemiology and control. ETEC and cholera have similar
clinical presentations of acute watery diarrhea.®?%” ST-ETEC
(positive for ST gene estA and LT gene eltB or for only estA) is
one of the 3 pathogens associated with death in children with
moderate-to-severe diarrhea.’ ETEC is a primary cause of
traveler’s diarrhea.®®7 In vitro studies suggest that during a
coinfection, ETEC and EPEC may interact and increase disease
severity.!”” Preclinical studies for ETEC vaccine development
used an infection model involving owl monkeys (Aotus nan-
cymaae).®> A phase 1 trial in humans demonstrated protection
from ETEC diarrhea using hyperimmune bovine colostral anti-
adhesin (anti-CFA /I minor pilin subunit) antibodies, providing
supporting evidence for the development of future vaccines

against fimbriae of E. coli or other organisms.?*%* More recently,
subjects who received hyperimmune bovine colostral anti-CS17
orally did not develop diarrhea after challenge with CS17-ex-
pressing ETEC.®” The use of the antibiotic colistin (polymyxin
E) for E. coli infections, including postweaning diarrhea prophy-
laxis in pigs, is discouraged, as this antibiotic is a useful thera-
peutic alternative in humans for Gram-negative infections that
are multidrug-resistant.®” Vaccines administered during preg-
nancy impart protection to calves and piglets through inges-
tion of colostrum 1#436474494626 However, control of postweaning
diarrhea in swine by vaccination has been challenging.'® A live
nonpathogenic E. coli strain positive for F4 (Coliprotec F4) used
for oral vaccination of pigs was reported to confer protection
against diarrhea after weaning.” Furthermore, a study using 2
live nonpathogenic E. coli strains expressing specific antigenic
variants of F4 (Coliprotec F4) and F18 as an oral vaccine found
that this vaccination strategy was clinically efficacious for swine
diarrhea after weaning.*® An overview of natural ETEC infec-
tions in different hosts reveals comparative aspects of etiopatho-
genesis (Figure 5).

Enteroinvasive E. coli (EIEC). Definition. EIEC strains invade
the colonic epithelium and cause bacillary dysentery similar to
Shigella dysenteriae, S. boydii, S. flexneri, and S. sonnei 1>464+349359740
MLST and genome sequencing can be used to differentiate
Shigella spp. and EIEC."*2%! Analyses of the E. coli 0124:H30
(strain M4163 from a cheese-related outbreak in 1971) and E. coli
0143:H26 (strain 4608-58) genome determined that these were
larger than the Shigella genomes, consistent with gene loss/de-
cay in Shigella.**** Regarding lactose utilization, which is used
for identification on MacConkey agar, strain M4163, strain 4608-
58, and Shigella were lactose negative, positive, and negative,
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Hosts Manifestations/Disease conditions Virulence determinants* References
Humans Acute diarrhea; Traveler's diarrhea Heat-labile toxins (LTs; eltAB) 199,326,460,606,682,736
Developing country infantile diarrhea and and/or heat-stable toxins (STs; estB,
death estA); surface fimbriae (various)
Pigs Subclinical (nondiarrheic) LT and ST genes 482
Pigs Edema disease, postweaning diarrhea Adhesins/ fimbriae, LTI, STs, Stx2e 64,108,148,284,456,517,682,752
Dog Soft feces (coinfection with canine distemper ~ STap and STb genes 180
virus)
Birds (pigeons) Not mentioned elt, est 667
Calves Diarrhea K99 (F5), ST 5,224,629
Black-footed ferrets Sudden death, dehydration, diarrhea, sta, stb 83
anorexia
Rodents (Rattus rattus, Not mentioned LT gene 93

Mus musculus)

Figure 5. Natural ETEC infections: Hosts, manifestations, and virulence determinants. *, This column includes selected virulence determinants

investigated in the cited references.

respectively. This demonstrated that EIEC lactose utilization
is variable.® Shigella is so similar genetically to EIEC that in-
vestigators have proposed its inclusion into the EIEC group, or
alternatively, Shigella to be an E. coli sister species.'”%5%

History and pathogenesis. Investigators of an outbreak affect-
ing people with dysentery/gastroenteritis in 1971 determined
that the source of the infection was imported cheese, which was
contaminated with an invasive E. coli O124:B17 that was not
enterotoxigenic.**”* One study reported that invasive E. coli
strains contained a plasmid (7140 megadalton) and that inva-
siveness was established when a plasmid from Shigella flexneri
was transferred into avirulent E. coli.*> When E. coli 0124 strains
were inoculated into the eyes of guinea pigs (Sereny test), 6 of
17 strains (35%), including one strain from a primate and 5 from
humans, were positive (caused clouding and/or ulceration of
cornea).?*%2 All 6 Sereny test positive 0124 strains carried the
140 megadalton plasmid known as invasion plasmid (pINV)
which was later found to share a basic replicon with pINV from
Shlg@llﬂ Spp.294’336’666

In general, pathogenesis involves gaining access to the epi-
thelial cell’s basolateral pole through invasion of the M cells
found on lymphoid follicles.>* Macrophages with phagocytized
bacteria become apoptotic, expressing IL18 and IL1, followed by
the bacteria invading epithelial cells.** Once inside the epithe-
lial cells, bacteria spread to adjacent cells and induce IL8.5* The
cytokine stimulation induces polymorphonuclear cell transmi-
gration that increases the susceptibility of the epithelial cell bar-
rier to the influx of bacteria from the lumen.** The ipaH genes
encode proteins considered type III secretion system (delivery
apparatus) effectors that have roles in bacterial survival, induc-
tion of host cell apoptosis, and NF-«B inhibition.'***

Prototype. E. coli O124:NM (NM, nonmotile) (EDL 1284; 929-
78) (ATCC 43893), originally isolated from the stool of a human
in Texas, is the prototype EIEC.!5211294585741

Epidemiology and control. EIEC 096:H19 has been associated
with foodborne human outbreaks in Europe.****'* Because the
genetic composition and pathogenic mechanism of EIEC and
Shigella are very similar and EIEC are difficult to identify, fa-
miliarity with Shigella epidemiology and control is useful "7
Shigella spp. also constitute one of the 4 common causes of
moderate-to-severe diarrhea in pediatric cases from Asia and
Africa and can acquire antibiotic resistance plasmids from E.
coli.'**7 E. coli can also acquire antibiotic resistance plasmids
from Shigella spp. such as bla ., ,, ..**** Animal E. coli isolates
may carry bla., .. and related plasmids.*® Our laboratory re-
ported that macaques can be infected with quinolone-resistant
Shigella flexneri strains that may transfer antibiotic resistance to
E. coli#®
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Several Shigella strains have been sequenced, and to date, no
vaccines against human shigellosis are available.®” The develop-
ment of immunity against Shigella is specific to the serotype to
which the host is exposed; this feature is one of the challenges
of Shigella vaccine development.'*?39%5 However, cross-pro-
tection may be possible because guinea pigs orally immunized
with a mutant S. flexneri 2a that overexpresses the type III secre-
tion system were protected against S. dysenteriae and S. sonnei;
these animals also developed antibodies against EIEC.*° An
overview of natural EIEC infections in different hosts reveals
comparative aspects of etiopathogenesis (Figure 6).

Enteroaggregative E. coli (EAEC). Definition. EAEC are for-
mally defined as those E. coli that exhibit an aggregative adher-
ence (AA) pattern on Hep-2 cells and are not enterotoxin (ST or
LT) secreting strains.®® However, because the AA pattern has
been observed with aEPEC O125ac:H6, testing for EPEC and
EAEC genes is important if an isolate exhibits the AA pheno-
type in vitro.**** DNA probes can also be used for EAEC iden-
tification.>®

History and pathogenesis. Originally referred to as enteroad-
herent E. coli or enteroadherent-aggregative E. coli, these strains
exhibit a Hep-2 cell adherence pattern characterized by D-man-
nose-resistance, as seen with EPEC.13939744-46501750786 Eyaluation
of the Hep-2 cell adherence patterns of E. coli isolates from stools
of children from Chile revealed an aggregative phenotype, char-
acterized by bacteria autoagglutination or stacked-brick con-
figuration (aggregative adherence or AA). This phenotype was
observed in 84 of 253 (33%) and in 20 of 134 (15%) of strains
negative by EPEC adherence factor probe isolated from diar-
rhea cases and controls, respectively.”*! The same aggrega-
tive phenotype was observed in ETEC (3/27; 11%) and in EPEC
(2/86; 2%).5" Furthermore, an E. coli strain (#221) isolated from
a person who traveled from the US to Mexico was later recog-
nized to exhibit the AA pattern and to induce diarrhea in human
VOlUIlteerS.401’445’446’749'750

The 3 main pathogenesis steps consist of adherence, the pro-
duction of mucus and then production of toxin.*'*%7 AA fim-
briae I (AAF/I) and AAF/II contribute to bacterial adherence
and AA phenotype. #4850 AAF variants, including AAF/III,
AAF/1V, and AAF/V, have also been described.®’'33 The AA
phenotype can be affected by the composition of the surface
protein layer/outer membrane protein.'®7

EAEC strains induce the intestinal mucosa to produce
more mucus, creating a biofilm in which the bacteria become
trapped.® However, biofilm production varies with regard to
the strain.®®? EAST-1 may be encoded/produced by some
EAEC and other E. coli pathotypes including ETEC (for exam-
ple, in prototype strain H10407), EPEC, and EHEC.#5#634635638785



E. coli Infections in a Range of Hosts

Hosts Manifestations/Disease conditions Virulence determinants* References
Humans Diarrhea/gastroenteritis /bacillary Invasion plasmid (pINV), ipaH 267,426,464,549,657,728,735
dysentery
Rhesus macaques Diarrhea virA 363
NHP (several species; rhesus Enzootic outbreak: Severe weakness, bloody  ipaH 383
apparently more susceptible) diarrhea, hemorrhagic diathesis, lethargy,
dehydration, wasting, dystrophic lesions,
and mortality
Birds (pigeons) Not mentioned ipaH 667
Chickens Yolk sac infection ipaH 616
Lambs Diarrhea ipaH 248
Rodents (Rattus rattus, Not mentioned ipaH 93
Mus musculus)
Hamsters Enteritis (ileitis) No molecular characterization but 232
histologic evidence of intra epithelial
organisms

Figure 6. Natural EIEC infections: Hosts, manifestations, and virulence determinants. *, This column includes selected virulence determinants
investigated in the cited references such as genes for type III secretion system effectors including ipaH and virA.*4%

A large plasmid encodes a serine protein autotransporter toxin
known as Pet (plasmid encoded toxin) that is secreted by EAEC
and potentially is involved in its pathogenesis.'#%5%%% The AA
plasmid (pAA) can encode AAF/I, AAF/II, AAF/III, EAST-
1, and Pet.*#71%70 EAEC are genetically heterogeneous; hori-
zontal and vertical transmission are involved in AA plasmid
inheritance.' “Typical” strains carry pAA whereas “atypical”
strains do not.”*!

Prototypes. E. coli O3:H2 (17-2), originally isolated from
the stools of a diarrheic Chilean infant, is a prototype EAEC
strain that expresses AAF/I, whereas E. coli O44:H18 (042),
originally isolated from the diarrheic stool of an infant in Peru,
expresses AAF/II and is another prototype that can be used
as reference.!46147498,49,502634 Both 17-2 and 042 encode EAST-1,
and 042 also encodes Pet."**” EAEC 55989 encodes AAF/III,
was isolated from the stool of a person from the Central African
Republic who had HIV and persistent diarrhea, is phylogeneti-
cally related to entero-aggregative-hemorrhagic E. coli (EAHEC)
German hybrid outbreak strains, and is considered a prototype
Strail1.40’92’336’487’730

Epidemiology and control. EAEC is another common cause of
travelers” diarrhea and has also been associated with persistent
diarrhea in children and HIV patients. 64733344575 Clinjcally,
EAEC causes a persistent diarrhea that can be mucoid.*7>%7%
EAEC was also associated with extraintestinal disease, as EAEC
078:H10 ST10 was isolated from urine of humans with UTI dur-
ing an outbreak in Denmark.”** Some experimental vaccine
strategies against EAEC have incorporated AAF as a component
of the vaccine.®>® An overview of natural EAEC infections in
different hosts reveals comparative aspects of etiopathogenesis
(Figure 7).

Adherent invasive E. coli (AIEC). Definition. The specific
virulence determinant(s) that define AIEC have not been elu-
cidated."®*? However, the presence of the pic gene and re-
sistance to ampicillin can be used to identify AIEC strains.'®
AIEC strains have been sequenced.?%%4% Comparative analy-
ses of AIEC genomes from Crohn disease (CD) patients, mice
with ileitis, dogs with granulomatous colitis, one non-AIEC
genome, and other genomes revealed an overrepresentation
of genes for propanediol utilization and iron acquisition in
AIEC." Also, long polar fimbriae (LPF; Ipf operon) are in-
volved in the interaction of AIEC with Peyer patches and M
cell translocation.¢

E. coli designated as AIEC by phylogenetic analysis, clustered
by phylogenetic group and not by pathotype and some clus-
tered with ExPEC in phylogenetic groups B and D.'”* Geneti-
cally, AIEC strains share virulence determinants with ExXPEC;

however, phenotypically, distinguishing features of AIEC in-
clude adherence and invasiveness of the epithelium and sur-
vival with replication inside macrophages.?>*

History and pathogenesis. E. coli O83:H1 was originally iso-
lated from the affected ileum of a human patient with CD.”*>
Another study reported intracellular E. coli in colorectal carci-
noma and adenoma mucosae of humans.”! E. coli can be found
adhering to and invading the intestinal mucosa of patients with
CD and colon cancer.** A relative increase in E. coli and a de-
crease in a Clostridiales subset in the mucosa is also associated
with some cases of CD ileitis.*!

In one study, the percentage of EXPEC strains exhibiting AIEC
phenotype was 6%.*° In another study, human E. coli isolates
from colon cancer mucosa were found to encode virulence
genes associated with uropathogenic E. coli (UPEC).* Further-
more, isolates from human cases of CD and colorectal cancer
were characterized by afimbrial adhesin (afaC) and IpfA expres-
sion whereas isolates from ulcerative colitis and colorectal can-
cer encoded afaC and polyketide synthase (pks) pathogenicity
island.***%2 AJEC strains can also create biofilms efficiently and
induce inflammation that may be modified by an AIEC’s cellu-
lose production.!®>**#! Adding to the complexity of the role of
E. coli in the etiopathogenesis of IBD, an invasive, LPF-encoding
E. coli O126:H27 (strain D92/09) exhibiting AA pattern and also
encoding intimin and Shiga toxin 1 was isolated from the ileal
lesions and stools of a CD patient.™’ This D92/09 hybrid strain
was 97% similar to EAHEC O104:H4/2011C-3493 strain from
the HUS outbreak that occurred in Germany in 2011.*

Prototype. E. coli O83:H1 (LF82), which was originally iso-
lated from the affected ileum of a human patient with CD, is the
prototype AIEC strain.”**>

Epidemiology and control. AIEC are associated with intesti-
nal disease, and AIEC epidemiology has not been completely
elucidated.* However, a survey of the ECOR collection identi-
fied AIEC in apparently healthy humans and animals including
pig, elephant, goat, cougar, and Celebes macaque.>® A possible
strategy to protect individuals against AIEC and development
of CD incorporates type 1 fimbriae adhesin protein (FimH) an-
tagonists.®**! An overview of natural AIEC infections in dif-
ferent hosts reveals comparative aspects of etiopathogenesis
(Figure 8).

Diffusely adhering E. coli (DAEC). Definition. Plasmid or chro-
mosomal encoded genes give DAEC the ability to adhere to
HeLa and HEp-2 cells with the characteristic diffuse adherence

pattern in which the whole cell surface is covered by bacte-
ria.25,38,52,502,641,642
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Hosts Manifestations/Disease conditions Virulence determinants* References
Humans Traveler's diarrhea; Persistent diarrhea Aggregative adherence fimbriae 47,336,445,460,759
(infants/children); HIV patients with and (AAF) in plasmid (pAA); In vitro
without diarrhea aggregative adherence (AA)
phenotype
Humans Infants with diarrhea With (typical) or without (atypical) 751
(0-5y old) plasmid-borne genes
Pigs Diarrhea Without (atypical) plasmid-borne 751
(0-6 mo old) genes
Dogs Subclinical or diarrhea aggR; AA phenotype 584
Dogs Diarrhea With (typical) or without (atypical) 751
(0-6 mo old) plasmid-borne genes
Cat Subclinical aggR; AA phenotype 584
White-eyed conure “In a good health condition” Atypical with AA phenotype 427
Cows Diarrhea Without (atypical) plasmid-borne 751
(0-6 mo old) genes
Goats Diarrhea Without (atypical) plasmid-borne 751
(0-6 mo old) genes

Figure 7. Natural EAEC infections: Hosts, manifestations, and virulence determinants. *, This column includes selected virulence determinants
such as the plasmid-borne transcriptional activator gene (1ggR) and also the adherence phenotype investigated in the cited references.

Hosts Manifestations/Disease conditions

Virulence determinants* References

Humans Crohn disease; colorectal cancer

Humans “Healthy”

Celebes macaque

“Healthy”

Pig “Healthy”

Dogs Granulomatous colitis, hematochezia
Cats Enteritis

Cougar “Healthy”

Goat “Healthy”

Mice Toxoplasma gondii-induced ileitis

Epithelial adherence and invasion 31,79,87,88,116,152,255,440
and macrophage survival

(phenotype); dsbA, htrA, IpfA.

Epithelial adherence and invasion 590
and macrophage survival

(phenotype). Also, lack of genes

associated with diarrheagenic and
uropathogenic E. coli.

Epithelial adherence and invasion 590
and macrophage survival

(phenotype). Also, lack of genes

associated with diarrheagenic and
uropathogenic E. coli.

Epithelial adherence and invasion 590
and macrophage survival

(phenotype). Also, lack of genes

associated with diarrheagenic and
uropathogenic E. coli.

Epithelial adherence, invasion, and 418,668
replication (phenotype).

Adhesion, invasion, and 438
survival/replication indices

Epithelial adherence and invasion 590

and macrophage survival

(phenotype). Also, lack of genes

associated with diarrheagenic and
uropathogenic E. coli.

Epithelial adherence and invasion 590
and macrophage survival
(phenotype). Also, lack of genes
associated with diarrheagenic and
uropathogenic E. coli.
Propanediol dehydratase (pduC),
iron acquisition (chuA), long polar
fimbriae (IpfA)

138,174

Figure 8. Natural AIEC infections: Hosts, manifestations, and virulence determinants. *, This column includes selected virulence determinants

and phenotypic characteristics investigated in the cited references.

DAEC and EAEC share phylogenetic and adherence charac-
teristics. For example, a phylogenetic tree based on multilocus
enzyme electrophoresis of 20 enzymes revealed 5 overlapping
clusters constituted by DAEC and EAEC strains that were akin
to the clusters seen with EPEC and EHEC.'¥'”7 Another com-
mon feature is that EAEC and DAEC adhesins belong to the
same Dr superfamily.”! Broadly, DAEC can be differentiated by
whether they express Afa/Dr or Afa/Dr-related adhesins in-
cluding F1845 (from C1845) and AIDA-1.%5265465 ATDA-I was
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originally cloned from plasmid DNA of EPEC O126:H27 (strain
2787) from an infant diarrhea case.®%

History and pathogenesis. Human volunteers did not develop
diarrhea after ingestion of either of 2 DAEC strains.”

E. coli with Afa/Dr adhesins have been isolated in cases of
urinary tract disease or diarrhea.’>¢>316373852265 The associa-
tion of DAEC with urinary or intestinal disease may be related
in part to the capacity of some DAEC to induce tight-junction
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Hosts Manifestations/Disease conditions Virulence determinants* References
Humans Subclinical; Diarrhea; Traveler's diarrhea; Afa/Dr or Afa/Dr-related adhesins;  4,62,317,460,523,551,552,655,746
Persistent bloody diarrhea without fever; afa/dr
Bloody diarrhea with fever; Urinary tract
infection including gestational
pyelonephritis
Humans Inflammatory bowel disease, colon cancer afaC, IpfA, pks 582
Pigs Postweaning diarrhea or edema disease Adhesin involved in diffuse 517
adherence (AIDA); orfA, orfB
Pigs Not mentioned afaB 757

Figure 9. Natural DAEC infections: Hosts, manifestations, and virulence determinants. *, This column includes selected virulence determinants

investigated in the cited references.

lesions through secreted autotransporter toxin, one of serine
protease autotransporters of Enterobacteriaceae ?8421.65704705

The genes for afa/dra/daa can be found in various E. coli pa-
thotypes including STEC and ExPEC."***” Furthermore, some
strains positive for daaC (F1845 accessory gene) and one encoding
AIDA-I that exhibit DA pattern may also encode eae, be fluores-
cent-actin staining test positive, and can be considered aEPEC
strains.®3%%% In addition, AIEC strains from the mucosa of CD
and colorectal cancer patients may be positive for afa.!52475%

Prototypes. E. coli O75:NM (C1845) is the prototype DAEC
and was isolated from a child with a 3-wk duration (protracted)
diarrheal illness that lacked evidence of other pathogens.>>*
Prototypic UPEC strains include O2 (KS52), a urine isolate from
a pyelonephritis patient, and O75:K5:H- (IH11128), isolated
from a person with UTL305216574 E_coli 075:K5:H- (IH11128)
expresses Afa/Dr adhesins and is genetically related to E. coli
O75:NM (C1845).5 C1845, KS52, and IH11128 express F1845,
AfaE-I, and Dr adhesins, respectively.?*

Epidemiology and control. In France, DAEC was commonly
isolated from hospitalized diarrheic human patients.*”” In de-
veloping countries, DAEC is the third most important cause of
traveler’s diarrhea after ETEC and EAEC.®® DAEC was one of
3 prevalent pathotypes, including EAEC and EPEC, detected
in asymptomatic Peruvian children and was the most preva-
lent in coinfections.* In Mexico, DAEC was identified in 35%
of hospitalized diarrheic children.®® An association of DAEC
infection and bloody diarrhea with fever has been reported.>"
Vaccines against DAEC have not been reported. However, trav-
eler’s diarrhea chemoprophylaxis and chemotherapy have been
reported.®® An overview of natural DAEC infections in different
hosts reveals comparative aspects of etiopathogenesis (Figure
9).
Extraintestinal pathogenic E. coli (EXPEC). Definition. The ac-
ronym ExPEC has been proposed for use in referring to strains
associated with diseases outside the GI tract including (but not
limited to) meningitis, urinary tract, and systemic (septicemia)
infections.® These E. coli strains can also be recognized by the
names neonatal meningitis E. coli, UPEC, and sepsis-causing
E. coli.'™ Prostatitis is another manifestation of ExPEC infec-
tion.26% Strains expressing cytotoxic necrotizing factor (CNF)1
or CNF?2 are referred to as necrotoxigenic E. coli 1 or 2, respec-
tively, and CNF3 has also been described.'**%55% Necrotoxigenic
E. coli can cause disease in animals and humans.'**

History and pathogenesis. Initially, hemolysin was proposed
as a virulence determinant associated with E. coli involved in ex-
traintestinal infections; a later report found that some hemolytic
isolates also produced a toxin known as CNE!®! E, coli encod-
ing CNF1 was associated with enteritis/diarrhea of neonates
and children.>1%

UTIs are ascending infections, meaning that intestinal bac-
teria (such as UPEC) enter through the urethral orifice before

reaching the bladder and inducing inflammation.*> More exten-
sive colonization of UPEC may allow it to reach the kidneys and
blood, causing life-threatening disease.*> Experimental mouse
models of lethality involving E. coli injection showed that clini-
cal ExPEC isolates classified as phylogenetic group B2 induced
lethality and encoded relatively more virulence determinants
including pap (pyelonephritis-associated pilus; P fimbriae) and
hly (o hemolysin) operons.>® Another study using mice found
that fyuA (yersiniabactin receptor), usp (uropathogenic-specific
protein), malX (pathogenicity island marker), pap, and phylo-
genetic group B2 significantly predicted the “killer” status of
EXPEC isolates.*®** ExPEC may also encode other genes associ-
ated with virulence and express o. or B hemolysin.!>'*35 How-
ever, comparative sequence analysis suggested that no single
virulence mechanism is used by ExXPEC isolates and that ex-
traintestinal infection in a particular organ is not dependent on
expression of a single virulence determinant.”’>! A phylogenetic
group B2 E. coli isolated from a human with fatal hemorrhagic
pancreatitis has been classified as a translocating E. coli based on
its ability to translocate across epithelial cells into the mesenteric
lymph nodes and blood.”

E. coli can produce toxins that affect the cell cycle (cyclomod-
ulins), including CNF’s, cytolethal distending toxins (CDTI,
CDTII, CDTIII, CDTIV, CDTV), cycle inhibiting factor, and co-
libactin (Clb; encoded by pks).'"® Analyses of urosepsis E. coli
strains determined that encoding CNF-1 and CIb was associated
with the B2 phylogenetic group.'® B2 isolates from prostatitis
cases also encoded at least one cyclomodulin including Cib, Cnf,
or Cdt.” In addition, many E. coli K1 isolates that are associ-
ated with systemic infections in neonates encode CIb, which is
important for virulence.*'** Secreted proteases including serine
protease autotransporters of Enterobacteriaceae can also impact
EXPEC pathogenesis.”®

The role of E. coli pathotypes in IBD has been recently re-
viewed.*” Previously, hemolytic and necrotoxic E. coli were iso-
lated from humans with ulcerative colitis; these strains seemed
to colonize after relapses.'”® A microarray study found genetic
similarities between E. coli isolates from humans with IBD and
ExPEC.” B2 phylogenetic group cyclomodulin-expressing E.
coli strains have been detected in colonic biopsies of patients
with colorectal cancer.** A study of human fecal samples using
a quick PCR assay for direct quantification of bacterial genes
in stools detected CIb genes in 20% of the samples.*! In several
different experimental mouse models, CIb is associated with
cancer promotion consistent with its in vitro phenotype, which
includes megalocytosis and DNA breaks.!77#131435205%2 Paradoxi-
cally, the Nissle 1917 strain used as probiotic also encodes Clb;
its probiotic activity depends on CIbP, a Clb-activating pepti-
dase.442,520

CDT is considered genotoxic and carcinogenic in other ex-
perimental infections.?>2¥7% For example, chronic inflammation
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and dysplastic nodules were observed in an A/JCr mouse
model of liver cancer involving oral inoculation of Helicobacter
hepaticus, which naturally encodes CDT.*” The tumor promoting
effect of CDT-encoding H. hepaticus was reproducible in a dif-
ferent model and organ system; 129/SvEv Rag?2 deficient mice
developed intestinal cancer 20 wk after inoculation.* Also, after
21 wk, intestinal pathology was significantly exacerbated in H.
hepaticus-infected 129/SvEv Rag2~/~ 1110/~ gpt & male and fe-
male mice.?* The fecal and mucosal (cecal and colonic) levels of
pks+ E. coli significantly increased in H. hepaticus-infected 129/
SvEv Rag2~/~ 110/~ gpt 8 mice.** CDT may also be encoded by
pks+ E. coli colonizing laboratory rats.”””

Prototypes. E. coli O4:K6:H5 (]96), isolated from a human pa-
tient with pyelonephritis, is a prototype ExPEC strain express-
ing papG alleles and cnf1.3°% J96-like strains (O4 serotype) have
been isolated from urosepsis, acute cystitis, and bacteremia.*’
E. coli O6:K15:H31 (536) is another pyelonephritis human ar-
chetypal strain that encodes S fimbrial adhesin (sfa) comparable
to some human isolates from newborn cases of meningitis, in-
cluding RS218 and IHE3034.9#52%3% E. ¢oli O18ac:K1:H7 (RS218
and THE3034) (“K1 strains”), isolated in California and Finland,
respectively, are prototype meningitis-associated ExPEC with
known genetic sequences.>'74774 E. coli 06:K2:H1 (CFT073)
is the prototype acute pyelonephritis-associated (uropatho-
genic) E. coli that has been sequenced.®!4%4727¢5 Pathogenicity
island differences exist between CFT073, 536, and J96.2557% E. coli
CFT073 (06:K2:H1) is genetically related to the probiotic Nissle
1917 (O6:K5:H1).%%

Avian pathogenic E. coli (APEC) is considered ExPEC and E.
coli O2:K1:H5 (IMT5155) is the prototype strain isolated from
the internal organs of a chicken during an outbreak of colisep-
ticemia.?>?%42 E. coli ONT:H21 (SCI-07) is another strain classi-
fied as APEC due to its molecular characteristics. It was isolated
from a laying hen with “swollen head syndrome” signs and has
been genetically sequenced.®* E. coli OR:H10 (SEPT362), a
hepatic isolate from a septicemic chicken, is another sequenced
APEC strain of interest, given it encodes EAST-1, serine protease
autotransporters of Enterobacteriaceae Tsh, and has an enterotoxi-
genic-like phenotype. #7413

E. coli O2:K53,93:H1 (BM2-1) is a prototype bovine CNF-
1-expressing hemolytic E. coli strain isolated from the feces of a
calf with enteritis.’""*1%E, coli O15:K+:H21 (S5) is a prototype
CNF-2-producing strain isolated from blood of a bacteremic
lamb'561,675

Disease in ferrets may be caused by strains positive for cnf1,
hlyA, and pap1 including: O4:H-, O4:H5, O6:H-, and O2:H4.4*
Rat E. coli strains with potential to cause disease have been
recently characterized and include O7:H7 (pks+, cdt-, cnf- and
pks+, cdt+, cnf-), O166:H6 (pks+, cdt+, cnf-), OM:H6 (pks+, cdt+,
cnf-), and O4:H5 (pks+, cdt-, cnf+).%” In mice, E. coli O2:H6/41
(NC101 strain) is considered a prototypic pks+ strain that, in
monoassociation experiments, induces intestinal inflammation
in interleukin-10 knockout (IL10~/-) mice and also promotes
invasive carcinoma in IL10~/~ mice administered azoxymeth-
ane.]7,351,405

Epidemiology and control. In humans, the clinical presenta-
tion of EXPEC infections can vary and these diseases including
UTIs have significant medical and economic impact.!5'220465625
Given their importance, epidemiologic studies should include
genotypic and phenotypic (protein expression) information re-
garding EXPEC associated virulence determinants.’" Antibi-
otic therapy for UTI is hampered by the emergence of resistant
bacterial strains and mechanisms of resistance.*”* The dissemi-
nation of particular clonal groups with antibiotic resistant and
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hypervirulent characteristics warrants investigations of EXPEC
transmission and clonal expansion.'™

Human UTI vaccines are available in Europe but not in the
US.*5 Experimentally, UTI vaccine targets include antigens
related to bacterial iron acquisition.*”! The human ExPEC4V
vaccine includes 4 different E. coli O antigens and has been eval-
uated in Phase 2 studies.”**'>¢” Also, a multiantigen (including
4 surface proteins) vaccine against APEC reduced lesions due to
APEC 02, as well as blood and organ load, after experimental
challenge in chickens.” An overview of natural ExPEC infec-
tions in different hosts reveals comparative aspects of etiopatho-
genesis (Figure 10).

Mix and Match: Challenges

Hybrids. Hybrid strains are an emerging public health risk
with associated medical and epidemiologic challenges that be-
hoove the investigation of isolates for an expanded set of viru-
lence determinants using techniques such as whole-genome
Sequencing.298’524'525'579

In 1998, HUS-outbreak associated E. coli O111:H2 strains were
reported to exhibit STEC and EAEC characteristics, providing a
prelude to entero-aggregative-hemorrhagic E. coli (EAHEC).*
In 2011, an outbreak of EAHEC O104:H4 associated with sprout
consumption caused close to 4000 cases of acute gastroenteri-
tis or hemorrhagic colitis (855 HUS cases and 53 deaths).”>7*
EAHEC 0104:H4 was antibiotic resistant and phenotypically
produced extended-spectrum B-lactamase (ESBL).**#¢4% Two
0104 patient isolates from this outbreak were sequenced and
found to be similar to an EAEC African strain (55989); however,
these 2 isolates contained a Stx-encoding prophage.******* The
role of farms as virulent determinant pools for the emergence
of EAHEC O104:H4 was suggested by a study performed in
Germany and Spain, in which the genes characteristic of this
strain, including stx2, aggR, wzx,,, and fli,,, were identified in
samples from one German abattoir that was closer to the out-
break epicenter, and that used animals originating from farms
near the epicenter.” Furthermore, genome sequence analyses
of sporadic (not outbreak related) O104 strains suggested that
0104 variants may emerge from other reservoirs and not neces-
sarily from the epidemic strain.”

EPEC/ETEC hybrids are E. coli strains carrying LEE genes
and expressing type III secretion system effector (EspB) and LT
that appear to have originated from plasmid-acquiring EPEC.**
Children/infants were colonized with these EPEC/ETEC strains
in Africa and India.'"¥*® A study in cattle reported EPEC/ETEC
and EHEC/ETEC isolates.” STEC and /or EHEC/ETEC hybrids
are E. coli strains encoding Stx(s) and ST, and some have been
recovered from disease cases that include HUS in young human
patients in Finland, and animals, including cattle.?433524525,579
The plasmid of Escherichia sp. cryptic lineage 1 O2:H25 (strain
7v) from healthy cattle feces encodes a mix of virulence deter-
minants from STEC and ETEC plasmids, including K88, which
is usually found in ETEC plasmids from pig isolates.** Pigs can
harbor ETEC and STEC/ETEC hybrid strains that are resistant
to multiple antibiotics.*

In Spain, O153:H10-A-ST10 eae-f 1 aEPEC-EXPEC has been
isolated from diarrheic humans and canid (fox) feces.'® In
France, infection with E. coli O80:H2 (clonal group ST301) was
associated with a high percentage of HUS cases (91%), of which
3 cases included bacteremia, peritonitis/septic shock, or pancre-
atic abscess .*»%% The genetic characteristics of E. coli O80:H2,
encoding intimin and Stx2 and positive for genes associated
with extraintestinal virulence of plasmid pS88, suggest that this
E. coliis an EHEC/EXPEC hybrid.*»*7% An overview of natural



E. coli Infections in a Range of Hosts

Hosts Manifestations/Disease conditions Virulence determinants* References
Humans Diarrhea (infant/children) Cytotoxic necrotizing factor 1 (CNF1) and 56,103
hemolysin (Hly) production
Humans Colorectal cancer B2 phylogenetic group; cnfl and pks (and 94
cytotoxin production)
Humans Urinary tract disease Various genes or combinations including: pap, 596
sfa, afa, aer, and cnf; alpha or beta hemolysis
Humans Asymptomatic and symptomatic Hly production 308
bacteriuria
Humans Urosepsis Several genes and fyuA, traT, pathogenicity- 331
associated island marker
Humans Bacteremia Various genes: cnf, blatem, fyuA 478
Humans Prostatitis Various genes including cdt1, clb, and cnf1 372
Humans Meningitis Colibactin production (pks); K1 capsule 3,256,450,607
Humans Septic arthritis/ pyomyositis, pneumonia, >2 virulence determinants including: papA 327
spontaneous meningitis, nonvertebral and/or papC, sfa/foc, and kpsM 11
hematogenous osteomyelitis
Humans Cholangitis and bacteremia =1 adhesin; papG class I 758
Macaques Clinically normal cnfl (and cytotoxic), papG, hlyA, and beta 435
hemolytic
Macaques Clinically normal pks, cnfl (and cytotoxicity demonstrated for 214
both)
Pigs Postweaning diarrhea cnfl (5.9% of strains/isolates). These cnfl+ 729
isolates produced Hly and two were cdtB+
Pigs Abortion cnfl, Hly production 571
Pigs No clinical signs ("healthy") cdtB 303
Dogs "Healthy" No virulence determinant genes (most common) 689
or positive for > 1 virulence determinant gene
including: cnf, sfa/foc, papGIII, hlyD
Dogs Diarrhea cnfl, pap, hlyA, fyuA, and other genes 687
Dogs Diarrhea, septicemia, and other conditions  cnfl 571,687
Dogs Urinary tract infection hly, fyuA, pap, papG allele 111, sfa/foc, sfaS, iroN, 329,333,791
and ompT
Dogs Pyometra cnf , sfa, pap, hly, iuc, afa 126
Dogs Cystic endometrial hyperplasia CNF 167
Cats “Healthy” Hly, CNF1, CNF2 54
Cats Diarrhea, septicemia cnf 571
Cats “Healthy”; urinary tract infection pil, pap, sfa, hly, cnfl 791
Cats Pyometra Hemolytic 119
Cats Infertility pks, cdt, cnf 419
Birds (poultry) Omphalitis, swollen head syndrome, iutA, iss, hlyF, iroN, ompT, tratT, other genes, 262,337,449,511,546
cellulitis, septicemia, other lesions ColV plasmids, production of aerobactin and
colicin V
Cattle "Healthy" cnf2, cdtB, ehaA 303
Cattle "Healthy", diarrhea (calves), septicemia, cnfl (CNF1), cnf2 (CNF2) 57,156,571
pneumonia, mastitis, abortion
Cattle Metritis cnf2, fyuA 55,571,661
Goats Septicemia cnfl 571
Goats “Healthy” (kids or lambs) cnfl and/or cnf3, eae, ehxA 538
Goats Diarrhea (kids) cnf3, eae, ehxA; CNF2, eae 120,538
Sheep Septicemia (lamb) CNE2 156,675
Sheep “Healthy” (adult), diarrhea (lambs) cnf3, eae, ehxA 538
Ferrets Subclinical, gangrenous mastitis, systemic ~ Hemolytic E. coli (virulence genes not 403
disease characterized)
Black-footed ferret Sudden death, dehydration, diarrhea, cnfl (one isolate from a kit’s kidney and liver) 83
anorexia
Ferrets Diarrhea (and diseased tissues including cnfl, hlyA, papl 428
mammary gland, brain, uterus)
Rabbits Diarrhea CNF1, Hly 60
Rabbits Diarrhea cnfl (CNF1), cnf2 (CNF2) 59
Mice Abscesses (subcutaneous and others Not reported 36
affecting seminal vesicles, preputial
glands, kidney, uterus), septicemia,
pneumonia, or endometritis
Mice Subclinical; Cystic endometrial clbA, cIbQ; Cytotoxicity 241
hyperplasia
Mice Urosepsis, meningitis clbA, cIbQ; Cytotoxicity 24
Mice Peritonitis Not reported (8-hemolytic E. coli) 334
Mice Intestinal inflammation (cecum, colon) sfa/focCD, fyuA, cnfl/2, and others 777
Hamsters Enterocolitis, diarrhea -hemolytic E. coli; some co-infected with 172
Lawsonia intracellularis
Hamsters Necrosuppurative mastitis Not reported (E. coli) 172
Guinea pigs Diarrhea pks 208

Figure 10. Natural ExPEC infections: Hosts, manifestations, and virulence determinants. *, This column includes selected virulence determi-
nants investigated in the cited references.

15



Vol 71, No 1

Comparative Medicine

February 2021

Hybrid type Hosts Manifestations/ Disease conditions  Virulence determinants* References

EAEC/STEC Humans HUS outbreak stx2 (Stx2), astA, AA phenotype 78,480
Humans Gastroenteritis, hemorrhagic colitis,  stx2, (Stx2), Ipfous, Ipfozs, iha, aggR, aatA, aap, aggA, aggC, 50,95,227

HUS, death setl, pic, AA phenotype

EPEC/ETEC Humans Symptomatic or asymptomatic LEE (EspB), LT (inactive) 298
Human Diarrhea eae, elt, (Campylobacter co-infection) 187,298
Humans Lethal LEE (EspB), bfp, eatA 298
Ruminants Not reported eae, estA 20
(cattle)

STEC and/or Humans Asymptomatic, diarrhea, HUS stx2 (Stx2), estla (STla), hly genes, eae, fyuA, others 524,525

EHEC/ETEC
Humans Diarrhea, abdominal pain, fever Stx (stx2g), stla (ST) 579
Human Cystitis stx2q, estlA, eae 731
Pig Not reported stxa, sta, stb 787
Pigs Postweaning diarrhea stxz, genes for F18, STa, and STb 752
Pig at Not reported Stx2e (stx2c), STIp and STII (STb) genes, astA 45
slaughter/pork
Cattle Not reported stx2, stx1 (Stx1), estla (STla), astA, hly genes, others 20,433,524,525,579
Goats and Not reported stx1, stx2, sta 339
sheep

aEPEC /ExPEC Humans and a Diarrhea (humans) eae, fimAvmrzs, traT, fimH54 169
fox

EHEC/ExPEC Humans HUS with bacteremic complication  stx2, eae, pS88 plasmid genes 425,683
Humans Diarrhea stx, hlyA, vat, clb island, cnfl, iro cluster, ybt cluster 244

ETEC/DAEC Gorilla “Healthy” tia, afaD 590

EIEC/EHEC/EA  Human Crohn disease aggR /eae/stx1/invasive and AA phenotypes 149

EC

tEPEC/STEC Cockatiel and “Healthy” eae, bfpA, stx2f 251
budgerigar

Figure 11. Natural hybrid E. coli infections: Hosts, manifestations, and virulence determinants. *, This column includes selected virulence deter-

minants investigated in the cited references.

hybrid E. coli infections in different hosts reveals comparative
aspects of etiopathogenesis (Figure 11).

Mobile drug resistance: Carbapenamase. ESBL-producing bac-
teria are defined by non-susceptibility to extended-spectrum
cephalosporins (including third-generation cephalosporins)
and aztreonam and susceptibility to clavulanic acid.>****> A pro-
posed ESBL nomenclature seeks to add non-susceptibility to
carbapenems to this definition.”*”** Carbapenems are used to
treat infections caused by ESBL-producing Enterobacteriaceae.>*
E. coli carrying ESBL genes have been found in companion ani-
mals.'*#17130772 The recent documentation of ESBL transmission
leading to bacteremia and death in a human patient treated for
C. difficile colitis via fecal microbiota transplantation has raised
concerns regarding donor screening for this therapy.'*

Carbapenem resistance can be transferred by plasmids and
includes New Delhi Metallo--lactamase (NDM), Klebsiella pneu-
moniae carbapenamase (KPC), and oxacillinases (OXA).>18519756766
NDM-1 encoding bacterial strains can be resistant to almost all
antibiotics and represent a global health threat.”>*"* NDM-1
gene was detected in a Klebsiella pneumoniae isolate from a hu-
man UTI patient who visited New Delhi, India.”® This patient
was also colonized with an enteric E. coli carrying a plasmid
with NDM-1 gene (bla, ) suggesting in vivo conjugation.”®
In the US, Kiebsiella pneumoniae, E. coli, and Enterobacter cloacae
human isolates with bla , were reported from patients with
a history of medical care in India."® A study of multidrug-re-
sistant Enterobacteriaceae from India, Pakistan, and UK found
that NDM-1 encoding isolates consisted mainly of Klebsiella
pneumoniae and E. coli, and that NDM-1 was mainly found on
plasmids.’” Furthermore, human patient and environmental
(vacuum cleaner dust from patient’s home) ST131 E. coli encod-
ing bla,, , have been characterized.”>¥7855%57

In companion animals, urine (4 canine and one feline),
wound (canine), and nose (canine) E. coli isolates were posi-
tive for NDM-1 genes (bla, ), suggesting that these animals
can be a potential reservoir for these resistant strains to infect
humans; however, the travel history of owners of these pets was
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not reported.®® Meropenem resistant (NDM-5) E. coli belonging
to ST167 were isolated from 2 dogs with chronic otitis and a
human living in the same household in Finland.”” Interspecies
transmission of small col-like plasmids (likely high copy num-
ber and possibly highly mobile) encoding bla, ,. may be epide-
miologically important.®”* OXA-48 carbapenamase-expressing
E. coli and Klebsiella pneumoniae have been characterized from
6 dogs hospitalized in Germany.®> Carbapenamase-encoding
E. coli have also been isolated from pigs in Germany and Ko-
rea.218/290,618

Abla,. ,-encoding plasmid was detected in an E. coli isolate
from a river in Portugal, suggesting that aquatic environments
be reservoirs.”” Surface, drinking, and ground waters can be
a source of E. coli for animals and humans that could subse-
quently become vectors, 1428846157976

Identification of E. coli in animal host

Nonhuman primates (NHPs). Historically, E. coli has been iso-
lated along with other bacterial or viral pathogens in nonhuman
primates with respiratory or systemic diseases.?***%¢> EPEC
was isolated from a 20-wk-old simian immunodeficiency virus
(SIV)-inoculated macaque (Macaca mulatta) at the New England
Regional Primate Research Center that exhibited profuse diar-
rhea and wasting.*? Retrospectively, EPEC was identified as one
of the pathogens associated with a similar clinical presentation
in macaques dying with AIDS.*? Other pathotypes that have
been isolated from macaques include EXPEC*® and pks+ E. coli*™*
from subclinical cases, and EIEC and EHEC from an outbreak of
diarrhea in outdoor-housed macaques.*®

In New World monkeys, a clinical investigation of acute pro-
fuse diarrhea in cotton-top tamarins (Saguinus oedipus) at New
England Regional Primate Research Center led to the isolation
of EPEC O26:HNM encoding BFP.** Tamarins with intimin-pos-
itive E. coli fecal isolates exhibited higher incidence of colitis and
higher active colitis histologic scores.*” The incidence of EPEC
in cotton-top tamarins, a model of human ulcerative colitis, is



reminiscent of the E. coli prevalence in humans with IBD includ-
ing ulcerative colitis.#368423565,633

EPEC has also been isolated from common marmosets (Cal-
lithrix jacchus) with bloody stools/diarrhea and the genetic
sequence of an isolate was determined.?*”* EPEC was mostly
detected in stool or rectal swab samples from marmosets with
bloody stools (100%), but was also found in samples from diar-
rheic (20%) and clinically healthy (10%) marmosets.*> Another
NHP study that included marmosets found that 27% and 47%
of the E. coli isolated from both apparently healthy monkeys
and diarrhea/enteritis cases, respectively, were positive for eae,
suggesting a role of EPEC in diarrheal disease observed in cap-
tivity.!® The expression of BFP, a characteristic of tEPEC strains,
suggested zoonotic potential.®*!% Marmosets were proposed as a
human EPEC infection model.'® Laboratory housed marmosets
can be colonized with E. coli, including pks+ or cnf+ strains.*!

Pigs. Pigs can be colonized with EPEC and have shown
A/E lesions.”** Forty-three STEC strains, mostly encoding
Stx2e (Stx2 variant associated with porcine edema disease) and
mostly eae negative, were isolated from slaughtered (appar-
ently healthy) finisher pigs.*¢*! One of these strains (0103:H2)
could be considered an EHEC, as it was positive for both sfx1
and eae.?* Pigs can be considered reservoir hosts of STEC/
EHEC, including 0157, and have been used experimentally to
study infection and disease.”®”713%2250603757 Syyine can also harbor
EAEC.™

Virulence determinants including Stx2e and F18 adhesin
(found in ETEC) are associated with ED and diarrhea in wean-
ling pigs, and AIDA-I (found in DAEC) is proposed to play
a role as well.””” AIDA-positive Stx2e-negative isolates were
identified in pigs that did not show signs of postweaning diar-
rhea, suggesting that they were DAEC strains.’"” Some of the
Stx2e-producing E. coli in one study encoded STs including STIp
(STp), STII (STb), and EAST1, suggesting that they can be con-
sidered STEC-ETEC hybrid strains.**? A study of postwean-
ing diarrhea in pigs determined that 6% of the E. coli strains
encoded CNEF-1.”% Hybrid strains with various characteristics
were isolated from diarrheic piglets and could not be classified
into particular pathotypes.™!

Dogs. Dogs are reservoirs of aEPEC, tEPEC, STEC, and
EAEC.#4293714884%5584 A /F ]esions have been diagnosed in diar-
rheic 7 to 9 wk old dogs.***"* However, some EPEC-colonized
dogs may not exhibit diarrhea.*>* Isolation of a tEPEC strain
with the same genotype, phenotype, and serotype in a pet dog
with diarrhea and a child from the same household provided
evidence of zoonotic transmission.*”

Isolates from dogs with GI disease can also be positive for LT
and/or ST and thus be considered ETEC, or positive for Stx and
considered STEC.¥7#757578687761 [solation of E. coli O157 from a
clinically unaffected dog during an outbreak investigation sug-
gested that dogs act as vectors.” Dog feces collected on dairy
farms were positive for E. coli O157.%! Stx, LT, and ST gene and
protein expression were detected in fecal samples from Grey-
hounds with and without acute diarrhea.®®> Greyhounds have
been used experimentally to study Stx-induced disease.”!

AIEC, similar to LF82 from human CD, have been isolated
from colonic mucosa of boxer dogs with granulomatous coli-
tis.®® French Bulldog granulomatous colitis may be associated
with E. coli infection and has been described in young (< 1y old)
dogs with hematochezia.*'® Sequence analysis of a 904 bp 16S
rRNA PCR amplification product from DNA of formalin-fixed
paraffin embedded colonic tissue identified E. coli LF82 in the
colon of a laboratory Beagle dog with histiocytic typhlocoli-
tis.!”” According to an American College of Veterinary Internal

E. coli Infections in a Range of Hosts

Medicine consensus statement article, if dogs are exhibiting
systemic signs of illness, the use of antibiotics is warranted for
treating granulomatous colitis.*®*** Metagenomic analyses de-
termined that the microflora of dogs with IBD (lymphocytic-
plasmacytic duodenitis and mixed lymphocytic-plasmacytic
duodenitis and neutrophilic duodenitis) is characterized by an
abundance of members of the family Enterobacteriaceae, to which
E. coli belongs.”

Dogs are also reservoirs of EXPEC strains (some papG+) that
can be transmitted to humans.?'>*%2 Genotypic analysis re-
vealed common electrophoretic types of clinical isolates from
dogs, cats, and humans in different geographic locations, in-
cluding Florida, Tennessee, and Michigan, suggesting viru-
lent clones.”? ExPEC strains isolated from dog feces and urine
(UTI) were molecularly similar to strains from human clini-
cal cases.®>* The virulence determinants of CNF-1-encoding
strains from dogs with diarrhea also suggests involvement in
UTL®” ESBL genes have been detected in canine and feline UTI
isolates and in fecal isolates from healthy animals.’****” Other
potential clinical presentations of dogs with EXPEC infection
include hemorrhagic pneumonia and fatal pneumonia with con-
comitant canine adenovirus type 2 infection.!*%2%

E. coli is commonly isolated from the uterus of dogs with pyo-
metra; in cases with concurrent UTI, the same E. coli strain may
be the causative agent of both infections.?” Isolates from dogs
with pyometra or healthy controls encoded virulence determi-
nants associated with EXPEC involved in UTIs.”'¥67" Genotypi-
cally, some isolates from purulent uterine fluid of affected dogs
were similar to those isolated from their saliva, suggesting that
dogs can transmit these virulent isolates to humans.” Within
households, the prevalence of E. coli sharing between healthy
dogs and owners was determined to be 4%, 8%, and 8% using
3 different fingerprinting (genotyping) methods.>® E. coli with
similar genotypes or plasmid pattern have been identified in
family members and pets, including dogs and a cat."%7!

Cats. A/E bacteria have been identified by histopathology
and electron microscopy in 2 clinically affected cats with ca-
tarrhal enteritis; E. coli was isolated from one of them, suggesting
the possibility of EPEC infection.””® EPEC O-:NM was isolated
from the feces of a kitten with diarrhea that later resolved.’
Clinically affected and unaffected cats may be colonized with
tEPEC.%%31 aEPEC also colonizes kittens, is associated with
terminal illness, and has higher colonization levels in animals
with diarrhea than in those without diarrhea.?**°'#7%2 However,
in another study, aEPEC were mostly isolated from nondiarrheic
cats.*8! Furthermore, E. coli isolates from diarrheic or healthy
cats can be cytotoxic to Vero cells, and stx2 has been detected
in E. coli strains isolated from cats.!¥## Cats without diarrhea
may also harbor EAEC.%

According to genetic analyses, Firmicutes (Clostridiales) were
abundant in the GI tract of a healthy specific-pathogen-free cat,
whereas Enterobacteriaceae, Clostridium spp., and E. coli/Shigella
numbers correlated with clinical signs, duodenal mucosal
changes and cytokine upregulation in cats with IBD.?'34 The
virulence determinants of feline IBD-associated E. coli have not
been reported.*®

Healthy cats can also harbor CNF-1 positive E. coli strains in
the feces. Diarrhea and septicemia in dogs and cats were as-
sociated with CNF-positive E. coli.’”" An isolate encoding CNF-1
and CNF-2 was cultured from one kitten with necrotizing en-
terocolitis.>"* UTI-associated E. coli isolates from dogs and cats
may be characterized by a common set of virulence determi-
nants including hly, pap, sfa, and cnf1.#>7°! ExPEC infection in
cats may be associated with severe respiratory disease including
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Figure 12. (A) Ferret naturally infected with E. coli exhibiting signs of mastitis including swollen and erythematous mammary tissue. (B)
Hyperemic and hemorrhagic serosa at the level of the distal cecum adjacent to the junction with the proximal colon in a Dutch Belted rabbit
experimentally infected with enterohemorrhagic E. coli O157:H7; Copyright © American Society for Microbiology, [Infection and Immunity 80,
pages 369-380, 2012]. (C) Global intracellular edematous swelling, increased numbers of heterophils (arrows), and decreased number of erythro-
cytes (“bloodless glomerulus”) in a glomerulus of a Dutch Belted rabbit experimentally infected with enterohemorrhagic E. coli O153 (scale bar:
60 um); Garcfa and colleagues, Renal Injury Is a Consistent Finding in Dutch Belted Rabbits Experimentally Infected with Enterohemorrhagic
Escherichia coli, The Journal of Infectious Diseases, 2006, volume 193, issue 8, pages 1125-1134, by permission of the Infectious Diseases Society of
America. (D) E. coli-associated necrotizing suppurative metritis (pyometra) in a naturally infected “alpha V integrin*~; alpha v fl’*; Tie 2, Cre*~”
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fatal pneumonia.”**"%% E. coli encoding cyclomodulins such as
cnf, pks, and cdt have been isolated from feces and vaginal swabs
of specific-pathogen-free inbred laboratory cats with a history
of infertility, including pyometra, stillbirths, and resorptions.*

Birds. Chickens can be carriers of EPEC and STEC O157, and
chicks less than or equal to 1 d-old can be experimentally colo-
nized with eae-encoding E. coli including O157:H7%25¥6467 One
study found that EPEC colonized the intestine of chickens, pi-
geons and ducks; pigeons also harbored EHEC*? and are car-
riers of STEC/EHEC strains that may encode Stx2f and have
zoonotic potential.165210275362479,648,682 “Syyollen head syndrome” is
a poultry disease caused by E. coli strains that produce another
Stx variant known as VT2y.*54%6% Chickens with or without
diarrhea may be infected with ETEC (STII/STb).? Yolk sac infec-
tion in chickens may be associated with ipaH-positive bacteria,
suggestive of EIEC.?¢"” Pigeons and conures can also be vectors
of EIEC and EAEC, respectively.*”*? In addition, avian organic
fertilizer may be contaminated with EAEC and/or EAEC/
EPEC hybrid strains.”

APEC are ExPEC strains associated with local or systemic
colibacillosis; these infections are an important disease category
that economically affects the poultry industry. 0?6446 These
strains may be classified into subpathotypes, defined by their
associated clinical presentation, including omphalitis, “swol-
len head syndrome”, and septicemia.*® APEC can encode
several virulence determinants, and some strains have been
proposed to represent human UPEC (ExPEC) or influence hu-
man disease by transferring virulence determinants to other
strains.'#4202457468,610630694 [Jsing MLST, APEC and human UPEC
isolates were found to belong to 4 sequence types including
ST10, ST48, ST117, and ST2016, suggesting zoonotic potential.'”®
ExPEC strains involved in UTIs and APEC strains may belong
to the same serogroups and may also be genotypically and phy-
logenetically similar.®

Ruminants. Ruminants including goats, sheep, and cows are
well-recognized and thoroughly researched reservoir hosts of
STEC/EHEC.#146165662%27% Some cows are known as super shed-
ders that can excrete O157 at estimated levels of greater than 10*
CFU/g of feces, a characteristic that could be epidemiologically
relevant.'®1%%7 The recto-anal junction has been identified as a
lymphoid follicle rich area of the intestine that is colonized by
0157:H7 with aggregative adherent phenotype.”*>*” Vaccination
strategies have been developed for cattle to reduce the level of
intestinal colonization with EHEC.%* Cattle, sheep, and goats
can all carry EPEC that may be zoonotic.*?133233416

Ruminants can also be reservoirs of ETEC, which is shed by
diarrheic newborn calves.®*71777 Virulence determinants of
bovine ETEC isolates include STaP, F41 and K99.#"* The K99 plas-
mid was associated with diarrhea in calves and lambs 3144541676
K99 and/or F41 detection in goat kid and lamb E. coli isolates
that were not STI or LTI producers suggested that these strains
were virulence determinant reservoirs.*° In Bangladesh, 34%
of the ruminant E. coli isolates were STEC-ETEC hybrids and
50% of these were antibiotic resistant.® Also, ipaH-positive E.
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coli suggestive of EIEC infection were isolated from lambs with
diarrhea.*® ipaH-positive E. coli and other pathotypes, includ-
ing hybrid-like strains, were isolated in cultures from bulk tank
milk and raw milk filters.'*

Septicemia and enteric disease in calves can be associated
with E. coli strains encoding afa-8, east1, clpG, and also viru-
lence determinants of EXPEC (cnf1, hly, pap), suggesting gene
exchange between intestinal and extraintestinal isolates.”? The
bovine E. coli isolates had some features in common with those
from human cancer patients with sepsis.**> Cnf-2-encoding E.
coli strains have also been isolated from calves with septicemia
and enteric disease.®***¥ E. coli isolated from goat and sheep
feces may express CNF-3 and also encode plasmid-encoded
hemolysin/enterohemolysin (ehxA) and eae.*®%¢ Two EPEC
0115:H- isolates from the colon and rectum of an O157:H7-inoc-
ulated lamb encoded CNF-1, CNF-2, and EAST-1, and another
O115 strain encoding these same virulence determinants was
isolated from a sheep.”’*® An outbreak of lamb septicemia was
associated with neonatal E. coli O78 (K46) infection.?¢%7

Mammary pathogenic E. coli was proposed as a “pathotype”
for E. coli strains isolated from cases of mastitis in cows; how-
ever, mastitis-associated E. coli and commensal E. coli could not
be distinguished phylogenetically.*>%* More recently, in vivo
experiments indicated that the ferric dicitrate uptake locus (fec
locus) is associated with the ability of mammary pathogenic E.
coli to induce mastitis.”” Cows develop pelvic inflammatory dis-
ease/metritis, which has been associated with E. coli strains that
encode fyuA.*' These fyuA-encoding E. coli strains, currently
known as endometrial pathogenic E. coli, did not encode adhe-
sion and invasion genes of enteric or EXPEC strains.®' However,
comparative genome analysis of the prototype endometrial
pathogenic E. coli strain MS499 indicated that this strain encodes
EXPEC factors.*®

Ferrets. An investigation of gangrenous mastitis in ferrets im-
plicated hemolytic E. coli as the causative agent (Figure 12 A).*®
This disease had an acute septicemic or peracute presentation.*®
The same organism was also isolated from rectal swab samples
of ferrets both with and without mastitis.*® An investigation of
E. coli isolates from diarrheic feces, uterus, brain, or mammary
gland of clinically affected ferrets characterized the isolates as -
hemolytic and positive for cnfl, hlyA, and pap1.*® These isolates
were negative for cnf2, eae, stx1, stx2, sta, and stb.**® In another
study, clinical disease, including sudden death or anorexia and
loose mucoid feces (for 12 to 24 h), was observed in captive
black-footed ferrets.®* ETEC (positive for sta and stb) was iso-
lated from clinically affected adults and kits.** The only isolate
not characterized as ETEC was isolated from kit tissues and was
positive for cnfl.# To date, Stx-encoding E. coli have not been
reported in ferrets; however, an experimental model involving
Stx-encoding E. coli infection of streptomycin treated ferrets has
been reported.””

Rabbits. Historically, E. coli has been recognized as an agent
that can commonly colonize clinically unaffected rabbits, in-
cluding Cottontail rabbits (Sylvilagus floridanus), but can also

mouse. E. coli is fluorescently labeled with a green peptic nucleic acid in situ hybridization probe that detected bacteria in the affected and lumi-
nal areas of the uterus. The nuclei of the cells are stained blue with 4’,6’-diamidino-2-phenylindole (DAPI) (no scale bar: x100); Reprinted from
Microbes and Infection18(12), Garcia A, Mannion A, Feng Y, Madden CM, Bakthavatchalu V, Shen Z, Ge Z, Fox JG, Cytotoxic Escherichia coli
strains encoding colibactin colonize laboratory mice, 777-786, Copyright (2016) with permission from Elsevier. (E) Renal section of a mouse natu-
rally infected with cytotoxic E. coli ( pks+) and exhibiting multifocal subacute suppurative pyelonephritis, intraluminal bacteria, and tubular
necrosis (scale bar: 1 mm). (F) Brain section of a mouse naturally infected with cytotoxic E. coli ( pks+) and exhibiting focally extensive subacute
necrohemorrhagic meningoencephalitis (scale bar: 200 um). Figures 12(E) and 12(F) have been reprinted from Bakthavatchalu and colleagues
(2018) Cytotoxic Escherichia coli strains encoding colibactin isolated from immunocompromised mice with urosepsis and meningitis. PLoS One
13(3): €0194443. doi: 10.1371/journal.pone.0194443, with permission through an open access Creative Commons Attribution (CC BY) license. (C,

E, F are hematoxylin and eosin stained sections).
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Figure 13. Reported E. coli pathotypes or hybrids and the animals in which they have been identified. EPEC, enteropathogenic E. coli; STEC,
Shiga toxin-producing E. coli; EHEC, enterohemorrhagic E. coli; ETEC, enterotoxigenic E. coli; EIEC, Enteroinvasive E. coli; DAEC, Diffusely ad-
hering E. coli; EXPEC, Extraintestinal pathogenic E. coli; EAHEC, Entero-aggregative-hemorrhagic E. coli; aEPEC, atypical EPEC; tEPEC, typical
EPEC; EPEC/ETEC, STEC and/or EHEC/ETEC, aEPEC/ExPEC, EHEC/EXPEC, ETEC/DAEC, EIEC/EHEC/EAEC, tEPEC/STEC are hybrids;

X, reported; Empty box, not reported.

induce fatal disease.?*¥7* Similarly, EPEC and STEC/EHEC
have been detected or isolated in rabbits with or without clini-
cal signs.?*3%5726% In addition to RDEC-1, EPEC O103 strains
exhibited high pathogenicity along with an inability to ferment
rhamnose.®®* Coinfection with other pathogens may influence
the severity of EPEC infection.®™** Particular serotypes may be
associated with disease in weaned as compared with suckling
rabbits.>%35%

Rabbits have been reported as vectors of O157:H7 or non-
0157 STEC strains.?>¥058063 EHEC 0153 infection was associ-
ated with an outbreak of diarrhea and HUS-like disease in DB
rabbits; characterization of the natural cases lead to the develop-
ment of an experimental model involving oral inoculation (Fig-
ure 12 B and C).%82435456647907% Rabbits experimentally infected
with other EHEC strains by the intraperitoneal route also de-
velop disease.®' Other toxigenic E. coli strains that can be found
in rabbits include those encoding CNF1 or CNF2.%8

Rodents. E. coli has been isolated from mice and rats, particu-
larly the murine oral cavity, which may harbor E. coli due to
coprophagia 22541145734 n a study of Norway rats in New York
City, aEPEC was detected in the feces along with other poten-
tially zoonotic pathogens.?"” In farm environments, rats can be
EHEC/STEC carriers, and experimentally,”® intraperitoneal in-
oculation of recombinant Stx2-expressing E. coli culture super-
natant has been used to develop a rodent model of HUS.>67%

Lesions of E. coli-infected clinically affected mice include
abscesses (subcutaneous and others affecting seminal vesicles,
preputial glands, kidney, uterus), septicemia, pneumonia, or
endometritis (Figure 12 D).2*%2*! Development of spontaneous
B-hemolytic E. coli peritonitis in homozygous mutant Myd88‘ 4k
female and male mice suggested susceptibility due to impaired
innate immunity.** Mice developed hyperplasia and hypertro-
phy of mesothelial cells.** The intestine of interleukin 10-de-
ficient mice with intestinal inflammation contained a higher
number of E. coli O7:K1:H7 than did that of control mice without
disease.””” A study using laboratory mice, including sentinels,
found that animals were colonized by Clb-encoding (pks+) E.
coli, which may confound experimental studies.**' Cases of uro-
sepsis, including meningitis, were diagnosed in immunocom-
promised mice infected with Clb-encoding E. coli (Figure 12 E
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and F).** E. coli was identified in a mouse diagnosed with cystic
endometrial hyperplasia; Clb-encoding E. coli was isolated from
the uterine fluid/wall?*! In another study, laboratory rats from
various commercial suppliers were colonized by Clb-encoding
E. coli, and some of these isolates also encoded CDT or CNE*”
Currently, E. coli pathotypes are not included in conventional
health surveillance protocols for mice or rats.

“E. coli O:105” (strain 1056), an invasive E. coli isolated from
the ileum of a hamster with proliferative ileitis was shown
experimentally to induce acute enteritis in 32% of Syrian
hamsters.”? In addition, spontaneous enterocolitis of Syrian
hamsters was associated with coinfection of B-hemolytic E. coli
and Campylobacter-like organisms (now known to be Lawsonia
intracellularis).'”? Furthermore, E. coli infection is one of the po-
tential etiologies associated with urinary tract disease including
cystitis, cystic calculi, and urolithiasis in guinea pigs,* appar-
ently with a disease predisposition in aged females.>® These
clinical conditions of guinea pigs were observed at mean ages of
35 mo (cystitis) and 30 mo (cystic calculi and urolithiasis).*® Un-
fortunately, molecular characterization of hamster and guinea
pig E. coli isolates was not reported.'”>?*5® Recently, a study
characterizing E. coli isolates from small mammals identified
Clb-encoding E. coli in 2 diarrheic pet guinea pigs.?”

In a fatal case of septicemia in a chinchilla, Gram-negative
rods were found adhering to intestinal epithelial cells and EPEC
013:H30 (negative for genes encoding LT, STa, Stb, CNF-1, CNF-
2, Stx1, Stx2) was isolated from the kidney and spleen.'” E. coli
including ETEC and possibly EIEC (ipaH gene amplification)
were detected in fecal samples from peridomestic rodents (Rat-
tus rattus and Mus musculus) samples from rural Madagascar.”

Figure 13 illustrates the apparent distribution of E. coli pathot-
ypes or hybrids in a variety of animals based on published stud-
ies. These data reveal that some pathotypes/hybrids have not
been reported in animals and thus represent opportunities for
discovery of new hosts. Also, from an epidemiologic perspec-
tive, these data underscore the potential for E. coli transmission
between animals, including zoonotic risks. The combination of
E. coli diversity and host range generate conditions that could
result in the emergence of new virulent strains.



Solutions. The mobility of virulence determinants and anti-
biotic resistant traits, combined with the range of E. coli hosts
and reservoirs, represent an underappreciated, dangerous, and
puzzling public health threat.''*¢7% Developing One Health
models that help explain the roles of humans, animals, and the
environment in current and emerging infections, as well as anti-
biotic resistance, will help devise intervention or control strate-
gies. 9315 For example, 4 stages have been defined® to represent
genetic reactors impacting antibiotic resistance in which water
has a critical role: 1) Human and animal microbiota (at stage 1,
bacteria become exposed to antibiotics); 2) Locations such as
farms, aquaculture operations, hospitals, and long-term care fa-
cilities (at this stage 2, bacterial exchange occurs between hosts);
3) Waste and residues from stage 2, including lagoons, wastewa-
ter, sewage, or compost (at stage 3, interactions occur between
bacteria from different hosts); and 4) Soil and water (surface
or ground) (at stage 4, bacteria from stages 1 to 3 interact with
organisms in the environment). This model tries to simplify
the complexity of emerging antibiotic resistance in a way that
could also be applied to understand the emergence of new or
hypervirulent E. coli strains. The ESBL E. coli Tricycle Antimicro-
bial Resistance Surveillance Project seeks to develop an integrated,
trans-sectoral (human, food-chain, and environment) surveil-
lance system of antibiotic resistance using ESBL E. coli as the
single key indicator organism.** Genomic studies in the context
of One Health can reveal opportunities for timely intervention
and prevent the spread of antibiotic resistance.®” Other impor-
tant One Health strategies to prevent E. coli-associated infection
and disease include organizing groups of scientists such as the
Latin American Coalition for Escherichia coli Research (LACER) to
engage in coordinated scientific and public health efforts, ensur-
ing effective surveillance, research, public education, communi-
cation, and the creation of new policies.*37%

Conclusion

Our synthesis of historic scientific reports and clinical cases
in humans and animals will enlighten future investigations and
serve as a comparative medicine reference compendium for the
elucidation of spontaneous cases of disease, as well as a refer-
ence for the selection and design of experimental models of E.
coli infection. These models will help us confront the challenges
of the newly emerging E. coli strains and will play important
roles in understanding the pathogenesis of E. coli-induced dis-
ease, treatment, and control strategies. Furthermore, tabulating
E. coli cases by pathotype and host animal species heightens the
possibility of exposing those strains that have yet to be discov-
ered and the animal species that may be affected. Finally, this
article serves as a tribute to those investigators, who through
their steadfastness and discoveries, have paved the way for a
continuing understanding of E. coli, a truly versatile and ubiq-
uitous bacteria with seemingly unlimited pathogenic potential.

Acknowledgments
We thank Elaine Robbins for assistance with preparation of Figures
1 and 12 for publication and Dr Sebastian E Carrasco for assistance
with Figure 3.

References
1. Abaas S, Franklin A, Kuhn I, Orskov F, Orskov I. 1989. Cytotoxin
activity on Vero cells among Escherichia coli strains associated with
diarrhea in cats. Am ] Vet Res 50:1294-1296.
2. Acheson DW, Reidl J, Zhang X, Keusch GT, Mekalanos JJ, Wal-
dor MK. 1998. In vivo transduction with shiga toxin 1-encoding

10.

11.

12.

13.

14.

15.

16.

17.

18.

E. coli Infections in a Range of Hosts

phage. Infect Immun 66:4496-4498. https://doi.org/10.1128/
TAL.66.9.4496-4498.1998.

Achtman M, Mercer A, Kusecek B, Pohl A, Heuzenroeder M,
Aaronson W, Sutton A, Silver RP. 1983. Six widespread bacterial
clones among Escherichia coli K1 isolates. Infect Immun 39:315-335.
https:/ /doi.org/10.1128 /TAI.39.1.315-335.1983.

Acosta GJ, Vigo NI, Durand D, Riveros M, Arango S, Zambruni M,
Ochoa TJ. 2016. Diarrheagenic Escherichia coli: prevalence and pathot-
ype distribution in children from Peruvian rural communities. Am J
Trop Med Hyg 95:574-579. https:/ /doi.org/10.4269 /ajtmh.16-0220.
Acres SD. 1985. Enterotoxigenic Escherichia coli infections in
newborn calves: a review. ] Dairy Sci 68:229-256. https://doi.
org/10.3168/jds.S0022-0302(85)80814-6.

Afset JE, Bevanger L, Romundstad P, Bergh K. 2004. Association
of atypical enteropathogenic Escherichia coli (EPEC) with prolonged
diarrhoea. ] Med Microbiol 53:1137-1144. https:/ /doi.org/10.1099/
jmm.0.45719-0.

Agostinho JM, de Souza A, Schocken-Iturrino RP, Beraldo LG,
Borges CA, Avila FA, Marin JM. 2014. Escherichia coli strains iso-
lated from the uteri horn, mouth, and rectum of bitches suffering
from pyometra: virulence factors, antimicrobial susceptibilities,
and clonal relationships among strains. Int ] Microbiol 2014:1-8.
https:/ /doi.org/10.1155/2014/979584.

Akashi N, Hitotsubashi S, Yamanaka H, Fujii Y, Tsuji T, Miyama
A, JoyaJE, Okamoto K. 1993. Production of heat-stable enterotoxin
II'by chicken clinical isolates of Escherichia coli. FEMS Microbiol Lett
109:311-315. https://doi.org/10.1111/j.1574-6968.1993.tb06186.x.
Aktan I, Sprigings KA, La Ragione RM, Faulkner LM, Paiba
GA, Woodward MJ. 2004. Characterisation of attaching-effacing
Escherichia coli isolated from animals at slaughter in England
and Wales. Vet Microbiol 102:43-53. https://doi.org/10.1016/j.
vetmic.2004.04.013.

Almes KM, Janardhan KS, Anderson J, Hesse RA, Patton
KM. 2010. Fatal canine adenoviral pneumonia in two lit-
ters of Bulldogs. J Vet Diagn Invest 22:780-784. https://doi.
org/10.1177 /104063871002200524.

Alqasim A, Scheutz F, Zong Z, McNally A. 2014. Comparative
genome analysis identifies few traits unique to the Escherichia coli
ST131 H30Rx clade and extensive mosaicism at the capsule locus.
BMC Genomics 15:1-8. https:/ /doi.org/10.1186/1471-2164-15-830.
Anderson M, Sansonetti PJ, Marteyn BS. 2016. Shigella diver-
sity and changing landscape: insights for the twenty-first cen-
tury. Front Cell Infect Microbiol 6:1-9. https://doi.org/10.3389/
fcimb.2016.00045.

Anton BP, Raleigh EA. 2016. Complete genome sequence of NEB
5-0,, a derivative of Escherichia coli K-12 DH50.. Genome Announc
4:1-2.

Apperloo-Renkema HZ, Van der Waaij BD, Van der Waaij D.
1990. Determination of colonization resistance of the digestive tract
by biotyping of Enterobacteriaceae. Epidemiol Infect 105:355-361.
https:/ /doi.org/10.1017 /S0950268800047944.

Aranda KR, Fagundes-Neto U, Scaletsky IC. 2004. Evaluation
of multiplex PCRs for diagnosis of infection with diarrheagenic
Escherichia coli and Shigella spp. ] Clin Microbiol 42:5849-5853.
https:/ /doi.org/10.1128 /JCM.42.12.5849-5853.2004.

Archer CT, Kim JF, Jeong H, Park JH, Vickers CE, Lee SY,
Nielsen LK. 2011. The genome sequence of E. coli W (ATCC 9637):
comparative genome analysis and an improved genome-scale
reconstruction of E. coli. BMC Genomics 12:1-20. https://doi.
org/10.1186/1471-2164-12-9.

Arthur JC, Perez-Chanona E, Miihlbauer M, Tomkovich S,
Uronis JM, Fan TJ, Campbell B], Abujamel T, Dogan B, Rogers
AB, Rhodes JM, Stintzi A, Simpson KW, Hansen JJ, Keku TO,
Fodor AA, Jobin C. 2012. Intestinal inflammation targets cancer-
inducing activity of the microbiota. Science 338:120-123. https://
doi.org/10.1126/science.1224820.

Arthur TM, Brichta-Harhay DM, Bosilevac JM, Kalchayanand
N, Shackelford SD, Wheeler TL, Koohmaraie M. 2010. Super
shedding of Escherichia coli O157:H7 by cattle and the impact
on beef carcass contamination. Meat Sci 86:32-37. https://doi.
org/10.1016/j.meatsci.2010.04.019.

21



Vol 71, No 1
Comparative Medicine
February 2021

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

22

Ashida H, Sasakawa C. 2016. Shigella IpaH family effectors as a
versatile model for studying pathogenic bacteria. Front Cell Infect
Microbiol 5:1-6.

Askari Badouei M, Morabito S, Najafifar A, Mazandarani E. 2016.
Molecular characterization of enterohemorrhagic Escherichia coli
hemolysin gene (EHEC-hlyA)-harboring isolates from cattle reveals
adiverse origin and hybrid diarrheagenic strains. Infect Genet Evol
39:342-348. https:/ /doi.org/10.1016/j.meegid.2016.02.002.
Ayyal NM, Abbas ZA, Karim A]J, Abbas ZM, Al-Salihi KA, Khalaf
JM, Mahmood DD, Mohammed EA, Jumaa RS, Abdul-Majeed
DI. 2019. Bacterial isolation from internal organs of rats (Rattus
rattus) captured in Baghdad city of Iraq. Vet World 12:119-125.
https://doi.org/10.14202 /vetworld.2019.119-125.

Bachmann NL, Katouli M, Polkinghorne A.2015. Genomic com-
parison of translocating and non-translocating Escherichia coli. PLoS
One 10:1-13. https://doi.org/10.1371/journal.pone.0137131.
Bailey JR, Warner L, Pritchard GC, Williamson S, Carson T,
Willshaw G, Cheasty T, Bailey JR. 2002. Wild rabbits—a novel
vector for Vero cytotoxigenic Escherichia coli (VTEC) O157. Com-
mun Dis Public Health 5:74-75.

Bakthavatchalu V, Wert K], Feng Y, Mannion A, Ge Z, Garcia A,
Scott KE, Caron TJ, Madden CM, Jacobsen JT, Victora G, Jaenisch
R, Fox ]JG. 2018. Cytotoxic Escherichia coli strains encoding colibac-
tin isolated from immunocompromised mice with urosepsis and
meningitis. PLoS One 13:1-21. https://doi.org/10.1371/journal.
pone.0194443.

Baldini MM, Kaper ]JB, Levine MM, Candy DC, Moon HW.
1983. Plasmid-mediated adhesion in enteropathogenic Esch-
erichia coli. ] Pediatr Gastroenterol Nutr 2:534-538. https://doi.
org/10.1097/00005176-198302030-00023.

Baquero F, Martinez JL, Cantén R. 2008. Antibiotics and antibiotic
resistance in water environments. Curr Opin Biotechnol 19:260-265.
https://doi.org/10.1016/j.copbio.2008.05.006.

Barber AE, Fleming BA, Mulvey MA. 2016. Similarly lethal strains
of extraintestinal pathogenic Escherichia coli trigger markedly
diverse host responses in a Zebrafish model of sepsis. MSphere
1:1-19.

Barrett TJ, Potter ME, Wachsmuth IK. 1989. Bacterial endo-
toxin both enhances and inhibits the toxicity of Shiga-like toxin
IT in rabbits and mice. Infect Immun 57:3434-3437. https://doi.
org/10.1128 /TAIL57.11.3434-3437.1989.

Barrett TJ, Potter ME, Wachsmuth IK. 1989. Continuous peritoneal
infusion of Shiga-like toxin II (SLT II) as a model for SLT II-induced
diseases. ] Infect Dis 159:774-777. https://doi.org/10.1093/
infdis/159.4.774.

Barros SF, Abe CM, Rocha SP, Ruiz RM, Beutin L, Trabulsi LR,
Elias WP. 2008. Escherichia coli O125ac:H6 encompasses atypi-
cal enteropathogenic E. coli strains that display the aggregative
adherence pattern. ] Clin Microbiol 46:4052-4055. https://doi.
org/10.1128 /JCM.01252-08.

Baumgart M, Dogan B, Rishniw M, Weitzman G, Bosworth B,
Yantiss R, Orsi RH, Wiedmann M, McDonough P, Kim SG, Berg
D, Schukken Y, Scherl E, Simpson KW. 2007. Culture independent
analysis of ileal mucosa reveals a selective increase in invasive Esch-
erichia coli of novel phylogeny relative to depletion of Clostridiales
in Crohn’s disease involving the ileum. ISME ] 1:403-418. https:/ /
doi.org/10.1038/ismej.2007.52.

Beaudry M, Zhu C, Fairbrother JM, Harel J. 1996. Genotypic
and phenotypic characterization of Escherichia coli isolates from
dogs manifesting attaching and effacing lesions. ] Clin Microbiol
34:144-148. https:/ /doi.org/10.1128 /JCM.34.1.144-148.1996.
Becker HM, Apladas A, Scharl M, Fried M, Rogler G. 2014.
Probiotic Escherichia coli Nissle 1917 and commensal E. coli K12
differentially affect the inflammasome in intestinal epithelial cells.
Digestion 89:110-118. https://doi.org/10.1159/000357521.
Behnsen J, Deriu E, Sassone-Corsi M, Raffatellu M. 2013. Probiot-
ics: properties, examples, and specific applications. Cold Spring
Harb Perspect Med 3:1-15. https://doi.org/10.1101/cshperspect.
a010074.

Beinke C, Laarmann S, Wachter C, Karch H, Greune L, Schmidt
MA. 1998. Diffusely adhering Escherichia coli strains induce attach-
ing and effacing phenotypes and secrete homologs of Esp proteins.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Infect Immun 66:528-539. https:/ /doi.org/10.1128 /IAL66.2.528-
539.1998.

Benga L, Benten WP, Engelhardt E, Gougoula C, Sager M. 2015.
Spontaneous bacterial and fungal infections in genetically engi-
neered mice: Is Escherichia coli an emerging pathogen in laboratory
mouse? Berl Munch Tierarztl Wochenschr 128:278-284.
Bentancor A, Rumi MV, Gentilini MV, Sardoy C, Irino K, Agos-
tini A, Cataldi A. 2007. Shiga toxin-producing and attaching and
effacing Escherichia coli in cats and dogs in a high hemolytic uremic
syndrome incidence region in Argentina. FEMS Microbiol Lett
267:251-256. https:/ /doi.org/10.1111/].1574-6968.2006.00569.x.
Benz I, Schmidt MA. 1989. Cloning and expression of an adhesin
(Aida-I) involved in diffuse adherence of enteropathogenic Esch-
erichia coli. Infect Immun 57:1506-1511. https://doi.org/10.1128/
IAI.57.5.1506-1511.1989.

Benz I, Schmidt MA. 1992. Isolation and serologic characterization
of AIDA-], the adhesin mediating the diffuse adherence phenotype
of the diarrhea-associated Escherichia coli strain 2787 (O0126:H27).
Infect Immun 60:13-18. https://doi.org/10.1128 /IAL.60.1.13-
18.1992.

Bernier C, Gounon P, Le Bouguénec C. 2002. Identification of an
aggregative adhesion fimbria (AAF) type Ill-encoding operon in
enteroaggregative Escherichia coli as a sensitive probe for detect-
ing the AAF-encoding operon family. Infect Immun 70:4302-4311.
https:/ /doi.org/10.1128 /TA1.70.8.4302-4311.2002.

Besser TE, Hancock DD, Pritchett LC, McRae EM, Rice DH,
Tarr PI. 1997. Duration of detection of fecal excretion of Esch-
erichia coli O157:H7 in cattle. ] Infect Dis 175:726-729. https:/ /doi.
org/10.1093/infdis/175.3.726.

Bettelheim KA. 2007. The non-O157 shiga-toxigenic (verocytotoxi-
genic) Escherichia coli; under-rated pathogens. Crit Rev Microbiol
33:67-87. https:/ /doi.org/10.1080/10408410601172172.

Beutin L. 1999. Escherichia coli as a pathogen in dogs and cats. Vet
Res 30:285-298.

Beutin L, Geier D, Steinriick H, Zimmermann S, Scheutz F. 1993.
Prevalence and some properties of verotoxin (Shiga-like toxin)-
producing Escherichia coli in seven different species of healthy
domestic animals. ] Clin Microbiol 31:2483-2488. https:/ /doi.
org/10.1128 /JCM.31.9.2483-2488.1993.

Beutin L, Kriiger U, Krause G, Miko A, Martin A, Strauch E. 2008.
Evaluation of major types of Shiga toxin 2E-producing Escherichia
colibacteria present in food, pigs, and the environment as potential
pathogens for humans. Appl Environ Microbiol 74:4806-4816.
https://doi.org/10.1128 / AEM.00623-08.

Bhan MK, Khoshoo V, Sommerfelt H, Raj P, Sazawal S, Sriv-
astava R. 1989. Enteroaggregative Escherichia coli and Salmonella
associated with nondysenteric persistent diarrhea. Pediatr Infect
Dis J 8:499-501. https://doi.org/10.1097 /00006454-198908000-
00005.

Bhan MK, Raj P, Levine MM, Kaper JB, Bhandari N, Srivastava
R, Kumar R, Sazawal S. 1989. Enteroaggregative Escherichia coli
associated with persistent diarrhea in a cohort of rural children
in India. J Infect Dis 159:1061-1064. https:/ /doi.org/10.1093/
infdis/159.6.1061.

Bidet P, Metais A, Mahjoub-Messai F, Durand L, Dehem M,
Aujard Y, Bingen E, Nassif X, Bonacorsi S. 2007. Detection and
identification by PCR of a highly virulent phylogenetic subgroup
among extraintestinal pathogenic Escherichia coli B2 strains.
Appl Environ Microbiol 73:2373-2377. https:/ /doi.org/10.1128/
AEM.02341-06.

Bielaszewska M, Friedrich AW, Aldick T, Schurk-Bulgrin
R, Karch H. 2006. Shiga toxin activatable by intestinal mucus
in Escherichia coli isolated from humans: predictor for a severe
clinical outcome. Clin Infect Dis 43:1160-1167. https://doi.
org/10.1086/508195.

Bielaszewska M, Mellmann A, Zhang W, Kock R, Fruth A, Bauw-
ens A, Peters G, Karch H. 2011. Characterisation of the Escherichia
coli strain associated with an outbreak of haemolytic uraemic syn-
drome in Germany, 2011: a microbiological study. Lancet Infect Dis
11:671-676. https:/ /doi.org/10.1016 /51473-3099(11)70165-7.
Bielaszewska M, Schmidt H, Liesegang A, Prager R, Rabsch W,
Tschape H, Cizek A, Janda J, Blahova K, Karch H. 2000. Cattle can



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

be a reservoir of sorbitol-fermenting Shiga toxin-producing Esch-
erichia coli O157: H- strains and a source of human diseases. ] Clin
Microbiol 38:3470-3473. https:/ /doi.org/10.1128 /JCM.38.9.3470-
3473.2000.

Bilge SS, Clausen CR, Lau W, Moseley SL. 1989. Molecular
characterization of a fimbrial adhesin, F1845, mediating diffuse
adherence of diarrhea-associated Escherichia coli to HEp-2 cells. |
Bacteriol 171:4281-4289. https://doi.org/10.1128/]B.171.8.4281-
4289.1989.

Blanc-Potard AB, Tinsley C, Scaletsky I, Le Bouguenec C,
Guignot J, Servin AL, Nassif X, Bernet-Camard MF. 2002. Rep-
resentational difference analysis between Afa/Dr diffusely adher-
ing Escherichia coli and nonpathogenic E. coli K-12. Infect Immun
70:5503-5511. https:/ /doi.org/10.1128 /TAL.70.10.5503-5511.2002.
Blanco J, Blanco M, Wong I, Blanco JE. 1993. Haemolytic Esch-
erichia coli strains isolated from stools of healthy cats produce cy-
totoxic necrotizing factor type 1 (CNF1). Vet Microbiol 38:157-165.
https:/ /doi.org/10.1016 /0378-1135(93)90082-1.

Blanco J, Gonzalez EA, Blanco M, Alonso MP, Barbadillo MJ.
1988. Toxins and serotypes of faecal non-enterotoxigenic and
non-enteropathogenic Escherichia coli strains causing mannose-
resistant haemagglutination: relation with haemagglutination
patterns. Zentralbl Bakteriol Mikrobiol Hyg A 269:43-55. https:/ /
doi.org/10.1016/S0176-6724(88)80083-X.

Blanco J, Gonzalez EA, Espinosa P, Blanco M, Garabal JI, Alonso
MP. 1992. Enterotoxigenic and necrotizing Escherichia coli in hu-
man diarrhoea in Spain. Eur J Epidemiol 8:548-552. https:/ /doi.
org/10.1007 /BF00146375.

Blanco J, Gonzalez EA, Garcia S, Blanco M, Regueiro B, Bernardez
1. 1988. Production of toxins by Escherichia coli strains isolated from
calves with diarrhoea in Galicia (North-western Spain). Vet Micro-
biol 18:297-311. https://doi.org/10.1016/0378-1135(88)90095-8.
Blanco JE, Blanco M, Blanco J, Mora A, Balaguer L, Cuervo
L, Balsalobre C, Munoa F. 1997. Prevalence and characteristics
of enteropathogenic Escherichia coli with the eae gene in diar-
rhoeic rabbits. Microbiol Immunol 41:77-82. https://doi.
org/10.1111/§.1348-0421.1997.tb01185.x.

Blanco JE, Blanco M, Blanco J, Mora A, Balaguer L, Mourifio
M, Juarez A, Jansen WH. 1996. O serogroups, biotypes, and eae
genes in Escherichia coli strains isolated from diarrheic and healthy
rabbits. ] Clin Microbiol 34:3101-3107. https://doi.org/10.1128/
JCM.34.12.3101-3107.1996.

Blanco JE, Blanco M, Blanco J, Rioja L, Ducha J. 1994. Serotypes,
toxins and antibiotic resistance of Escherichia coli strains isolated
from diarrhoeic and healthy rabbits in Spain. Vet Microbiol 38:193—
201. https://doi.org/10.1016/0378-1135(94)90001-9.

Blanco M, Blanco J, Blanco JE, Ramos J. 1993. Enterotoxigenic,
verotoxigenic, and necrotoxigenic Escherichia coli isolated from
cattle in Spain. Am ] Vet Res 54:1446-1451.

Blanco M, Blanco JE, Alonso MP, Mora A, Balsalobre C,
Munoa F, Juarez A, Blanco J. 1997. Detection of pap, sfa and
afa adhesin-encoding operons in uropathogenic Escherichia coli
strains: relationship with expression of adhesins and production
of toxins. Res Microbiol 148:745-755. https://doi.org/10.1016/
50923-2508(97)82450-3.

Blanco M, Blanco JE, Blanco J, de Carvalho VM, Onuma DL, Pes-
tana de Castro AF. 2004. Typing of intimin (eae) genes in attaching
and effacing Escherichia coli strains from monkeys. ] Clin Microbiol
42:1382-1383. https:/ /doi.org/10.1128 /JCM.42.3.1382-1383.2004.
Blanco M, Blanco JE, Gonzalez EA, Mora A, Jansen W, Gomes
TA, Zerbini LF, Yano T, de Castro AF, Blanco J. 1997. Genes
coding for enterotoxins and verotoxins in porcine Escherichia coli
strains belonging to different O:K:H serotypes: relationship with
toxic phenotypes. J Clin Microbiol 35:2958-2963. https://doi.
org/10.1128 /JCM.35.11.2958-2963.1997.

Blanco M, Blanco JE, Mora A, Dahbi G, Alonso MP, Gonzalez
EA, Bernardez MI, Blanco J. 2004. Serotypes, virulence genes, and
intimin types of Shiga toxin (verotoxin)-producing Escherichia coli
isolates from cattle in Spain and identification of a new intimin
variant gene (eae-xi). ] Clin Microbiol 42:645-651. https://doi.
org/10.1128 /JCM.42.2.645-651.2004.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

E. coli Infections in a Range of Hosts

Blanco M, Blanco JE, Mora A, Rey J, Alonso JM, Hermoso M,
Hermoso J, Alonso MP, Dahbi G, Gonzalez EA, Bernardez MI,
Blanco J. 2003. Serotypes, virulence genes, and intimin types of
Shiga toxin (verotoxin)-producing Escherichia coli isolates from
healthy sheep in Spain. J Clin Microbiol 41:1351-1356. https://
doi.org/10.1128 /JCM.41.4.1351-1356.2003.

Blanco M, Schumacher S, Tasara T, Zweifel C, Blanco JE, Dahbi
G, Blanco J, Stephan R. 2005. Serotypes, intimin variants and
other virulence factors of eae positive Escherichia coli strains iso-
lated from healthy cattle in Switzerland. Identification of a new
intimin variant gene (eae-eta2). BMC Microbiol 5:23. https:/ /doi.
org/10.1186/1471-2180-5-23.

Blattner FR, Plunkett G, Bloch CA, Perna NT, Burland V, Riley
M, Collado-Vides J, Glasner ] D, Rode CK, Mayhew GF, Gregor
J, Davis NW, Kirkpatrick HA, Goeden MA, Rose DJ, Mau
B, Shao Y. 1997. The complete genome sequence of Escherichia
coli K-12. Science 277:1453-1462. https://doi.org/10.1126/sci-
ence.277.5331.1453.

Blum G, Ott M, Lischewski A, Ritter A, Imrich H, Tschape H,
Hacker J. 1994. Excision of large DNA regions termed pathogenicity
islands from tRNA-specific loci in the chromosome of an Escherichia
coli wild-type pathogen. Infect Immun 62:606-614. https://doi.
org/10.1128 /1A1.62.2.606-614.1994.

Blum SE, Goldstone R], Connolly JPR, Reperant-Ferter M, Ger-
mon P, Inglis NF, Krifucks O, Mathur S, Manson E, McLean K,
Rainard P, Roe AJ, Leitner G, Smith DGE. 2018. Postgenomics
characterization of an essential genetic determinant of mammary
pathogenic Escherichia coli. MBio 9:1-11. doi: 10.1128/mBio.00423-
18.

Boisen N, Struve C, Scheutz F, Krogfelt KA, Nataro JP. 2008. New
adhesin of enteroaggregative Escherichia coli related to the Afa/Dr/
AAF family. Infect Immun 76:3281-3292. https:/ /doi.org/10.1128/
IAI.01646-07.

Bolick DT, Roche JK, Hontecillas R, Bassaganya-Riera J, Nataro
JP, Guerrant RL. 2013. Enteroaggregative Escherichia coli strain
in a novel weaned mouse model: exacerbation by malnutrition,
biofilm as a virulence factor and treatment by nitazoxanide. ] Med
Microbiol 62:896-905. https:/ /doi.org/10.1099 /jmm.0.046300-0.
Boll EJ, Struve C, Boisen N, Olesen B, Stahlhut SG, Krogfelt
KA. 2013. Role of enteroaggregative Escherichia coli virulence fac-
tors in uropathogenesis. Infect Immun 81:1164-1171. https:/ /doi.
org/10.1128 /TAL.01376-12.

Bonnet M, Buc E, Sauvanet P, Darcha C, Dubois D, Pereira B,
Dechelotte P, Bonnet R, Pezet D, Darfeuille-Michaud A. 2013.
Colonization of the human gutby E. coli and colorectal cancer risk.
Clin Cancer Res 20:859-867. https:/ /doi.org/10.1158 /1078-0432.
CCR-13-1343.

Bonnin RA, Poirel L, Carattoli A, Nordmann P. 2012. Charac-
terization of an IncFII plasmid encoding NDM-1 from Escherichia
coli ST131. PLoS One 7:1-6. https://doi.org/10.1371 /journal.
pone.0034752.

Booher SL, Cornick NA, Moon HW. 2002. Persistence of Esch-
erichia coli O157:H7 in experimentally infected swine. Vet Microbiol
89:69-81. https://doi.org/10.1016/50378-1135(02)00176-1.

Borie C, Monreal Z, Guerrero P, Sanchez ML, Martinez J, Arel-
lano C, Prado V. 1997. Prevalence and characterization of entero-
haemorrhagic Escherichia coli isolated from healthy cattle and pigs
slaughtered in Santiago, Chile. Arch Med Vet 29:205-212.
Boudailliez B, Berquin P, Mariani-Kurkdjian P, Ilef D, Cuve-
lier B, Capek I, Tribout B, Bingen E, Piussan C. 1997. Possible
person-to-person transmission of Escherichia coli O111—associated
hemolytic uremic syndrome. Pediatr Nephrol 11:36-39. https://
doi.org/10.1007 /5004670050229.

Boudeau J, Glasser AL, Masseret E, Joly B, Darfeuille-Michaud
A. 1999. Invasive ability of an Escherichia coli strain isolated from
the ileal mucosa of a patient with Crohn’s disease. Infect Immun
67:4499-4509. https:/ /doi.org/10.1128 /TAI.67.9.4499-4509.1999.
Bouzari S, Dashti A, Jafari A, Oloomi M. 2010. Immune response
against adhesins of enteroaggregative Escherichia coli immunized
by three different vaccination strategies (DNA/DNA, Protein/
Protein, and DNA /Protein) in mice. Comp Immunol Microbiol
Infect Dis 33:215-225. https:/ /doi.org/10.1016 /j.cimid.2008.10.002.

23



Vol 71, No 1
Comparative Medicine
February 2021

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

24

Boyd B, Lingwood C. 1989. Verotoxin receptor glycolipid
in human renal tissue. Nephron 51:207-210. https://doi.
org/10.1159/000185286.

Boyd EF, Hartl DL. 1998. Chromosomal regions specific to patho-
genic isolates of Escherichia coli have a phylogenetically clustered
distribution. ] Bacteriol 180:1159-1165. https:/ /doi.org/10.1128/
JB.180.5.1159-1165.1998.

Bradley GA, Orr K, Reggiardo C, Glock RD. 2001. Enterotoxigenic
Escherichia coli infection in captive black-footed ferrets. ] Wildl Dis
37:617-620. https:/ /doi.org/10.7589/0090-3558-37.3.617.

Brando R]J, Miliwebsky E, Bentancor L, Deza N, Baschkier A,
Ramos MV, Fernandez GC, Meiss R, Rivas M, Palermo MS. 2008.
Renal damage and death in weaned mice after oral infection with
Shiga toxin 2-producing Escherichia coli strains. Clin Exp Immunol
153:297-306. https:/ /doi.org/10.1111/j.1365-2249.2008.03698.x.
Breitschwerdt EB, DebRoy C, Mexas AM, Brown TT, Remick
AK. 2005. Isolation of necrotoxigenic Escherichia coli from a dog
with hemorrhagic pneumonia. ] Am Vet Med Assoc 226:2016-2019.
https:/ /doi.org/10.2460/javma.2005.226.2016.

Brilhante M, Perreten V, Dona V. 2019. Multidrug resistance and
multivirulence plasmids in enterotoxigenic and hybrid Shiga toxin-
producing/enterotoxigenic Escherichia coli isolated from diarrheic
pigs in Switzerland. Vet ] 244:60-68. https://doi.org/10.1016/j.
tvjl.2018.12.015.

Bringer MA, Barnich N, Glasser AL, Bardot O, Darfeuille-
Michaud A. 2005. HtrA stress protein is involved in intramacro-
phagic replication of adherent and invasive Escherichia coli strain
LF82 isolated from a patient with Crohn’s disease. Infect Immun
73:712-721. https:/ /doi.org/10.1128 /1A1.73.2.712-721.2005.
Bringer MA, Rolhion N, Glasser AL, Darfeuille-Michaud A.
2007. The oxidoreductase DsbA plays a key role in the ability of
the Crohn’s disease-associated adherent-invasive Escherichia coli
strain LF82 to resist macrophage killing. ] Bacteriol 189:4860-4871.
https:/ /doi.org/10.1128 /JB.00233-07.

Bronowski C, Smith SL, Yokota K, Corkill JE, Martin HM, Camp-
bell BJ, Rhodes JM, Hart CA, Winstanley C. 2008. A subset of
mucosa-associated Escherichia coli isolates from patients with colon
cancer, but not Crohn’s disease, share pathogenicity islands with
urinary pathogenic E. coli. Microbiology (Reading) 154:571-583.
https:/ /doi.org/10.1099/mic.0.2007 /013086-0.

Brooks JW, Roberts EL, Kocher K, Kariyawasam S, DebRoy
C. 2013. Fatal pneumonia caused by extraintestinal pathogenic
Escherichia coli (EXPEC) in a juvenile cat recovered from an ani-
mal hoarding incident. Vet Microbiol 167:704-707. https://doi.
org/10.1016/j.vetmic.2013.08.015.

Brzuszkiewicz E, Bruggemann H, Liesegang H, Emmerth M,
Olschlager T, Nagy G, Albermann K, Wagner C, Buchrieser C,
Emody L, Gottschalk G, Hacker J, Dobrindt U. 2006. How to
become a uropathogen: comparative genomic analysis of extrain-
testinal pathogenic Escherichia coli strains. Proc Natl Acad Sci U S
A 103:12879-12884. https:/ /doi.org/10.1073 /pnas.0603038103.
Brzuszkiewicz E, Thurmer A, Schuldes J, Leimbach A, Liesegang
H, Meyer FD, Boelter J, Petersen H, Gottschalk G, Daniel R.
2011. Genome sequence analyses of two isolates from the recent
Escherichia coli outbreak in Germany reveal the emergence of a
new pathotype: Entero-Aggregative-Haemorrhagic Escherichia coli
(EAHEC). Arch Microbiol 193:883-891. https:/ /doi.org/10.1007/
$00203-011-0725-6.

Bublitz DC, Wright PC, Bodager JR, Rasambainarivo FT, Bliska
JB, Gillespie TR. 2014. Epidemiology of pathogenic enterobac-
teria in humans, livestock, and peridomestic rodents in rural
Madagascar. PLoS One 9:1-10. https:/ /doi.org/10.1371/journal.
pone.0101456.

Buc E, Dubois D, Sauvanet P, Raisch J, Delmas J, Darfeuille-
Michaud A, Pezet D, Bonnet R. 2013. High prevalence of mu-
cosa-associated E. coli producing cyclomodulin and genotoxin in
colon cancer. PLoS One 8:1-10. https://doi.org/10.1371/journal.
pone.0056964.

Buchholz U, Bernard H, Werber D, Bohmer MM, Remschmidt
C, Wilking H, Deleré Y, an der Heiden M, Adlhoch C, Dreesman
J, Ehlers J, Ethelberg S, Faber M, Frank C, Fricke G, Greiner M,
Hohle M, Ivarsson S, Jark U, Kirchner M, Koch J, Krause G,

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Luber P, Rosner B, Stark K, Kithne M. 2011. German outbreak
of Escherichia coli O104:H4 associated with sprouts. N Engl ] Med
365:1763-1770. https:/ /doi.org/10.1056 /NEJMoa1106482.

Cabal A, Geue L, Gémez-Barrero S, Barth S, Bircena C, Hamm
K, Porrero MC, Valverde A, Cantén R, Menge C, Gortazar C,
Dominguez L, Alvarez J. 2015. Detection of virulence-associated
genes characteristic of intestinal Escherichia coli pathotypes, includ-
ing the enterohemorrhagic/enteroaggregative O104:H4, in bovines
from Germany and Spain. Microbiol Immunol 59:433-442. https:/ /
doi.org/10.1111/1348-0421.12275.

Calderon Toledo C, Rogers TJ, Svensson M, Tati R, Fischer
H, Svanborg C, Karpman D. 2008. Shiga toxin-mediated dis-
ease in MyD88-deficient mice infected with Escherichia coli
0157:H7. Am J Pathol 173:1428-1439. https://doi.org/10.2353/
ajpath.2008.071218.

Camguilhem R, Milon A. 1989. Biotypes and O serogroups of
Escherichia coli involved in intestinal infections of weaned rabbits:
clues to diagnosis of pathogenic strains. ] Clin Microbiol 27:743-747.
https:/ /doi.org/10.1128 /JCM.27.4.743-747.1989.

Campos LC, Vieira MA, Trabulsi LR, da Silva LA, Monteiro-Neto
V, Gomes TA. 1999. Diffusely adhering Escherichia coli (DAEC)
strains of fecal origin rarely express F1845 adhesin. Microbiol
Immunol 43:167-170. https://doi.org/10.1111/j.1348-0421.1999.
tb02388.x.

Camprubi-Font C, Ewers C, Lopez-Siles M, Martinez-Medina
M. 2019. Genetic and phenotypic features to screen for putative
adherent-invasive Escherichia coli. Front Microbiol 10:108. https:/ /
doi.org/10.3389/fmicb.2019.00108.

Cantey JR, Blake RK. 1977. Diarrhea due to Escherichia coli in the
rabbit: a novel mechanism. J Infect Dis 135:454—462. https:/ /doi.
org/10.1093/infdis/135.3.454.

Caprioli A, Falbo V, Roda LG, Ruggeri FM, Zona C. 1983. Par-
tial purification and characterization of an Escherichia coli toxic
factor that induces morphological cell alterations. Infect Immun
39:1300-1306. https:/ /doi.org/10.1128 /TAI1.39.3.1300-1306.1983.
Caprioli A, Falbo V, Ruggeri FM, Minelli F, Orskov I, Donelli
G. 1989. Relationship between cytotoxic necrotizing factor produc-
tion and serotype in hemolytic Escherichia coli. ] Clin Microbiol
27:758-761. https:/ /doi.org/10.1128 /JCM.27.4.758-761.1989.
Carattoli A, Lovari S, Franco A, Cordaro G, Di Matteo P, Bat-
tisti A. 2005. Extended-spectrum B-Lactamases in Escherichia coli
isolated from dogs and cats in Rome, Italy, from 2001 to 2003. An-
timicrob Agents Chemother 49:833-835. https:/ /doi.org/10.1128/
AAC.49.2.833-835.2005.

Carvalho FA, Barnich N, Sauvanet P, Darcha C, Gelot A, Dar-
feuille-Michaud A. 2008. Crohn’s disease-associated Escherichia
coli LF82 aggravates colitis in injured mouse colon via signal-
ing by flagellin. Inflamm Bowel Dis 14:1051-1060. https://doi.
org/10.1002/ibd.20423.

Carvalho VM, Gyles CL, Ziebell K, Ribeiro MA, Catao-Dias JL,
Sinhorini IL, Otman J, Keller R, Trabulsi LR, Pestana de Castro
AF. 2003. Characterization of monkey enteropathogenic Esch-
erichia coli (EPEC) and human typical and atypical EPEC serotype
isolates from neotropical nonhuman primates. J Clin Microbiol
41:1225-1234. https:/ /doi.org/10.1128 /JCM.41.3.1225-1234.2003.
Carvallo FR, Kerlin R, Fredette C, Pisharath H, DebRoy C,
Kariyawasam S, Pardo ID. 2015. Histiocytic typhlocolitis in two
colony Beagle dogs. Exp Toxicol Pathol 67:219-221. https://doi.
org/10.1016/j.etp.2014.10.004.

Casey TA, Bosworth BT. 2009. Design and evaluation of a multiplex
polymerase chain reaction assay for the simultaneous identification
of genes for nine different virulence factors associated with Esch-
erichia coli that cause diarrhea and edema disease in swine. ] Vet Di-
agn Invest 21:25-30. https:/ /doi.org/10.1177 /104063870902100104.
Casey TA, Nagy B, Moon HW. 1992. Pathogenicity of porcine
enterotoxigenic Escherichia coli that do not express K88, K99, F41,
or 987P adhesins. Am ] Vet Res 53:1488-1492.

Caugant DA, Levin BR, Selander RK. 1984. Distribution of
multilocus genotypes of Escherichia coli within and between host
families. ] Hyg (Lond) 92:377-384. https://doi.org/10.1017/
50022172400064597.



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Cavalieri SJ, Bohach GA, Snyder IS. 1984. Escherichia coli o-
hemolysin: characteristics and probable role in pathogenicity. Mi-
crobiol Rev 48:326-343. https:/ /doi.org/10.1128 /MMBR 48.4.326-
343.1984.

Centers for Disease Control. 1982. Isolation of E. coli O157:H7
from sporadic cases of hemorrhagic colitis—United States. MMWR
Morb Mortal Wkly Rep 31:580.

Centers for Disease Control and Prevention. 2010. Detection of
Enterobacteriaceae isolates carrying metallo-beta-lactamase—United
States, 2010. MMWR Morb Mortal Wkly Rep 59:750.

Chandran A, Mazumder A. 2015. Pathogenic potential, genetic
diversity, and population structure of Escherichia coli strains iso-
lated from a forest-dominated watershed (Comox Lake) in British
Columbia, Canada. Appl Environ Microbiol 81:1788-1798. https:/ /
doi.org/10.1128/ AEM.03738-14. Erratum: Appl Environ Microbiol
2016. 82:767. doi: 10.1128/ AEM.03528-15.

Chart H, Smith HR, La Ragione RM, Woodward M]J. 2000. An
investigation into the pathogenic properties of Escherichia coli
strains BLR, BL21, DH50.and EQ1. ] Appl Microbiol 89:1048-1058.
https:/ /doi.org/10.1046/j.1365-2672.2000.01211.x.

Chassaing B, Rolhion N, de Vallee A, Salim SY, Prorok-Hamon
M, Neut C, Campbell BJ, Soderholm JD, Hugot JP, Colombel JF,
Darfeuille-Michaud A.2011. Crohn disease—associated adherent-
invasive E. coli bacteria target mouse and human Peyer’s patches
via long polar fimbriae. J Clin Invest 121:966-975. https://doi.
org/10.1172/JCI44632.

Chattaway MA, Schaefer U, Tewolde R, Dallman TJ, Jenkins
C. 2016. Identification of Escherichia coli and Shigella species from
whole-genome sequences. ] Clin Microbiol 55:616-623. https://
doi.org/10.1128 /JCM.01790-16.

Chaudhuri RR, Henderson IR. 2012. The evolution of the Esch-
erichia coli phylogeny. Infect Genet Evol 12:214-226. https:/ /doi.
org/10.1016/j.meegid.2012.01.005

Choi WP, Kawata K. 1975. O group of Escherichia coli from canine
and feline pyometra. Jpn ] Vet Res 23:141-143.

Cid D, Ruiz-Santa-Quiteria JA, Marin I, Sanz R, Orden JA,
Amils R, de la Fuente R. 2001. Association between intimin (eae)
and EspB gene subtypes in attaching and effacing Escherichia coli
strains isolated from diarrhoeic lambs and goat kids. Microbiology
(Reading) 147:2341-2353. https:/ /doi.org/10.1099/00221287-147-
8-2341.

Cizek A, Alexa P, Literak I, Hamrik J, Novédk P, Smola J. 1999.
Shiga toxin-producing Escherichia coli O157 in feedlot cattle and
Norwegian rats from a large-scale farm. Lett Appl Microbiol
28:435-439. https:/ /doi.org/10.1046/j.1365-2672.1999.00549.x.
Clarke DJ, Chaudhuri RR, Martin HM, Campbell BJ, Rhodes
JM, Constantinidou C, Pallen M]J, Loman NJ, Cunningham AF,
Browning DF, Henderson IR. 2011. Complete genome sequence
of the Crohn’s disease-associated adherent-invasive Escherichia
coli strain HM605. ] Bacteriol 193:4540. https://doi.org/10.1128/
JB.05374-11.

Clermont O, Bonacorsi S, Bingen E. 2000. Rapid and simple deter-
mination of the Escherichia coli phylogenetic group. Appl Environ
Microbiol 66:4555-4558. https:/ /doi.org/10.1128 / AEM.66.10.4555-
4558.2000.

Clermont O, Gordon D, Denamur E. 2015. Guide to the various
phylogenetic classification schemes for Escherichia coli and the cor-
respondence among schemes. Microbiology (Reading) 161:980-988.
https://doi.org/10.1099/mic.0.000063.

Clermont O, Lavollay M, Vimont S, Deschamps C, Forestier C,
Branger C, Denamur E, Arlet G. 2008. The CTX-M-15-producing
Escherichia coli diffusing clone belongs to a highly virulent B2
phylogenetic subgroup. ] Antimicrob Chemother 61:1024-1028.
https:/ /doi.org/10.1093 /jac/dkn084.

Coggan JA, Melville PA, de Oliveira CM, Faustino M, Moreno
AM, Benites NR. 2008. Microbiological and histopathological
aspects of canine pyometra. Braz ] Microbiol 39:477-483. https:/ /
doi.org/10.1590/51517-83822008000300012.

Conrad CC, Stanford K, Narvaez-Bravo C, Callaway T, McAllister
T.2017. Farm fairs and petting zoos: A review of animal contact as a
source of zoonotic enteric disease. Foodborne Pathog Dis 14:59-73.
https://doi.org/10.1089/fpd.2016.2185.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

E. coli Infections in a Range of Hosts

Cooke EM, Ewins SP, Hywel-Jones J, Lennard-Jones JE. 1974.
Properties of strains of Escherichia coli carried in different phases
of ulcerative colitis. Gut 15:143-146. https:/ /doi.org/10.1136/
gut.15.2.143.

Cooke EM, Hettiaratchy IG, Buck AC. 1972. Fate of ingested Esch-
erichia coli in normal persons. ] Med Microbiol 5:361-369. https:/ /
doi.org/10.1099/00222615-5-3-361.

Cookson AL, Hayes CM, Pearson GR, Roe JM, Wales AD, Wood-
ward MJ. 2002. Isolation from a sheep of an attaching and effacing
Escherichia coli O115:H- with a novel combination of virulence fac-
tors. ] Med Microbiol 51:1041-1049. https:/ /doi.org/10.1099 /0022-
1317-51-12-1041.

Cooley MB, Jay-Russell M, Atwill ER, Carychao D, Nguyen K,
Quinones B, Patel R, Walker S, Swimley M, Pierre-Jerome E,
Gordus AG, Mandrell RE. 2013. Development of a robust method
for isolation of shiga toxin-positive Escherichia coli (STEC) from fe-
cal, plant, soil and water samples from a leafy greens production
region in California. PLoS One 8:1-22. https:/ /doi.org/10.1371/
journal.pone.0065716.

Cornick NA, Helgerson AF. 2004. Transmission and infectious
dose of Escherichia coli O157:H7 in swine. Appl Environ Micro-
biol 70:5331-5335. https://doi.org/10.1128/ AEM.70.9.5331-
5335.2004.

Cortés C, De la Fuente R, Blanco J, Blanco M, Blanco JE, Dhabi
G, Mora A, Justel P, Contreras A, Sanchez A, Corrales JC, Orden
JA. 2005. Serotypes, virulence genes and intimin types of verotoxin-
producing Escherichia coli and enteropathogenic E. coliisolated from
healthy dairy goats in Spain. Vet Microbiol 110:67-76. https:/ /doi.
org/10.1016/j.vetmic.2005.06.009.

Costa D, Poeta P, Brinas L, Saenz Y, Rodrigues J, Torres C. 2004.
Detection of CTX-M-1 and TEM-52 B-lactamases in Escherichia coli
strains from healthy pets in Portugal. ] Antimicrob Chemother
54:960-961. https:/ /doi.org/10.1093 /jac/dkh444.

Cote R, Katani R, Moreau MR, Kudva IT, Arthur TM, DebRoy
C, Mwangi MM, Albert I, Raygoza Garay JA, Li L, Brandl MT,
Carter MQ, Kapur V. 2015. Comparative analysis of super-shedder
strains of Escherichia coli O157:H7 reveals distinctive genomic fea-
tures and a strongly aggregative adherent phenotype on bovine
rectoanal junction squamous epithelial cells. PLoS One 10:1-26.
https:/ /doi.org/10.1371/journal.pone.0116743.

Cougnoux A, Dalmasso G, Martinez R, Buc E, Delmas J, Gibold
L, Sauvanet P, Darcha C, Dechelotte P, Bonnet M, Pezet D,
Wodrich H, Darfeuille-Michaud A, Bonnet R. 2014. Bacterial
genotoxin colibactin promotes colon tumour growth by inducing
a senescence-associated secretory phenotype. Gut 63:1932-1942.
https://doi.org/10.1136 / gutjnl-2013-305257.

Crane JK, Choudhari SS, Naeher TM, Duffey ME. 2006. Mutual
enhancement of virulence by enterotoxigenic and enteropatho-
genic Escherichia coli. Infect Immun 74:1505-1515. https://doi.
org/10.1128 /1A1.74.3.1505-1515.2006.

Craven M, Egan CE, Dowd SE, McDonough SP, Dogan B, Denk-
ers EY, Bowman D, Scherl EJ, Simpson KW. 2012. Inflammation
drives dysbiosis and bacterial invasion in murine models of ileal
Crohn’s disease. PLoS One 7:1-10. https:/ /doi.org/10.1371 /jour-
nal.pone.0041594.

Cravioto A, Gross RJ, Scotland SM, Rowe B. 1979. Adhesive factor
found in strains of Escherichia coli belonging to the traditional infan-
tile enteropathogenic serotypes. Curr Microbiol 3:95-99. https://
doi.org/10.1007 /BF02602439.

Cross AS, Opal SM, Sadoff JC, Gemski P. 1993. Choice of bacteria
in animal models of sepsis. Infect Immun 61:2741-2747. https://
doi.org/10.1128 /TAL61.7.2741-2747.1993.

Crossman LC, Chaudhuri RR, Beatson SA, Wells T], Desvaux M,
Cunningham AF, Petty NK, Mahon V, Brinkley C, Hobman JL,
Savarino SJ, Turner SM, Pallen MJ, Penn CW, Parkhill J, Turner
AK, Johnson TJ, Thomson NR, Smith SG, Henderson IR. 2010.
A commensal gone bad: complete genome sequence of the proto-
typical enterotoxigenic Escherichia coli strain H10407. ] Bacteriol
192:5822-5831. https:/ /doi.org/10.1128 /JB.00710-10.

Croxen MA, Law R], Scholz R, Keeney KM, Wlodarska M,
Finlay BB. 2013. Recent advances in understanding enteric

25



Vol 71, No 1
Comparative Medicine
February 2021

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

26

pathogenic Escherichia coli. Clin Microbiol Rev 26:822-880. https:/ /
doi.org/10.1128/CMR.00022-13.

Cuevas-Ramos G, Petit CR, Marcq I, Boury M, Oswald E, Nou-
gayrede JP. 2010. Escherichia coli induces DNA damage in vivo and
triggers genomic instability in mammalian cells. Proc Natl Acad Sci
US A107:11537-11542. https:/ /doi.org/10.1073 / pnas.1001261107.
Cunha MPV, Saidenberg AB, Moreno AM, Ferreira AJP, Vieira
MAM, Gomes TAT, Knobl T. 2017. Pandemic extra-intestinal
pathogenic Escherichia coli (EXPEC) clonal group O6-B2-ST73 as a
cause of avian colibacillosis in Brazil. PLoS One 12:1-11. https://
doi.org/10.1371/journal.pone.0178970.

Curova K, Kmetovd M, Sabol M, Gombosova L, Laziirova I,
Siegfried L. 2009. Enterovirulent E. coli in inflammatory and
noninflammatory bowel diseases. Folia Microbiol (Praha) 54:81-86.
https:/ /doi.org/10.1007 /s12223-009-0012-y.

Czeczulin JR, Balepur S, Hicks S, Phillips A, Hall R, Kothary MH,
Navarro-Garcia F, Nataro JP. 1997. Aggregative adherence fimbria
II, a second fimbrial antigen mediating aggregative adherence in
enteroaggregative Escherichia coli. Infect Immun 65:4135-4145.
https://doi.org/10.1128 /TAL65.10.4135-4145.1997.

Czeczulin JR, Whittam TS, Henderson IR, Navarro-Garcia F,
Nataro JP. 1999. Phylogenetic analysis of enteroaggregative and
diffusely adherent Escherichia coli. Infect Immun 67:2692-2699.
https://doi.org/10.1128 /TAL67.6.2692-2699.1999.

Souza da Silva AS, Valadares GF, Penatti MP, Brito BG, da
Silva Leite D. 2001. Escherichia coli strains from edema disease:
O serogroups, and genes for Shiga toxin, enterotoxins, and F18
fimbriae. Vet Microbiol 80:227-233. https://doi.org/10.1016/
50378-1135(01)00316-9.

da Silva Santos AC, Gomes Romeiro F, Yukie Sassaki L, Ro-
drigues J. 2015. Escherichia coli from Crohn’s disease patient
displays virulence features of enteroinvasive (EIEC), enterohem-
orragic (EHEC), and enteroaggregative (EAEC) pathotypes. Gut
Pathog 7:1-10. https://doi.org/10.1186/s13099-015-0050-8.
Daegelen P, Studier FW, Lenski RE, Cure S, Kim JF. 2009. Tracing
ancestors and relatives of Escherichia coli B, and the derivation of
B strains REL606 and BL21(DE3). ] Mol Biol 394:634-643. https:/ /
doi.org/10.1016/j.jmb.2009.09.022.

Dale AP, Woodford N. 2015. Extra-intestinal pathogenic Escherichia
coli (ExPEC): disease, carriage and clones. J Infect 71:615-626.
https://doi.org/10.1016/j.jinf.2015.09.009.

Darfeuille-Michaud A, Neut C, Barnich N, Lederman E, Di Mar-
tino P, Desreumaux P, Gambiez L, Joly B, Cortot A, Colombel JF.
1998. Presence of adherent Escherichia coli strains in ileal mucosa
of patients with Crohn’s disease. Gastroenterology 115:1405-1413.
https:/ /doi.org/10.1016/50016-5085(98)70019-8.

Day MW, Jackson LA, Akins DR, Dyer DW, Chavez-Bueno S.
2015. Whole-genome sequences of the archetypal K1 Escherichia
coli neonatal isolate RS218 and contemporary neonatal bacteremia
clinical isolates SCB11, SCB12, and SCB15. Genome Announc 3:1-2.
de laFé Rodriguez PY, Maroto Martin LO, Mufioz EC, Imberechts
H, Butaye P, Goddeeris BM, Cox E. 2013. Several enteropathogens
are circulating in suckling and newly weaned piglets suffering from
diarrhea in the province of Villa Clara, Cuba. Trop Anim Health
Prod 45:435-440. https:/ /doi.org/10.1007 /s11250-012-0236-8.
delaFuente R, Luzén M, Ruiz-Santa-Quiteria JA, Garcia A, Cid D,
Orden JA, Garcia S, Sanz R, Gémez-Bautista M. 1999. Cryptospo-
ridium and concurrent infections with other major enterophatogens
in1to 30-day-old diarrheic dairy calves in central Spain. Vet Parasitol
80:179-185. https:/ /doi.org/10.1016 /50304-4017(98)00218-0.

De Rycke J, Gonzalez EA, Blanco J, Oswald E, Blanco M, Boivin
R. 1990. Evidence for two types of cytotoxic necrotizing factor in
human and animal clinical isolates of Escherichia coli. ] Clin Micro-
biol 28:694-699. https:/ /doi.org/10.1128 /JCM.28.4.694-699.1990.
De Rycke J, Guillot JF, Boivin R. 1987. Cytotoxins in non-entero-
toxigenic strains of Escherichia coli isolated from feces of diarrheic
calves. Vet Microbiol 15:137-150. https:/ /doi.org/10.1016/0378-
1135(87)90139-8.

De Rycke J, Mazars P, Nougayrede JP, Tasca C, Boury M, Herault
F, Valette A, Oswald E. 1996. Mitotic block and delayed lethality in
HelLa epithelial cells exposed to Escherichia coli BM2-1 producing

159.

160.

l61.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

cytotoxic necrotizing factor type 1. Infect Immun 64:1694-1705.
https:/ /doi.org/10.1128 /TAI.64.5.1694-1705.1996.

De Rycke J, Milon A, Oswald E. 1999. Necrotoxic Escherichia coli
(NTEC): two emerging categories of human and animal pathogens.
Vet Res 30:221-233.

De Rycke ], Phan-Thanh L, Bernard S. 1989. Immunochemical
identification and biological characterization of cytotoxic necrotiz-
ing factor from Escherichia coli. ] Clin Microbiol 27:983-988. https:/ /
doi.org/10.1128 /JCM.27.5.983-988.1989.

De SN, Chatterje DN. 1953. An experimental study of the
mechanism of action of Vibrio cholerae on the intestinal mucous
membrane. ] Pathol Bacteriol 66:559-562. https:/ /doi.org/10.1002/
path.1700660228.

DebRoy C, Roberts E, Fratamico PM. 2011. Detection of O antigens
in Escherichia coli. Anim Health Res Rev 12:169-185. https:/ /doi.
org/10.1017/51466252311000193.

Debroy C, Yealy J, Wilson RA, Bhan MK, Kumar R. 1995. Antibod-
ies raised against the outer membrane protein interrupt adherence
of enteroaggregative Escherichia coli. Infect Immun 63:2873-2879.
https:/ /doi.org/10.1128 /TAI63.8.2873-2879.1995.

DeFilipp Z, Bloom PP, Torres Soto M, Mansour MK, Sater MRA,
Huntley MH, Turbett S, Chung RT, Chen YB, Hohmann EL. 2019.
Drug-resistant E. coli bacteremia transmitted by fecal microbiota
transplant. N Engl ] Med 381:2043-2050. .

Dell’Omo G, Morabito S, Quondam R, Agrimi U, Ciuchini F,
Macri A, Caprioli A. 1998. Feral pigeons as a source of verocyto-
toxin-producing Escherichia coli. Vet Rec 142:309-310. https:/ /doi.
org/10.1136/vr.142.12.309.

Dell’Orco F, Gusmara C, Loiacono M, Gugliotta T, Albonico F,
Mortarino M, Zecconi A. 2019. Evaluation of virulence factors
profiles and antimicrobials resistance of Escherichia coli isolated
from bulk tank milk and raw milk filters. Res Vet Sci 123:77-83.
https://doi.org/10.1016/j.rvsc.2018.12.011.

Dhaliwal GK, Wray C, Noakes DE. 1998. Uterine bacterial flora
and uterine lesions in bitches with cystic endometrial hyperplasia
(pyometra). Vet Rec 143:659-661.

Dheilly A, Le Devendec L, Mourand G, Bouder A, Jouy E, Kempf
I.2011. Resistance gene transfer during treatments for experimental
avian colibacillosis. Antimicrob Agents Chemother 56:189-196.
https://doi.org/10.1128 / AAC.05617-11.

Diaz-Jiménez D, Garcia-Meniio I, Herrera A, Garcia V, Lopez-
Beceiro AM, Alonso MP, Blanco J, Mora A. 2020. Genomic char-
acterization of Escherichia coli isolates belonging to a new hybrid
aEPEC/EXPEC pathotype O153:H10-A-ST10 eae-betal occurred
in meat, poultry, wildlife and human diarrheagenic Samples.
Antibiotics (Basel) 9:1-19.

Diaz LL, Lepherd M, Scott J. 2013. Enteric infection and subse-
quent septicemia due to attaching and effacing Escherichia coli in
a Chinchilla. Comp Med 63:503-507.

Dierikx CM, van Duijkeren E, Schoormans AH, van Essen-Zan-
dbergen A, Veldman K, Kant A, Huijsdens XW, van der Zwaluw
K, Wagenaar JA, Mevius DJ. 2012. Occurrence and characteristics
of extended-spectrum-f-lactamase- and AmpC-producing clinical
isolates derived from companion animals and horses. ] Antimi-
crob Chemother 67:1368-1374. https://doi.org/10.1093 /jac/
dks049.

Dillehay DL, Paul KS, Boosinger TR, Fox JG. 1994. Enteroce-
cocolitis associated with Escherichia coli and Campylobacter-like
organisms in a hamster (Mesocricetus auratus) colony. Lab Anim
Sci 44:12-16.

Dissanayake DR, Octavia S, Lan R. 2014. Population structure
and virulence content of avian pathogenic Escherichia coli isolated
from outbreaks in Sri Lanka. Vet Microbiol 168:403—412. https://
doi.org/10.1016/j.vetmic.2013.11.028.

Dogan B, Suzuki H, Herlekar D, Sartor RB, Campbell BJ, Roberts
CL, Stewart K, Scherl EJ, Araz Y, Bitar PP, Lefebure T, Chandler
B, Schukken YH, Stanhope MJ, Simpson KW. 2014. Inflamma-
tion-associated adherent-invasive Escherichia coli are enriched in
pathways for use of propanediol and iron and M-cell transloca-
tion. Inflamm Bowel Dis 20:1919-1932. https:/ /doi.org/10.1097 /
MIB.0000000000000183.



175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Donnenberg MS, Finlay BB. 2013. Combating enteropathogenic
Escherichia coli (EPEC) infections: the way forward. Trends Micro-
biol 21:317-319. https:/ /doi.org/10.1016/j.tim.2013.05.003.
Donnenberg MS, Tacket CO, James SP, Losonsky G, Nataro JP,
Wasserman SS, Kaper JB, Levine MM. 1993. Role of the eaeA gene
in experimental enteropathogenic Escherichia coli infection. J Clin
Invest 92:1412-1417. https:/ /doi.org/10.1172 /JCI116717.
Donnenberg MS, Whittam TS. 2001. Pathogenesis and evolution
of virulence in enteropathogenic and enterohemorrhagic Escherichia
coli. ] Clin Invest 107:539-548. https:/ /doi.org/10.1172 /JCI12404.
Donnenberg MS, Yu J, Kaper JB. 1993. A second chromosomal
gene necessary for intimate attachment of enteropathogenic Esch-
erichia coli to epithelial cells. ] Bacteriol 175:4670-4680. https:/ /doi.
org/10.1128/]B.175.15.4670-4680.1993.

Donohue-Rolfe A, Kondova I, Oswald S, Hutto D, Tzipori S.
2000. Escherichia coli O157:H7 strains that express Shiga toxin
(Stx) 2 alone are more neurotropic for gnotobiotic piglets than are
isotypes producing only Stx1 or both Stx1 and Stx2. J Infect Dis
181:1825-1829. https://doi.org/10.1086/315421.

Drolet R, Fairbrother JM, Harel J, Hélie P. 1994. Attaching and
effacing and enterotoxigenic Escherichia coli associated with enteric
colibacillosis in the dog. Can ] Vet Res 58:87-92.

Drolet R, Fairbrother JM, Vaillancourt D. 1994. Attaching and ef-
facing Escherichia coli in a goat with diarrhea. Can Vet ] 35:122-123.
Dubois D, Delmas J, Cady A, Robin F, Sivignon A, Oswald E, Bon-
net R. 2010. Cyclomodulins in urosepsis strains of Escherichia coli. ]
Clin Microbiol 48:2122-2129. https:/ /doi.org/10.1128 /JCM.02365-09.
Dubreuil JD, Isaacson RE, Schifferli DM. 2016. Animal entero-
toxigenic Escherichia coli. Ecosal Plus 7:1-80.

Duhamel GE, Moxley RA, Maddox CW, Erickson ED. 1992.
Enteric infection of a goat with enterohemorrhagic Esch-
erichia coli (O103:H2). ] Vet Diagn Invest 4:197-200. https://doi.
org/10.1177/104063879200400218.

Dunne KA, Chaudhuri RR, Rossiter AE, Beriotto I, Browning DF,
Squire D, Cunningham AF, Cole JA, Loman N, Henderson IR.
2017. Sequencing a piece of history: complete genome sequence of
the original Escherichia coli strain. Microb Genom 3:1-13. https://
doi.org/10.1099 /mgen.0.000106

DuPont HL, Formal SB, Hornick RB, Snyder M], Libonati JP,
Sheahan DG, LaBrec EH, Kalas JP. 1971. Pathogenesis of Esche-
richia coli diarrhea. N Engl ] Med 285:1-9. https:/ /doi.org/10.1056 /
NEJM197107012850101.

Dutta S, Pazhani GP, Nataro JP, Ramamurthy T. 2015. Heterogenic
virulence in a diarrheagenic Escherichia coli: evidence for an EPEC
expressing heat-labile toxin of ETEC. Int ] Med Microbiol 305:47-54.
https://doi.org/10.1016/j.ijmm.2014.10.006.

Eaton KA, Fontaine C, Friedman DI, Conti N, Alteri CJ.2017. Patho-
genesis of colitis in germ-free mice infected with EHEC O157:H7.
Vet Pathol 54:710-719. https:/ /doi.org/10.1177 /0300985817691582.
Eaton KA, Friedman DI, Francis GJ, Tyler JS, Young VB, Haeger
J, Abu-Ali G, Whittam TS. 2008. Pathogenesis of renal disease
due to enterohemorrhagic Escherichia coli in germ-free mice. Infect
Immun 76:3054-3063. https:/ /doi.org/10.1128 /IAI.01626-07.
Eichhorn I, Heidemanns K, Semmler T, Kinnemann B, Mell-
mann A, Harmsen D, Anjum MF, Schmidt H, Fruth A, Valentin-
Weigand P, Heesemann J, Suerbaum S, Karch H, Wieler LH.
2015. Highly virulent non-O157 enterohemorrhagic Escherichia coli
(EHEC) serotypes reflect similar phylogenetic Lineages, providing
new insights into the evolution of EHEC. Appl Environ Microbiol
81:7041-7047. https:/ /doi.org/10.1128/ AEM.01921-15.
Ellermann M, Huh EY, Liu B, Carroll IM, Tamayo R, Sartor RB.
2015. Adherent-Invasive Escherichia coli production of cellulose
influences iron-induced bacterial aggregation, phagocytosis, and
induction of colitis. Infect Immun 83:4068-4080. https://doi.
org/10.1128 /TAI.00904-15.

Elliott SJ, Wainwright LA, McDaniel TK, Jarvis KG, Deng YK,
Lai LC, McNamara BP, Donnenberg MS, Kaper JB. 1998. The
complete sequence of the locus of enterocyte effacement (LEE)
from enteropathogenic Escherichia coli E2348/69. Mol Microbiol
28:1-4. https:/ /doi.org/10.1046/j.1365-2958.1998.00783.x.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

E. coli Infections in a Range of Hosts

Escherich T. 1989. The intestinal bacteria of the neonate and
breast-fed infant. 1885. Rev Infect Dis 11:352-356. https://doi.
org/10.1093/clinids/11.2.352.

Escobar-Paramo P, Clermont O, Blanc-Potard AB, Bui H, Le Bougué-
nec C, Denamur E. 2004. A specific genetic background is required for
acquisition and expression of virulence factors in Escherichia coli. Mol
Biol Evol 21:1085-1094. https:/ /doi.org/10.1093 /molbev/msh118.
Escobar-Paramo P, Le Menac’h A, Le Gall T, Amorin C, Gouriou
S, Picard B, Skurnik D, Denamur E. 2006. Identification of forces
shaping the commensal Escherichia coli genetic structure by com-
paring animal and human isolates. Environ Microbiol 8:1975-1984.
https:/ /doi.org/10.1111/j.1462-2920.2006.01077 ..

Eslava C, Navarro-Garcia F, Czeczulin JR, Henderson IR, Cravioto
A, Nataro JP. 1998. Pet, an autotransporter enterotoxin from entero-
aggregative Escherichia coli. Infect Immun 66:3155-3163. https://
doi.org/10.1128 /TAL66.7.3155-3163.1998.

Esselen WB, Fuller JE. 1939. The oxidation of ascorbic acid as
influenced by intestinal bacteria. ] Bacteriol 37:501-521. https://
doi.org/10.1128/]B.37.5.501-521.1939.

Estrada-Garcia T, Lopez-Saucedo C, Thompson-Bonilla R, Abonce
M, Lopez-Hernandez D, Santos JI, Rosado JL, DuPont HL, Long
KZ. 2008. Association of diarrheagenic Escherichia coli Pathotypes
with infection and diarrhea among Mexican children and associa-
tion of atypical Enteropathogenic E. coli with acute diarrhea. ] Clin
Microbiol 47:93-98. https:/ /doi.org/10.1128 /JCM.01166-08.

Etkin S, Gorbach SL. 1971. Studies on enterotoxin from Escherichia
coli associated with acute diarrhea in man. J Lab Clin Med 78:81-87.
Evans DG, Silver RP, Evans DJ, Chase DG, Gorbach SL. 1975.
Plasmid-controlled colonization factor associated with virulence
in Escherichia-coli enterotoxigenic for humans. Infect Immun
12:656-667. https:/ /doi.org/10.1128 /1AI.12.3.656-667.1975.
Evans DJ, Evans DG. 1973. Three characteristics associated with
enterotoxigenic Escherichia coli isolated from man. Infect Immun
8:322-328. https:/ /doi.org/10.1128 /1AI.8.3.322-328.1973.

Ewers C, Antao EM, Diehl I, Philipp HC, Wieler LH. 2009. In-
testine and environment of the chicken as reservoirs for extraint-
estinal pathogenic Escherichia coli strains with zoonotic potential.
Appl Environ Microbiol 75:184-192. https://doi.org/10.1128/
AEM.01324-08.

Ewers C, Janssen T, Kiessling S, Philipp HC, Wieler LH. 2004. Mo-
lecular epidemiology of avian pathogenic Escherichia coli (APEC)
isolated from colisepticemia in poultry. Vet Microbiol 104:91-101.
https://doi.org/10.1016/j.vetmic.2004.09.008.

Ewers C, Janssen T, Kiessling S, Philipp HC, Wieler LH. 2005.
Rapid detection of virulence-associated genes in avian pathogenic
Escherichia coli by multiplex polymerase chain reaction. Avian Dis
49:269-273. https:/ /doi.org/10.1637 /7293-102604R.

Ewing WH. 1956. Enteropathogenic Escherichia coli serotypes. Ann
NY Acad Sci 66:61-70. https:/ /doi.org/10.1111/}.1749-6632.1956.
tb40103.x.

Ewing WH, Galton MM, Tanner KE. 1955. Escherichia coli 0111a,
111c:B4. A new serotype isolated from monkeys. J Bacteriol
69:549-551. https://doi.org/10.1128 /]B.69.5.549-551.1955.
Fabian N, Mannion A, Feng Y, Madden CM, Fox JG. 2019. P287
Intestinal colonization of genotoxic Escherichia coli strains encod-
ing colibactin and cytotoxic necrotizing factor in small mammals.
AALAS 70th Annual National Meeting, Denver, Colorado, 13-17
October 2019. ] Am Assoc Lab Anim Sci 58:683.

Fabian NJ, Mannion A]J, Feng Y, Madden CM, Fox JG. 2019.
Intestinal colonization of genotoxic Escherichia coli strains encod-
ing colibactin and cytotoxic necrotizing factor in small mammal
pets. Vet Microbiol 240:108506. https://doi.org/10.1016/j.vet-
mic.2019.108506.

Fairbrother JM, Nadeau E, Bélanger L, Tremblay CL, Tremblay D,
Brunelle M, Wolf R, Hellmann K, Hidalgo A. 2017. Immunoge-
nicity and protective efficacy of a single-dose live non-pathogenic
Escherichia coli oral vaccine against F4-positive enterotoxigenic
Escherichia coli challenge in pigs. Vaccine 35:353-360. https:/ /doi.
org/10.1016/j.vaccine.2016.11.045.

Farooq S, Hussain I, Mir MA, Bhat MA, Wani SA. 2009. Isolation
of atypical enteropathogenic Escherichia coli and Shiga toxin 1 and

27



Vol 71, No 1
Comparative Medicine
February 2021

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

28

2f-producing Escherichia coli from avian species in India. Lett Appl
Microbiol 48:692-697.

Feng P, Fields PI, Swaminathan B, Whittam TS. 1996. Charac-
terization of nonmotile variants of Escherichia coli O157 and other
serotypes by using an antiflagellin monoclonal antibody. J Clin
Microbiol 34:2856-2859. https:/ /doi.org/10.1128 /JCM.34.11.2856-
2859.1996.

Feng P, Lampel KA, Karch H, Whittam TS. 1998. Genotypic and
phenotypic changes in the emergence of Escherichia coli O157:H7.
J Infect Dis 177:1750-1753. https:/ /doi.org/10.1086/517438.
Feng Y, Chen Z, Liu SL. 2011. Gene decay in Shigella as an in-
cipient stage of host-adaptation. PLoS One 6:1-6. https://doi.
org/10.1371/journal.pone.0027754.

Feng Y, Mannion A, Madden CM, Swennes AG, Townes C, Byrd
C, Marini RP, Fox JG. 2017. Cytotoxic Escherichia coli strains en-
coding colibactin and cytotoxic necrotizing factor (CNF) colonize
laboratory macaques. Gut Pathog 9:1-15. https:/ /doi.org/10.1186/
513099-017-0220-y.

Féria C, Machado J, Correia JD, Gongalves J, Gaastra W. 2001.
Virulence genes and P fimbriae PapA subunit diversity in canine
and feline uropathogenic Escherichia coli. Vet Microbiol 82:81-89.
https:/ /doi.org/10.1016 /S0378-1135(01)00375-3.

Fink MP, Heard SO. 1990. Laboratory models of sepsis and septic
shock. J Surg Res 49:186-196. https://doi.org/10.1016/0022-
4804(90)90260-9.

Firth C, Bhat M, Firth MA, Williams SH, Frye M]J, Simmonds P,
Conte JM, NgJ, Garcia J, Bhuva NP, Lee B, Che X, Quan PL, Lip-
kin WI. 2014. Detection of zoonotic pathogens and characterization
of novel viruses carried by commensal Rattus norvegicus in New
York City. MBio 5:1-16. https://doi.org/10.1128 /mBio.01933-14.
Fischer ], Rodriguez I, Schmoger S, Friese A, Roesler U, Helmuth
R, Guerra B. 2012. Escherichia coli producing VIM-1 carbapenemase
isolated on a pig farm. ] Antimicrob Chemother 67:1793-1795.
https:/ /doi.org/10.1093 /jac/dks108.

Fleckenstein JM. 2017. Providing structure to enterotoxigenic
Escherichia coli vaccine development. J Infect Dis 216:1-3. https://
doi.org/10.1093/infdis/jix146.

Flores-Mireles AL, Walker JN, Caparon M, Hultgren SJ. 2015.
Urinary tract infections: epidemiology, mechanisms of infection
and treatment options. Nat Rev Microbiol 13:269-284. https://
doi.org/10.1038 /nrmicro3432.

Foley J, Allan N, Pesapane R, Johnson A, Woods L, Brignolo L,
Luce A, Clifford DL, Imai DM. 2020. Disease and pathological
conditions of an endangered rodent, Microtus Californicus Scirpen-
sis, in a captive-rearing facility and in the wild. ] Zoo Wildl Med
50:758-768. https:/ /doi.org/10.1638/2018-0117.

Fonville NC, Ward RM, Mittelman D. 2011. Stress-induced modu-
lators of repeat instability and genome evolution. ] Mol Microbiol
Biotechnol 21:36—44. https:/ /doi.org/10.1159/000332748.

Formal SB, Oaks EV, Olsen RE, Wingfield-Eggleston M, Snoy
PJ, Cogan JP. 1991. Effect of prior infection with virulent Shigella
flexneri2a on the resistance of monkeys to subsequent infection with
Shigella sonnei. ] Infect Dis 164:533-537. https:/ /doi.org/10.1093/
infdis/164.3.533.

Foster DM, Smith GW. 2009. Pathophysiology of diarrhea in
calves. Vet Clin North Am Food Anim Pract 25:13-36. https:/ /doi.
org/10.1016/j.cvfa.2008.10.013.

Foster G, Ross HM, Pennycott TW, Hopkins GF, McLaren IM.
1998. Isolation of Escherichia coli O86:K61 producing cyto-lethal dis-
tending toxin from wild birds of the finch family. Lett Appl Micro-
biol 26:395-398. https:/ /doi.org/10.1046 /j.1472-765X.1998.00359.x.
Frank C, Milde-Busch A, Werber D. 2014. Results of surveillance
for infections with Shiga toxin-producing Escherichia coli (STEC)
of serotype O104:H4 after the large outbreak in Germany, July to
December 2011. Euro Surveill 19:1-6.

Frank C, Werber D, Cramer JP, Askar M, Faber M, an der Heiden
M, Bernard H, Fruth A, Prager R, Spode A, Wadl M, Zoufaly A,
Jordan S, Kemper M]J, Follin P, Muller L, King LA, Rosner B,
Buchholz U, Stark K, Krause G, Team HUSI. 2011. Epidemic pro-
file of Shiga-toxin-producing Escherichia coli O104:H4 outbreak in
Germany. N Engl ] Med 365:1771-1780. https:/ /doi.org/10.1056 /
NEJMoa1106483.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

Fratamico PM, DebRoy C, Liu Y, Needleman DS, Baranzoni GM,
Feng P. 2016. Advances in Molecular serotyping and subtyping of
Escherichia coli. Front Microbiol 7:1-8. https://doi.org/10.3389/
fmicb.2016.00644.

Freedman SB, Xie J, Neufeld MS, Hamilton WL, Hartling L,
Tarr PI, Alberta Provincial Pediatric Enteric Infection T, Nettel-
Aguirre A, Chuck A, Lee B, Johnson D, Currie G, Talbot J, Jiang
J, Dickinson J, Kellner J, MacDonald J, Svenson L, Chui L, Louie
M, Lavoie M, Eltorki M, Vanderkooi O, Tellier R, Ali S, Drews
S, Graham T, Pang XL. 2016. Shiga toxin-producing Escherichia
coli infection, antibiotics, and risk of developing hemolytic uremic
syndrome: a meta-analysis. Clin Infect Dis 62:1251-1258. https://
doi.org/10.1093/cid /ciw099.

Friedrich AW, Bielaszewska M, Zhang WL, Pulz M, Kuczius T,
Ammon A, Karch H. 2002. Escherichia coli harboring Shiga toxin 2
gene variants: frequency and association with clinical symptoms.
J Infect Dis 185:74-84. https://doi.org/10.1086/338115.
Friedrich AW, Zhang W, Bielaszewska M, Mellmann A, Kock
R, Fruth A, Tschape H, Karch H. 2007. Prevalence, virulence pro-
files, and clinical significance of Shiga toxin-negative variants of
enterohemorrhagic Escherichia coli O157 infection in humans. Clin
Infect Dis 45:39-45. https:/ /doi.org/10.1086/518573.

Frisk CS, Wagner JE, Owens DR. 1981. Hamster (Mesocricetus aura-
tus) enteritis caused by epithelial cell-invasive Escherichia coli. Infect
Immun 31:1232-1238. https://doi.org/10.1128 /TA1.31.3.1232-
1238.1981.

Frohlicher E, Krause G, Zweifel C, Beutin L, Stephan R. 2008.
Characterization of attaching and effacing Escherichia coli (AEEC)
isolated from pigs and sheep. BMC Microbiol 8:1-6. https:/ /doi.
org/10.1186/1471-2180-8-144.

Fujii J, Kinoshita Y, Yutsudo T, Taniguchi H, Obrig T, Yoshida
SI. 2001. Toxicity of Shiga toxin 1 in the central nervous system
of rabbits. Infect Immun 69:6545-6548. https://doi.org/10.1128/
TAI.69.10.6545-6548.2001.

Gaastra W, de Graaf FK. 1982. Host-specific fimbrial adhesins of
noninvasive enterotoxigenic Escherichia coli strains. Microbiol Rev
46:129-161. https:/ /doi.org/10.1128/MMBR.46.2.129-161.1982.
Gaastra W, Svennerholm AM. 1996. Colonization factors of human
enterotoxigenic Escherichia coli (ETEC). Trends Microbiol 4:444-452.
https:/ /doi.org/10.1016 /0966-842X(96)10068-8.

Gallien P, Klie H, Lehmann S, Protz D, Helmuth R, Schifer R,
Ehrler M. 1994. [Detection of verotoxin-producing E. coli in field
isolates from domestic and agricultural animals in Sachsen-Anhalt]
Berl Munch Tierarztl Wochenschr 107:331-334. [ Article in German].
Garcia A, Bosques CJ, Wishnok JS, Feng Y, Karalius BJ, Butter-
ton JR, Schauer DB, Rogers AB, Fox JG. 2006. Renal injury is a
consistent finding in Dutch Belted rabbits experimentally infected
with enterohemorrhagic Escherichia coli. ] Infect Dis 193:1125-1134.
https://doi.org/10.1086/501364.

Garcia A, Fox JG. 2003. The rabbit as a new reservoir host of
enterohemorrhagic Escherichia coli. Emerg Infect Dis 9:1592-1597.
https:/ /doi.org/10.3201/eid0912.030223.

Garcia A, Fox JG, Besser TE. 2010. Zoonotic enterohemorrhagic
Escherichia coli: A one health perspective. ILAR J 51:221-232.
https://doi.org/10.1093/ilar.51.3.221.

Garcia A, Mannion A, Feng Y, Madden CM, Bakthavatchalu V,
Shen Z, Ge Z, Fox JG. 2016. Cytotoxic Escherichia coli strains encod-
ing colibactin colonize laboratory mice. Microbes Infect 18:777-786.
https://doi.org/10.1016/j.micinf.2016.07.005.

Garcia A, Marini RP, Catalfamo JL, Knox KA, Schauer DB, Rog-
ers AB, Fox JG. 2008. Intravenous Shiga toxin 2 promotes enteritis
and renal injury characterized by polymorphonuclear leukocyte
infiltration and thrombosis in Dutch Belted rabbits. Microbes Infect
10:650-656. https:/ /doi.org/10.1016/j.micinf.2008.03.004.

Garcia A, Marini RP, Feng Y, Vitsky A, Knox KA, Taylor NS,
Schauer DB, Fox JG. 2002. A naturally occurring rabbit model of
enterohemorrhagic Escherichia coli-induced disease. ] Infect Dis
186:1682-1686. https:/ /doi.org/10.1086/345371.

Gati NS, Middendorf-Bauchart B, Bletz S, Dobrindt U, Mellmann
A.2019. Origin and evolution of hybrid shiga toxin-producing and
uropathogenic Escherichia coli strains of sequence type 141. J Clin
Microbiol 58:1-16.



245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

Ge Z,Feng Y, Ge L, Parry N, Muthupalani S, Fox JG. 2017. Heli-
cobacter hepaticus cytolethal distending toxin promotes intestinal
carcinogenesis in 129Rag?2-deficient mice. Cell Microbiol 19:1-20.
Ge Z, Feng Y, Sheh A, Muthupalani S, Gong G, Chawanthay-
atham S, Essigmann JM, Fox JG. 2019. Mutagenicity of Helico-
bacter hepaticus infection in the lower bowel mucosa of 129/SvEv
Rag2~/~ 1110/~ gpt delta mice is influenced by sex. Int ] Cancer
145:1042-1054. https:/ /doi.org/10.1002/ijc.32332.

Ge Z, Rogers AB, Feng Y, Lee A, Xu S, Taylor NS, Fox JG. 2007.
Bacterial cytolethal distending toxin promotes the development
of dysplasia in a model of microbially induced hepatocarcinogen-
esis. Cell Microbiol 9:2070-2080. https:/ /doi.org/10.1111/j.1462-
5822.2007.00939.x.

Ghanbarpour R, Askari N, Ghorbanpour M, Tahamtan Y, Ma-
shayekhi K, Afsharipour N, Darijani N. 2017. Genotypic analysis
of virulence genes and antimicrobial profile of diarrheagenic Esch-
erichia coli isolated from diseased lambs in Iran. Trop Anim Health
Prod 49:591-597. https:/ /doi.org/10.1007 /s11250-017-1234-7.
Ghosh A, Borst L, Stauffer SH, Suyemoto M, Moisan P, Zurek
L, Gookin JL. 2013. Mortality in kittens is associated with a shift
in ileum mucosa-associated enterococci from Enterococcus hirae to
biofilm-forming Enterococcus faecalis and adherent Escherichia coli.
Clin Microbiol 51:3567-3578. https:/ /doi.org/10.1128 /JCM.00481-
13.

Ghunaim H, Abu-Madi MA, Kariyawasam S. 2014. Advances
in vaccination against avian pathogenic Escherichia coli respira-
tory disease: potentials and limitations. Vet Microbiol 172:13-22.
https://doi.org/10.1016/j.vetmic.2014.04.019.

Gioia-Di Chiacchio RM, Cunha MPV, de Sa LRM, Davies YM,
Pereira CBP, Martins FH, Munhoz DD, Abe CM, Franzolin MR,
Dos Santos LF, Guth BEC, Elias WP, Piazza RMF, Knobl T. 2018.
Novel hybrid of typical enteropathogenic Escherichia coli and shiga-
toxin-producing E. coli (tEPEC/STEC) Emerging from pet birds.
Front Microbiol 9:1-10. https:/ /doi.org/10.3389 / fmicb.2018.02975.
Girardeau JP, Lalioui L, Said AM, De Champs C, Le Bouguénec
C. 2003. Extended virulence genotype of pathogenic Escherichia
coli isolates carrying the afa-8 operon: evidence of similarities
between isolates from humans and animals with extraintestinal
infections. ] Clin Microbiol 41:218-226. https:/ /doi.org/10.1128/
JCM.41.1.218-226.2003.

Giske CG, Sundsfjord AS, Kahlmeter G, Woodford N, Nord-
mann P, Paterson DL, Canton R, Walsh TR. 2009. Redefining
extended-spectrum B-lactamases: balancing science and clinical
need. ] Antimicrob Chemother 63:1-4. https:/ /doi.org/10.1093/
jac/dkn444.

Glantz PJ. 1970. Unclassified Escherichia coli serogroup OXI isolated
from fatal diarrhea of rabbits. Can ] Comp Med 34:47-49.
Glasser AL, Boudeau J, Barnich N, Perruchot MH, Colombel JF,
Darfeuille-Michaud A. 2001. Adherent invasive Escherichia coli
strains from patients with Crohn’s disease survive and replicate
within macrophages without inducing host cell death. Infect
Immun 69:5529-5537. https://doi.org/10.1128 /TAI.69.9.5529-
5537.2001.

Glode MP, Sutton A, Robbins B, McCracken GH, Gotschlich EC,
Kaijser B, Hanson LA. 1977. Neonatal meningitis due of Escherichia
coli K1.] Infect Dis 136 Suppl 1:593-S97. https:/ /doi.org/10.1093/
infdis/136.Supplement.S93.

Gochez AM, Huguet-Tapia JC, Minsavage GV, Shantaraj D, Jalan
N, Strauss A, Lahaye T, Wang N, Canteros BI, Jones JB, Potnis
N. 2018. Pacbio sequencing of copper-tolerant Xanthomonas citri
reveals presence of a chimeric plasmid structure and provides in-
sights into reassortment and shuffling of transcription activator-like
effectors among X. citri strains. BMC Genomics 19:1-14. https://
doi.org/10.1186/512864-017-4408-9.

Goffaux F, China B, Janssen L, Mainil J. 2000. Genotypic charac-
terization of enteropathogenic Escherichia coli (EPEC) isolated in
Belgium from dogs and cats. Res Microbiol 151:865-871. https://
doi.org/10.1016/50923-2508(00)01153-0.

Goffin P, Dehottay P. 2017. Complete genome sequence of
Escherichia coli BLR(DE3), a recA-deficient derivative of E. coli
BL21(DE3). Genome Announc 5:1-2.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

E. coli Infections in a Range of Hosts

Goldstone R], Popat R, Schuberth HJ, Sandra O, Sheldon IM,
Smith DG. 2014. Genomic characterisation of an endometrial
pathogenic Escherichia coli strain reveals the acquisition of genetic
elements associated with extra-intestinal pathogenicity. BMC Ge-
nomics 15:1075. https:/ /doi.org/10.1186/1471-2164-15-1075.
Goémez-Moreno R, Robledo IE, Baerga-Ortiz A. 2014. Direct detec-
tion and quantification of bacterial genes associated with inflam-
mation in DNA isolated from stool. Adv Microbiol 4:1065-1075.
https:/ /doi.org/10.4236/aim.2014.415117.

Gomis SM, Riddell C, Potter AA, Allan BJ. 2001. Phenotypic and
genotypic characterization of virulence factors of Escherichia coli
isolated from broiler chickens with simultaneous occurrence of
cellulitis and other colibacillosis lesions. Can ] Vet Res 65:1-6.
Gonzales-Siles L, Sjoling A. 2016. The different ecological niches
of enterotoxigenic Escherichia coli. Environ Microbiol 18:741-751.
https://doi.org/10.1111/1462-2920.13106.

Gonzales L, Sanchez S, Zambrana S, Iiiguez V, Wiklund G,
Svennerholm AM, Sjo6ling A. 2013. Molecular characteriza-
tion of enterotoxigenic Escherichia coli isolates recovered from
children with diarrhea during a 4-year period (2007 to 2010) in
Bolivia. J Clin Microbiol 51:1219-1225. https:/ /doi.org/10.1128/
JCM.02971-12.

GooJS, Jang MK, Shim SB, Jee SW, Lee SH, Bae CJ, Park S, Kim
KJ, Kim JE, Hwang IS, Lee HR, Choi SI, Lee Y], Lim CJ, Hwang
DY. 2012. Monitoring of antibiotic resistance in bacteria isolated
from laboratory animals. Lab Anim Res 28:141-145. https://doi.
org/10.5625/1ar.2012.28.2.141.

Good RC, May BD. 1971. Respiratory pathogens in monkeys. Infect
Immun 3:87-93. https:/ /doi.org/10.1128 /TIAL3.1.87-93.1971.
Gordillo ME, Reeve GR, Pappas J, Mathewson JJ, DuPont HL,
Murray BE. 1992. Molecular characterization of strains of en-
teroinvasive Escherichia coli 0143, including isolates from a large
outbreak in Houston, Texas. ] Clin Microbiol 30:889-893. https://
doi.org/10.1128 /JCM.30.4.889-893.1992.

Gray CH, Tatum EL. 1944. X-Ray induced growth factor require-
ments in bacteria. Proc Natl Acad Sci U S A 30:404-410. https://
doi.org/10.1073/pnas.30.12.404.

Green BA, Neill R], Ruyechan WT, Holmes RK. 1983. Evidence
that a new enterotoxin of Escherichia coli which activates adenylate
cyclase in eucaryotic target cells is not plasmid mediated. Infect Im-
mun 41:383-390. https:/ /doi.org/10.1128 /TAL.41.1.383-390.1983.
Griffiths EC, Pedersen AB, Fenton A, Petchey OL. 2011. The nature
and consequences of coinfection in humans. J Infect 63:200-206.
https:/ /doi.org/10.1016/j.jinf.2011.06.005.

Grodinsky S, Telmesani A, Robson WLM, Fick G, Scott RB.
1990. Gastrointestinal manifestations of hemolytic uremic syn-
drome. ] Pediatr Gastroenterol Nutr 11:518-524. https://doi.
org/10.1097/00005176-199011000-00013.

Gronbach K, Eberle U, Muller M, Olschlager TA, Dobrindt U,
Leithauser F, Niess JH, Doring G, Reimann J, Autenrieth IB,
Frick JS. 2010. Safety of probiotic Escherichia coli strain Nissle
1917 depends on intestinal microbiota and adaptive immunity of
the host. Infect Immun 78:3036-3046. https:/ /doi.org/10.1128/
IA1.00218-10.

Gronthal T, Osterblad M, Eklund M, Jalava J, Nykidsenoja S,
Pekkanen K, Rantala M. 2018. Sharing more than friendship—
transmission of NDM-5 ST167 and CTX-M-9 ST69 Escherichia coli
between dogs and humans in a family, Finland, 2015. Euro Surveill
23:1-10.

Gross RJ, Rowe B. 1985. Escherichia coli diarrhoea. ] Hyg (Lond)
95:531-550. https://doi.org/10.1017/50022172400060666.
Grossmann K, Weniger B, Baljer G, Brenig B, Wieler LH. 2005.
Racing, ornamental and city pigeons carry Shiga toxin producing
Escherichia coli (STEC) with different Shiga toxin subtypes, urging
further analysis of their epidemiological role in the spread of STEC.
Berl Munch Tierarztl Wochenschr 118:456-463.

Guabiraba R, Schouler C. 2015. Avian colibacillosis: still many
black holes. FEMS Microbiol Lett 362:fnv118. https://doi.
org/10.1093 /femsle /fnv118.

Guarner F, Malagelada JR. 2003. Gut flora in health and
disease. Lancet 361:512-519. https://doi.org/10.1016/50140-
6736(03)12489-0.

29



Vol 71, No 1
Comparative Medicine
February 2021

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

30

Guignot J, Chaplais C, Coconnier-Polter MH, Servin AL. 2007.
The secreted autotransporter toxin, Sat, functions as a virulence
factor in Afa/Dr diffusely adhering Escherichia coli by promoting
lesions in tight junction of polarized epithelial cells. Cell Microbiol
9:204-221. https:/ /doi.org/10.1111/.1462-5822.2006.00782.x.
Gunsalus IC, Hand DB. 1941. The use of bacteria in the chemical
determination of total vitamin C. J Biol Chem 141:853-858.
Gunzer F, Hennig-Pauka I, Waldmann KH, Sandhoff R, Grone
HJ, Kreipe HH, Matussek A, Mengel M. 2002. Gnotobiotic piglets
develop thrombotic microangiopathy after oral infection with
enterohemorrhagic Escherichia coli. Am ] Clin Pathol 118:364-375.
https:/ /doi.org/10.1309/UMW9-D06Q-M94Q-JGH?2.

Guo M, Yang W, Wu F, Hao G, Li R, Wang X, Wei L, Chai T. 2017.
Colonization, mortality, and host cytokines response to enterohe-
morrhagic Escherichia coli in rabbits. Oncotarget 8:93426-93437.
https:/ /doi.org/10.18632/ oncotarget.20966.

Guttman DS, Dykhuizen DE. 1994. Clonal divergence in Esch-
erichia coli as a result of recombination, not mutation. Science
266:1380-1383. https:/ /doi.org/10.1126 /science.7973728.

Gyles CL, Barnum DA. 1969. A heat-labile enterotoxin from strains
of Escherichia coli enteropathogenic for pigs. ] Infect Dis 120:419-426.
https:/ /doi.org/10.1093 /infdis/120.4.419.

Ha SK, Choi C, Chae C. 2003. Prevalence of a gene encoding ad-
hesin involved in diffuse adherence among Escherichia coli isolates
in pigs with postweaning diarrhea or edema disease. ] Vet Diagn
Invest 15:378-381. https:/ /doi.org/10.1177/104063870301500414.
Hacker ], Bender L, Ott M, Wingender J, Lund B, Marre R, Goebel
W. 1990. Deletions of chromosomal regions coding for fimbriae and
hemolysins occur in vitro and in vivo in various extraintestinal
Escherichia coli isolates. Microb Pathog 8:213-225. https://doi.
org/10.1016/0882-4010(90)90048-U.

Hacker J, Knapp S, Goebel W. 1983. Spontaneous deletions and
flanking regions of the chromosomally inherited hemolysin deter-
minant of an Escherichia coli O6 strain. ] Bacteriol 154:1145-1152.
https://doi.org/10.1128 /JB.154.3.1145-1152.1983.

Hagman R, Kiihn I. 2002. Escherichia coli strains isolated from
the uterus and urinary bladder of bitches suffering from pyo-
metra: comparison by restriction enzyme digestion and pulsed-
field gel electrophoresis. Vet Microbiol 84:143-153. https://doi.
org/10.1016/50378-1135(01)00449-7.

Hamelin K, Bruant G, El-Shaarawi A, Hill S, Edge TA, Fairbrother
J, Harel J, Maynard C, Masson L, Brousseau R. 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.
https://doi.org/10.1128 / AEM.01445-06.

Hammermueller J, Kruth S, Prescott J, Gyles C. 1995. Detection of
toxin genes in Escherichia coli isolated from normal dogs and dogs
with diarrhea. Can J Vet Res 59:265-270.

Han JW, Koh HB, Kim TJ. 2016. Molecular characterization of
B-lactamase-producing Escherichia coli collected from 2001 to 2011
from pigs in Korea. Foodborne Pathog Dis 13:68-76. https:/ /doi.
org/10.1089/fpd.2015.2017.

Hancock DD, Besser TE, Rice DH, Ebel ED, Herriott DE, Carpen-
ter LV. 1998. Multiple sources of Escherichia coli O157 in feedlots
and dairy farms in the northwestern USA. Prev Vet Med 35:11-19.
https:/ /doi.org/10.1016 /S0167-5877(98)00050-6.

Hancock DD, Rice DH, Thomas LA, Dargatz DA, Besser TE. 1997.
Epidemiology of Escherichia coli O157 in feedlot cattle. ] Food Prot
60:462—-465. https:/ /doi.org/10.4315/0362-028X-60.5.462.

Handt LK, Stoffregen DA, Prescott JS, Pouch WJ, Ngai DT,
Anderson CA, Gatto NT, DebRoy C, Fairbrother JM, Motzel
SL, Klein HJ. 2003. Clinical and microbiologic characterization
of hemorrhagic pneumonia due to extraintestinal pathogenic
Escherichia coli in four young dogs. Comp Med 53:663-670.
Harris JR, Wachsmuth IK, Davis BR, Cohen ML. 1982. High-
molecular-weight plasmid correlates with Escherichia coli enteroin-
vasiveness. Infect Immun 37:1295-1298. https:/ /doi.org/10.1128/
TAI.37.3.1295-1298.1982.

Hayashimoto N, Inoue T, Morita H, Yasuda M, Ueno M,
Kawai K, Itoh T. 2016. Survey and experimental infection of

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

enteropathogenic Escherichia coli in common marmosets (Callithrix
jacchus). PLoS One 11:1-10. https://doi.org/10.1371/journal.
pone.0160116.

Hayashimoto N, Morita H, Inoue T, Yasuda M, Yamamoto M, Itoh
T. 2015. Draft genome sequence of enteropathogenic Escherichia
coli, isolated from the bloody stool sample of a common marmoset
(Callithrix jacchus). Genome Announc 3:e01161-15.

Hazen TH, Leonard SR, Lampel KA, Lacher DW, Maurelli AT,
Rasko DA. 2016. Investigating the relatedness of enteroinvasive
Escherichia coli to other E. coli and Shigella isolates by using
comparative genomics. Infect Immun 84:2362-2371. https://doi.
org/10.1128 /1A1.00350-16.

Hazen TH, Michalski J, Luo Q, Shetty AC, Daugherty SC,
Fleckenstein JM, Rasko DA. 2017. Comparative genomics and
transcriptomics of Escherichia coli isolates carrying virulence fac-
tors of both enteropathogenic and enterotoxigenic E. coli. Sci Rep
7:3513. https:/ /doi.org/10.1038 /s41598-017-03489-z.

Heininger A, Binder M, Schmidt S, Unertl K, Botzenhart K,
Doéring G. 1999. PCR and blood culture for detection of Escherichia
coli bacteremia in rats. ] Clin Microbiol 37:2479-2482. https:/ /doi.
org/10.1128/JCM.37.8.2479-2482.1999.

Hernandes RT, Elias WP, Vieira MA, Gomes TA. 2009. An
overview of atypical enteropathogenic Escherichia coli. FEMS
Microbiol Lett 297:137-149. https://doi.org/10.1111/j.1574-
6968.2009.01664 ..

Hicks S, Candy DC, Phillips AD. 1996. Adhesion of enteroaggre-
gative Escherichia coli to pediatric intestinal mucosa in vitro. Infect
Immun 64:4751-4760. https://doi.org/10.1128 /1AI.64.11.4751-
4760.1996.

Highland MA, Byrne BA, Debroy C, Samitz EM, Peterson TS, Os-
lund KL. 2009. Extraintestinal pathogenic Escherichia coli-induced
pneumonia in three kittens and fecal prevalence in a clinically
healthy cohort population. ] Vet Diagn Invest 21:609-615. https:/ /
doi.org/10.1177/104063870902100504.

Hinenoya A, Shima K, Asakura M, Nishimura K, Tsukamoto
T, Ooka T, Hayashi T, Ramamurthy T, Faruque SM, Yamasaki
S. 2014. Molecular characterization of cytolethal distending toxin
gene-positive Escherichia coli from healthy cattle and swine in Nara,
Japan. BMC Microbiol 14:1-13. https://doi.org/10.1186/1471-
2180-14-97.

Holland MS, Kennedy FA, Holland RE. 2000. Companion animals
as reservoirs of eaeA* Escherichia coli. ] Vet Diagn Invest 12:78-80.
https://doi.org/10.1177 /104063870001200117.

Holmes RK, Twiddy EM, Pickett CL. 1986. Purification and
characterization of type Il heat-labile enterotoxin of Escherichia coli.
Infect Immun 53:464—473. https:/ /doi.org/10.1128 /IAI.53.3.464-
473.1986.

Hu J, Torres AG. 2015. Enteropathogenic Escherichia coli: foe or
innocent bystander? Clin Microbiol Infect 21:729-734. https://
doi.org/10.1016/j.cmi.2015.01.015.

Huber H, Zweifel C, Wittenbrink MM, Stephan R. 2013. ESBL-
producing uropathogenic Escherichia coli isolated from dogs and
cats in Switzerland. Vet Microbiol 162:992-996. https://doi.
org/10.1016/j.vetmic.2012.10.029.

Hughes C, Hacker J, Roberts A, Goebel W. 1983. Hemolysin pro-
duction as a virulence marker in symptomatic and asymptomatic
urinary tract infections caused by Escherichia coli. Infect Immun
39:546-551. https:/ /doi.org/10.1128 /TAI.39.2.546-551.1983.

Hull RA, Gill RE, Hsu P, Minshew BH, Falkow S. 1981. Construc-
tion and expression of recombinant plasmids encoding type 1 or
D-mannose-resistant pili from a urinary tract infection Escherichia
coli isolate. Infect Immun 33:933-938. https://doi.org/10.1128/
TAI.33.3.933-938.1981.

Huttner A, Hatz C, van den Dobbelsteen G, Abbanat D, Hornacek
A, Frolich R, Dreyer AM, Martin P, Davies T, Fae K, van den
Nieuwenhof I, Thoelen S, de Valliere S, Kuhn A, Bernasconi E,
Viereck V, Kavvadias T, Kling K, Ryu G, Hulder T, Groger S,
Scheiner D, Alaimo C, Harbarth S, Poolman J, Fonck VG. 2017.
Safety, immunogenicity, and preliminary clinical efficacy of a vac-
cine against extraintestinal pathogenic Escherichia coli in women
with a history of recurrent urinary tract infection: a randomised,



311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

single-blind, placebo-controlled phase 1b trial. Lancet Infect Dis
17:528-537. https:/ /doi.org/10.1016/51473-3099(17)30108-1.
Iguchi A, Thomson NR, Ogura Y, Saunders D, Ooka T, Henderson
IR, Harris D, Asadulghani M, Kurokawa K, Dean P, Kenny B,
Quail MA, Thurston S, Dougan G, Hayashi T, Parkhill J, Frankel
G. 2009. Complete genome sequence and comparative genome anal-
ysis of enteropathogenic Escherichia coli O127:H6 strain E2348/69.]
Bacteriol 191:347-354. https:/ /doi.org/10.1128 /]JB.01238-08.
Inoue M, Ogawa T, Tamura H, Hagiwara Y, Saito Y, Abbanat
D, van den Dobbelsteen G, Hermans P, Thoelen S, Poolman J,
de Palacios PI. 2018. Safety, tolerability and immunogenicity of
the EXPEC4V (JNJ-63871860) vaccine for prevention of invasive
extraintestinal pathogenic Escherichia coli disease: A phase 1,
randomized, double-blind, placebo-controlled study in healthy
Japanese participants. Hum Vaccin Immunother 14:2150-2157.
https:/ /doi.org/10.1080/21645515.2018.1474316.

Institut Pasteur. [Internet]. 2020. Escherichia coli sequence typing.
[Cited 2 July 2020]. Available at: https:/ /bigsdb.pasteur.fr/ecoli/
ecoli.html.

Isaacson RE. 1977. K99 surface antigen of Escherichia coli: puri-
fication and partial characterization. Infect Immun 15:272-279.
https:/ /doi.org/10.1128 /TAL.15.1.272-279.1977.

Jacob ME, Keelara S, Aidara-Kane A, Matheu Alvarez JR, Fedor-
ka-Cray PJ. 2020. Optimizing a screening protocol for potential
extended spectrum B-Lactamase Escherichia coli on MacConkey
agar for use in a global surveillance program. J Clin Microbiol
58:e01039-19. https:/ /doi.org/10.1128 /JCM.01039-19.

Jallat C, Darfeuille-Michaud A, Rich C, Joly B. 1994. Survey of
clinical isolates of diarrhoeogenic Escherichia coli: diffusely adher-
ing E. coli strains with multiple adhesive factors. Res Microbiol
145:621-632. https:/ /doi.org/10.1016/0923-2508(94)90079-5.
Jallat C, Livrelli V, Darfeuille-Michaud A, Rich C, Joly B.
1993. Escherichia coli strains involved in diarrhea in France: high
prevalence and heterogeneity of diffusely adhering strains. ] Clin
Microbiol 31:2031-2037. https:/ /doi.org/10.1128 /JCM.31.8.2031-
2037.1993.

Janeczko S, Atwater D, Bogel E, Greiter-Wilke A, Gerold A,
Baumgart M, Bender H, McDonough PL, McDonough SP, Gold-
stein RE, Simpson KW. 2008. The relationship of mucosal bacteria
to duodenal histopathology, cytokine mRNA, and clinical disease
activity in cats with inflammatory bowel disease. Vet Microbiol
128:178-193. https:/ /doi.org/10.1016 /j.vetmic.2007.10.014.
Janke BH, Francis DH, Collins JE, Libal MC, Zeman DH, John-
son DD. 1989. Attaching and effacing Escherichia coli infections in
calves, pigs, lambs, and dogs. ] Vet Diagn Invest 1:6-11. https://
doi.org/10.1177/104063878900100104.

Janke BH, Francis DH, Collins JE, Libal MC, Zeman DH, Johnson
DD, Neiger RD. 1990. Attaching and effacing Escherichia coli infec-
tion as a cause of diarrhea in young calves. ] Am Vet Med Assoc
196:897-901.

Jeong ES, Park JH, Ryu SH, Choi SY, Lee KS, Kim JM, Hyun
BH, Choi YK. 2019. Detection of Chilomastix mesnili in common
marmoset (Callithrix jacchus) and treatment with metronidazole.
Iran J Parasitol 14:334-339.

Jeong H, Barbe V, Lee CH, Vallenet D, Yu DS, Choi SH, Couloux
A, Lee SW, Yoon SH, Cattolico L, Hur CG, Park HS, Segurens
B, Kim SC, Oh TK, Lenski RE, Studier FW, Daegelen P, Kim JF.
2009. Genome sequences of Escherichia coli B strains REL606 and
BL21(DE3). ] Mol Biol 394:644-652. https://doi.org/10.1016/j.
jmb.2009.09.052.

Jerse AE, Gicquelais KG, Kaper JB. 1991. Plasmid and chromo-
somal elements involved in the pathogenesis of attaching and
effacing Escherichia coli. Infect Immun 59:3869-3875. https:/ /doi.
org/10.1128 /1A1.59.11.3869-3875.1991.

Jerse AE, Kaper JB. 1991. The eae gene of enteropathogenic Esch-
erichia coli encodes a 94-kilodalton membrane protein, the expres-
sion of which is influenced by the EAF plasmid. Infect Immun
59:4302-4309. https://doi.org/10.1128 /IA1.59.12.4302-4309.1991.
Jerse AE, Yu ], Tall BD, Kaper JB. 1990. A genetic locus of entero-
pathogenic Escherichia coli necessary for the production of attaching
and effacing lesions on tissue culture cells. Proc Natl Acad Sci USA
87:7839-7843. https:/ /doi.org/10.1073 /pnas.87.20.7839.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

E. coli Infections in a Range of Hosts

Joffré E, von Mentzer A, Svennerholm AM, Sjoling A. 2016.
Identification of new heat-stable (STa) enterotoxin allele vari-
ants produced by human enterotoxigenic Escherichia coli (ETEC).
Int ] Med Microbiol 306:586-594. https://doi.org/10.1016/j.
ijmm.2016.05.016.

Johnson JR, Gajewski A, Lesse AJ, Russ TA. 2003. Extraintestinal
pathogenic Escherichia coli as a cause of invasive nonurinary infec-
tions. ] Clin Microbiol 41:5798-5802. https://doi.org/10.1128/
JCM.41.12.5798-5802.2003.

Johnson JR, Clermont O, Menard M, Kuskowski MA, Picard
B, Denamur E. 2006. Experimental mouse lethality of Escherichia
coli isolates, in relation to accessory traits, phylogenetic group,
and ecological source. ] Infect Dis 194:1141-1150. https://doi.
org/10.1086/507305.

Johnson JR, Kaster N, Kuskowski MA, Ling GV. 2003. Identi-
fication of urovirulence traits in Escherichia coli by comparison
of urinary and rectal E. coli isolates from dogs with urinary tract
infection. J Clin Microbiol 41:337-345. https://doi.org/10.1128/
JCM.41.1.337-345.2003.

Johnson JR, Stapleton AE, Russo TA, Scheutz F, Brown J]J,
Maslow JN. 1997. Characteristics and prevalence within serogroup
04 of aJ96-like clonal group of uropathogenic Escherichia coli O4:H5
containing the class I and class III alleles of papG. Infect Immun
65:2153-2159. https:/ /doi.org/10.1128 /1AI65.6.2153-2159.1997.
Johnson JR, Stell AL. 2000. Extended virulence genotypes of
Escherichia coli strains from patients with urosepsis in relation to
phylogeny and host compromise. ] Infect Dis 181:261-272. https:/ /
doi.org/10.1086/315217.

Johnson JR, Stell AL, Delavari P. 2001. Canine feces as a reser-
voir of extraintestinal pathogenic Escherichia coli. Infect Immun
69:1306-1314. https:/ /doi.org/10.1128 /TAL.69.3.1306-1314.2001.
Johnson JR, Stell AL, Delavari P, Murray AC, Kuskowski M,
Gaastra W. 2001. Phylogenetic and pathotypic similarities between
Escherichia coli isolates from urinary tract infections in dogs and
extraintestinal infections in humans. | Infect Dis 183:897-906.
https://doi.org/10.1086/319263.

Johnson LK, Widi AY, Rowarth S, Baxter AG. 2015. Abdominal
distension and Escherichia coli peritonitis in mice lacking myeloid
differentiation factor 88. Comp Med 65:123-126.

Johnson TJ, DebRoy C, Belton S, Williams ML, Lawrence M, No-
lan LK, Thorsness JL. 2010. Pyrosequencing of the Vir plasmid of
necrotoxigenic Escherichia coli. Vet Microbiol 144:100-109. https:/ /
doi.org/10.1016/j.vetmic.2009.12.022.

Johnson TJ, Nolan LK. 2009. Pathogenomics of the virulence
plasmids of Escherichia coli. Microbiol Mol Biol Rev 73:750-774.
https://doi.org/10.1128 /MMBR.00015-09. Erratum in: Microbiol
Mol Biol Rev 2010 74:477-478.

Johnson TJ, Wannemuehler Y, Doetkott C, Johnson SJ, Rosen-
berger SC, Nolan LK. 2008. Identification of minimal predictors of
avian pathogenic Escherichia coli virulence for use as a rapid diag-
nostic tool. ] Clin Microbiol 46:3987-3996. https:/ /doi.org/10.1128/
JCM.00816-08.

Johnson WM, Lior H, Bezanson GS. 1983. Cytotoxic Escherichia coli
0157:H7 associated with haemorrhagic colitis in Canada. Lancet
321:76. https:/ /doi.org/10.1016/50140-6736(83)91616-1.

Johura FT, Parveen R, Islam A, Sadique A, Rahim MN, Monira
S, Khan AR, Ahsan S, Ohnishi M, Watanabe H, Chakraborty S,
George CM, Cravioto A, Navarro A, Hasan B, Alam M. 2017. Oc-
currence of hybrid Escherichia coli strains carrying Shiga toxin and
heat-stable toxin in livestock of Bangladesh. Front Public Health
4:1-9.

Kakoullis L, Papachristodoulou E, Chra P, Panos G. 2019.
Shiga toxin-induced haemolytic uraemic syndrome and the role
of antibiotics: a global overview. J Infect 79:75-94. https://doi.
org/10.1016/j.jinf.2019.05.018.

Kaper JB, O’Brien AD. 2014. Overview and historical perspectives.
Microbiol Spectr 2:1-15.

Karch H, Bielaszewska M. 2001. Sorbitol-fermenting Shiga
toxin-producing Escherichia coli O157:H(-) strains: epidemiology,
phenotypic and molecular characteristics, and microbiological
diagnosis. ] Clin Microbiol 39:2043-2049. https:/ /doi.org/10.1128 /
JCM.39.6.2043-2049.2001.

31



Vol 71, No 1
Comparative Medicine
February 2021

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

32

Karmali MA. 2017. Emerging public health challenges of Shiga
toxin-producing Escherichia coli related to changes in the pathogen,
the population, and the environment. Clin Infect Dis 64:371-376.
https://doi.org/10.1093/cid /ciw708.

Karmali MA, Petric M, Lim C, Fleming PC, Arbus GS, Lior
H. 1985. The association between idiopathic hemolytic uremic
syndrome and infection by verotoxin-producing Escherichia coli. ]
Infect Dis 151:775-782. https:/ /doi.org/10.1093 /infdis /151.5.775.
Karpman D, Loos S, Tati R, Arvidsson I.2017. Haemolytic uraemic
syndrome. ] Intern Med 281:123-148. https://doi.org/10.1111/
joim.12546.

Kaufmann M, Zweifel C, Blanco M, Blanco JE, Blanco J, Beutin
L, Stephan R. 2006. Escherichia coli O157 and non-O157 Shiga
toxin-producing Escherichia coli in fecal samples of finished pigs
at slaughter in Switzerland. ] Food Prot 69:260-266. https:/ /doi.
org/10.4315/0362-028X-69.2.260.

Keepers TR, Psotka MA, Gross LK, Obrig TG. 2006. A murine
model of HUS: Shiga toxin with lipopolysaccharide mimics the
renal damage and physiologic response of human disease. ] Am Soc
Nephrol 17:3404-3414. https:/ /doi.org/10.1681/ ASN.2006050419.
Kelly J, Oryshak A, Wenetsek M, Grabiec J, Handy S. 1990. The
colonic pathology of Escherichia coli O157:H7 infection. Am J Surg
Pathol 14:87-92. https://doi.org/10.1097/00000478-199001000-
00010.

Kenny B, DeVinney R, Stein M, Reinscheid DJ, Frey EA, Finlay
BB. 1997. Enteropathogenic E. coli (EPEC) transfers its receptor for
intimate adherence into mammalian cells. Cell 91:511-520. https:/ /
doi.org/10.1016/50092-8674(00)80437-7.

Khetrapal V, Mehershahi KS, Chen SL. 2017. Complete genome
sequence of the original Escherichia coli isolate, strain NCTC86.
Genome Announc 5:1-2.

Kim SC, Tonkonogy SL, Albright CA, Tsang J, Balish EJ, Braun J,
Huycke MM, Sartor RB. 2005. Variable phenotypes of enterocolitis
in interleukin 10-deficient mice monoassociated with two different
commensal bacteria. Gastroenterology 128:891-906. https://doi.
org/10.1053 /j.gastro.2005.02.009.

Kim SH, Cha IH, Kim KS, Kim YH, Lee YC. 2013. Cloning and se-
quence analysis of another Shiga-like toxin Ile variant gene (slt-Ilera)
from an Escherichia coli R107 strain isolated from rabbit. Microbiol
Immunol 41:805-808. https://doi.org/10.1111/j.1348-0421.1997.
tb01931.x.

Kimmitt PT, Harwood CR, Barer MR. 2000. Toxin gene expression
by shiga toxin-producing Escherichia coli: the role of antibiotics and
the bacterial SOS response. Emerg Infect Dis 6:458-465. https://
doi.org/10.3201/eid0605.000503.

Kintz E, Brainard J, Hooper L, Hunter P. 2017. Transmission
pathways for sporadic Shiga-toxin producing E. coli infections: A
systematic review and meta-analysis. Int ] Hyg Environ Health
220:57-67. https:/ /doi.org/10.1016/j.ijheh.2016.10.011.

Kirk MD, Pires SM, Black RE, Caipo M, Crump JA, Devleess-
chauwer B, Dopfer D, Fazil A, Fischer-Walker CL, Hald T, Hall
AJ, Keddy KH, Lake RJ, Lanata CF, Torgerson PR, Havelaar
AH, Angulo FJ. 2015. World Health Organization estimates of
the global and regional disease burden of 22 foodborne bacterial,
protozoal, and viral diseases, 2010: a data synthesis. PLoS Med
12:1-21. https://doi.org/10.1371/journal.pmed.1001921. Cor-
rection: PLoS Med 2015. 12:e1001940.https://doi.org/10.1371/
journal.pmed.1001940

Kjelstrup CK, Arnesen LP, Granquist EG, L’Abée-Lund TM.
2013. Characterization of Escherichia coli O78 from an outbreak of
septicemia in lambs in Norway. Vet Microbiol 166:276-280. https:/ /
doi.org/10.1016/j.vetmic.2013.05.004.

Kjelstrup CK, Barber AE, Norton JP, Mulvey MA, L’ Abée -Lund
TM. 2017. Escherichia coli O78 isolated from septicemic lambs shows
high pathogenicity in a zebrafish model. Vet Res 48:1-8. https://
doi.org/10.1186/513567-016-0407-0.

Knutton S, Baldini MM, Kaper JB, McNeish AS. 1987. Role of
plasmid-encoded adherence factors in adhesion of enteropatho-
genic Escherichia coli to HEp-2 cells. Infect Immun 55:78-85. https:/ /
doi.org/10.1128 /TAIL.55.1.78-85.1987.

Knutton S, Baldwin T, Williams PH, McNeish AS. 1989. Actin
accumulation at sites of bacterial adhesion to tissue culture cells:

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

basis of a new diagnostic test for enteropathogenic and enterohe-
morrhagic Escherichia coli. Infect Immun 57:1290-1298. https://
doi.org/10.1128 /TAIL.57.4.1290-1298.1989.

Knutton S, Lloyd DR, McNeish AS. 1987. Adhesion of entero-
pathogenic Escherichia coli to human intestinal enterocytes and
cultured human intestinal mucosa. Infect Immun 55:69-77. https:/ /
doi.org/10.1128 /TAIL55.1.69-77.1987.

Knutton S, Phillips AD, Smith HR, Gross R], Shaw R, Watson
P, Price E. 1991. Screening for enteropathogenic Escherichia coli
in infants with diarrhea by the fluorescent-actin staining test.
Infect Immun 59:365-371. https://doi.org/10.1128 /IA1.59.1.365-
371.1991.

Kobayashi H, Pohjanvirta T, Pelkonen S. 2002. Prevalence and
characteristics of intimin- and Shiga toxin-producing Escherichia
coli from gulls, pigeons and broilers in Finland. ] Vet Med Sci
64:1071-1073. https:/ /doi.org/10.1292 /jvms.64.1071.
Kolappaswamy K, Nazareno J, Porter WP, Klein HJ. 2014. Out-
break of pathogenic Escherichia coli in an outdoor-housed non-
human primate colony. ] Med Primatol 43:122-124. https:/ /doi.
org/10.1111/jmp.12099.

Konowalchuk J, Speirs JI, Stavric S. 1977. Vero response to a
cytotoxin of Escherichia coli. Infect Immun 18:775-779. https:/ /doi.
org/10.1128 /1A1.18.3.775-779.1977.

Kothary MH, Babu US. 2001. Infective dose of foodborne patho-
gens in volunteers: A review. ] Food Saf 21:49-68. https://doi.
org/10.1111/j.1745-4565.2001.tb00307 .x.

Kotler DP, Giang TT, Thiim M, Nataro JP, Sordillo EM, Orenstein
JM. 1995. Chronic bacterial enteropathy in patients with AIDS. |
Infect Dis 171:552-558. https:/ /doi.org/10.1093/infdis /171.3.552.
Kotloff KL, Nataro JP, Blackwelder WC, Nasrin D, Farag TH,
Panchalingam S, Wu Y, Sow SO, Sur D, Breiman RF, Faruque
AS, Zaidi AK, Saha D, Alonso PL, Tamboura B, Sanogo D, On-
wuchekwa U, Manna B, Ramamurthy T, Kanungo S, Ochieng
JB, Omore R, Oundo JO, Hossain A, Das SK, Ahmed S, Qureshi
S, Quadri F, Adegbola RA, Antonio M, Hossain M]J, Akinsola
A, Mandomando I, Nhampossa T, Acacio S, Biswas K, O'Reilly
CE, Mintz ED, Berkeley LY, Muhsen K, Sommerfelt H, Robins-
Browne RM, Levine MM. 2013. Burden and aetiology of diarrhoeal
disease in infants and young children in developing countries
(the Global Enteric Multicenter Study, GEMS): a prospective,
case-control study. Lancet 382:209-222. https:/ /doi.org/10.1016/
50140-6736(13)60844-2.

Kotlowski R, Bernstein CN, Sepehri S, Krause DO. 2007. High
prevalence of Escherichia coli belonging to the B2*D phylogenetic
group in inflammatory bowel disease. Gut 56:669—675. https://
doi.org/10.1136/gut.2006.099796.

Kozlowski R, Glantz PJ, Anthony RG. 1977. Occurrence of
Escherichia coli in wild cottontail rabbits. Appl Environ Microbiol
33:563-566. https:/ /doi.org/10.1128 / AEM.33.3.563-566.1977.
Kramer J, Deppe M, Gobel K, Tabelow K, Wiendl H, Meuth
SG. 2015. Recovery of thalamic microstructural damage after
Shiga toxin 2-associated hemolytic-uremic syndrome. ] Neurol Sci
356:175-183. https://doi.org/10.1016 /j.jns.2015.06.045.

Krause G, Zimmermann S, Beutin L. 2005. Investigation of
domestic animals and pets as a reservoir for intimin- (eae) gene
positive Escherichia coli types. Vet Microbiol 106:87-95. https://
doi.org/10.1016/j.vetmic.2004.11.012.

Krieger JN, Dobrindt U, Riley DE, Oswald E. 2011. Acute Esche-
richia coli prostatitis in previously health young men: bacterial viru-
lence factors, antimicrobial resistance, and clinical outcomes. Urol-
ogy 77:1420-1425. https:/ /doi.org/10.1016/j.urology.2010.12.059.
Krél JE, Hall DC Jr, Balashov S, Pastor S, Sibert J, McCaffrey J,
Lang S, Ehrlich RL, Earl J, Mell JC, Xiao M, Ehrlich GD. 2019.
Genome rearrangements induce biofilm formation in Escherichia
coli C—an old model organism with a new application in biofilm
research. BMC Genomics 20:1-18. https:/ /doi.org/10.1186 /512864~
019-6165-4.

Kuhnert P, Nicolet J, Frey J. 1995. Rapid and accurate identi-
fication of Escherichia coli K-12 strains. Appl Environ Microbiol
61:4135-4139. https:/ /doi.org/10.1128 / AEM.61.11.4135-4139.1995.
Kumarasamy KK, Toleman MA, Walsh TR, Bagaria J, Butt F,
Balakrishnan R, Chaudhary U, Doumith M, Giske CG, Irfan S,



376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

Krishnan P, Kumar AV, Maharjan S, Mushtaq S, Noorie T, Pa-
terson DL, Pearson A, Perry C, Pike R, Rao B, Ray U, Sarma JB,
Sharma M, Sheridan E, Thirunarayan MA, Turton J, Upadhyay
S, Warner M, Welfare W, Livermore DM, Woodford N. 2010.
Emergence of a new antibiotic resistance mechanism in India,
Pakistan, and the UK: a molecular, biological, and epidemiologi-
cal study. Lancet Infect Dis 10:597-602. https:/ /doi.org/10.1016/
51473-3099(10)70143-2.

Kurioka T, Yunou Y, Kita E. 1998. Enhancement of susceptibility
to Shiga toxin-producing Escherichia coli O157:H7 by protein calorie
malnutrition in mice. Infect Immun 66:1726-1734. https://doi.
org/10.1128 /TAL66.4.1726-1734.1998.

Kurnick SA, Mannion AJ, Feng Y, Madden CM, Chamberlain P,
Fox JG. 2019. Genotoxic Escherichia coli strains encoding colibactin,
cytolethal distending toxin, and cytotoxic necrotizing factor in
laboratory rats. Comp Med 69:103-113. https:/ /doi.org/10.30802/
AALAS-CM-18-000099.

Kutumbaka KK, Han S, Mategko J, Nadala C, Buser GL, Cassidy
MP, Beldavs ZG, Weissman SJ, Morey KE, Vega R, Samadpour
M. 2014. Draft genome sequence of blaNDM-1-positive Escherichia
coli O25b-ST131 clone isolated from an environmental sample.
Genome Announc 2:1-2.

Labigne-Roussel A, Falkow S. 1988. Distribution and degree of het-
erogeneity of the afimbrial-adhesin-encoding operon (afa) among
uropathogenic Escherichia coli isolates. Infect Immun 56:640-648.
https:/ /doi.org/10.1128 /TA1.56.3.640-648.1988.

Labigne-Roussel AF, Lark D, Schoolnik G, Falkow S. 1984. Clon-
ing and expression of an afimbrial adhesin (AFA-I) responsible for
P blood group-independent, mannose-resistant hemagglutina-
tion from a pyelonephritic Escherichia coli strain. Infect Immun
46:251-259. https:/ /doi.org/10.1128 /1A1.46.1.251-259.1984.

Lan R, Alles MC, Donohoe K, Martinez MB, Reeves PR. 2004.
Molecular evolutionary relationships of enteroinvasive Escherichia
coli and Shigella spp. Infect Immun 72:5080-5088. https://doi.
org/10.1128 /1A1.72.9.5080-5088.2004.

Lanata CF, Fischer-Walker CL, Olascoaga AC, Torres CX, Aryee
MJ, Black RE. 2013. Global causes of diarrheal disease mortality
in children <5 years of age: a systematic review. PLoS One 8:1-11.
https://doi.org/10.1371/journal.pone.0072788.

Lapin BA, Yakovleva LA, Dzhikidze EK, Gvozdik TE, Agumava
AA, Stasilevich ZK, Danilova IG. 2015. An enzootic outbreak of
acute disease associated with pathogenic E. coli in Adler monkey
colony. ] Med Primatol 44:355-363. https://doi.org/10.1111/
jmp.12184.

Lawrence JG, Ochman H. 1998. Molecular archaeology of the
Escherichia coli genome. Proc Natl Acad Sci U S A 95:9413-9417.
https://doi.org/10.1073/pnas.95.16.9413.

Le Bouguénec C, Bertin Y. 1999. AFA and F17 adhesins produced
by pathogenic Escherichia coli strains in domestic animals. Vet Res
30:317-342.

Le Bouguénec C, Lalioui L, du Merle L, Jouve M, Courcoux
P, Bouzari S, Selvarangan R, Nowicki BJ, Germani Y, Andre-
mont A, Gounon P, Garcia MI. 2001. Characterization of AfaE
adhesins produced by extraintestinal and intestinal human
Escherichia coli isolates: PCR assays for detection of Afa adhesins
that do or do not recognize Dr blood group antigens. ] Clin Mi-
crobiol 39:1738-1745. https:/ /doi.org/10.1128 /JCM.39.5.1738-
1745.2001.

Le Bouguénec C, Servin AL. 2006. Diffusely adherent Escherichia
coli strains expressing Afa/Dr adhesins (Afa/Dr DAEC): hith-
erto unrecognized pathogens. FEMS Microbiol Lett 256:185-194.
https:/ /doi.org/10.1111/j.1574-6968.2006.00144.x.

Le Gall T, Clermont O, Gouriou S, Picard B, Nassif X, Denamur
E, Tenaillon O. 2007. Extraintestinal virulence is a coincidental
by-product of commensalism in B2 phylogenetic group Escherichia
coli strains. Mol Biol Evol 24:2373-2384. https:/ /doi.org/10.1093/
molbev/msm172.

Leatham MP, Banerjee S, Autieri SM, Mercado-Lubo R, Conway
T, Cohen PS. 2009. Precolonized human commensal Escherichia
coli strains serve as a barrier to E. coli O157:H7 growth in the
streptomycin-treated mouse intestine. Infect Immun 77:2876-2886.
https:/ /doi.org/10.1128 /IAL.00059-09.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

E. coli Infections in a Range of Hosts

Leclercq A, Mahillon J. 2003. Farmed rabbits and ducks as vectors
for VTEC O157:H7. Vet Rec 152:723-724.

Leimbach A, Hacker J, Dobrindt U. 2013. E. coli as an all-rounder:
the thin line between commensalism and pathogenicity. Curr Top
Microbiol Immunol 358:3-32.

Leimbach A, Poehlein A, Vollmers J, Gorlich D, Daniel R,
Dobrindt U. 2017. No evidence for a bovine mastitis Escherichia
coli pathotype. BMC Genomics 18:359. https:/ /doi.org/10.1186/
512864-017-3739-x.

Leonard SR, Lacher DW, Lampel KA. 2015. Draft genome se-
quences of the enteroinvasive Escherichia coli strains M4163 and
4608-58. Genome Announc 3:1-2.

Leonard SR, Mammel MK, Rasko DA, Lacher DW. 2016. Hybrid
shiga toxin-producing and enterotoxigenic Escherichia sp. cryptic
lineage 1 strain 7v harbors a hybrid plasmid. Appl Environ Micro-
biol 82:4309-4319. https:/ /doi.org/10.1128/ AEM.01129-16.
Leroy SM, Lesage MC, Chaslus-Dancla E, Lafont JP. 1994. Pres-
ence of eaeA sequences in pathogenic and nonpathogenic Esch-
erichia coli strains isolated from weaned rabbits. ] Med Microbiol
40:90-94. https:/ /doi.org/10.1099/00222615-40-2-90.

Levine MM. 1981. Adhesion of enterotoxigenic Escherichia coli in
humans and animals. Ciba Found Symp 80:142-160.

Levine MM. 1987. Escherichia coli that cause diarrhea: enterotoxi-
genic, enteropathogenic, enteroinvasive, enterohemorrhagic, and
enteroadherent. ] Infect Dis 155:377-389. https:/ /doi.org/10.1093/
infdis/155.3.377.

Levine MM, Bergquist EJ, Nalin DR, Waterman DH, Hornick RB,
Young CR, Sotman S. 1978. Escherichia coli strains that cause diar-
rhoea but do not produce heat-labile or heat-stable enterotoxins and
are non-invasive. Lancet 311:1119-1122. https:/ /doi.org/10.1016/
50140-6736(78)90299-4.

Levine MM, Kotloff KL, Barry EM, Pasetti MF, Sztein MB. 2007.
Clinical trials of Shigella vaccines: two steps forward and one step
back on a long, hard road. Nat Rev Microbiol 5:540-553. https://
doi.org/10.1038 /nrmicrol662.

Levine MM, Nataro JP, Karch H, Baldini MM, Kaper JB, Black
RE, Clements ML, O’Brien AD. 1985. The diarrheal response of hu-
mans to some classic serotypes of enteropathogenic Escherichia coli
is dependent on a plasmid encoding an enteroadhesiveness factor.
JInfect Dis 152:550-559. https:/ /doi.org/10.1093 /infdis /152.3.550.
Levine MM, Prado V, Robins-Browne R, Lior H, Kaper JB, Mose-
ley SL, Gicquelais K, Nataro JP, Vial P, Tall B. 1988. Use of DNA
probes and HEp-2 cell adherence assay to detect diarrheagenic
Escherichia coli. ] Infect Dis 158:224-228. https:/ /doi.org/10.1093/
infdis/158.1.224.

Li G, Laturnus C, Ewers C, Wieler LH. 2005. Identification of
genes required for avian Escherichia coli septicemia by signature-
tagged mutagenesis. Infect Immun 73:2818-2827. https:/ /doi.
org/10.1128 /TAI.73.5.2818-2827.2005.

Liberson AJ, Newcomer CE, Ackerman JI, Murphy JC, Fox JG.
1983. Mastitis caused by hemolytic Escherichia coli in the ferret. ]
Am Vet Med Assoc 183:1179-1181.

Lima AAM, Medeiros P, Havt A. 2018. Enteroaggregative Esch-
erichia coli subclinical and clinical infections. Curr Opin Infect Dis
31:433-439. https:/ /doi.org/10.1097 /QCO.0000000000000477.
Liu B, Hansen JJ, Holt LC, Kim SC, Dogan B, Simpson KW, Sartor
RB. 2008 Differential in vitro epithelial translocation and resistance
to phagocyte uptake and killing by Escherichia coli strains correlate
with their ability to induce colitis in monoassociated IL-10-/~ mice.
Gastroenterology 134 Suppl 1:A-650. https://doi.org/10.1016/
50016-5085(08)63035-8

Liu Y, Yan X, DebRoy C, Fratamico PM, Needleman DS, Li RW,
Wang W, Losada L, Brinkac L, Radune D, Toro M, Hegde N, Meng
J. 2015. Escherichia coli O-antigen gene clusters of serogroups 062,
068, 0131, 0140, 0142, and O163: DNA sequences and similarity
between 062 and 068, and PCR-based serogrouping. Biosensors
(Basel) 5:51-68. https:/ /doi.org/10.3390/bios5010051.
Lukjancenko O, Wassenaar TM, Ussery DW. 2010. Comparison
of 61 sequenced Escherichia coli genomes. Microb Ecol 60:708-720.
https://doi.org/10.1007 /s00248-010-9717-3.

33



Vol 71, No 1
Comparative Medicine
February 2021

408.

409.

410.

411.

412.

413.

414.

415.

416.

417.

418.

419.

420.

421.

422.

423.

34

Luo C, Hu GQ, Zhu H. 2009. Genome reannotation of Escherichia
coli CFT073 with new insights into virulence. BMC Genomics
10:1-10. https:/ /doi.org/10.1186/1471-2164-10-552.

Luperchio SA, Newman JV, Dangler CA, Schrenzel MD, Brenner
D], Steigerwalt AG, Schauer DB. 2000. Citrobacter rodentium, the
causative agent of transmissible murine colonic hyperplasia, exhib-
its clonality: synonymy of C. rodentium and mouse-pathogenic Esch-
erichia coli. ] Clin Microbiol 38:4343-4350. https:/ /doi.org/10.1128/
JCM.38.12.4343-4350.2000.

Lv L, Partridge SR, He L, Zeng Z, He D, Ye ], Liu JH. 2013. Genetic
characterization of IncI2 plasmids carrying blaCTX-M-55 spread-
ing in both pets and food animals in China. Antimicrob Agents
Chemother 57:2824-2827. https:/ /doi.org/10.1128/ AAC.02155-12.
Maejima K, Urano T, Tamura H, Terakado N. 1980. Drug resistance
of organisms isolated from feces of laboratory mice and rats. Jikken
Dobutsu 29:71-75.

Maiden MC, Bygraves JA, Feil E, Morelli G, Russell JE, Urwin R,
Zhang Q, Zhou J, Zurth K, Caugant DA, Feavers IM, Achtman M,
Spratt BG. 1998. Multilocus sequence typing: a portable approach
to the identification of clones within populations of pathogenic
microorganisms. Proc Natl Acad Sci U S A 95:3140-3145. https://
doi.org/10.1073/pnas.95.6.3140.

Mainil JG, Bex F, Jacquemin E, Pohl P, Couturier M, Kaecken-
beeck A. 1990. Prevalence of four enterotoxin (STaP, STaH, STb,
and LT) and four adhesin subunit (K99, K88, 987P, and F41) genes
among Escherichia coliisolates from cattle. Am J Vet Res 51:187-190.
Mainil JG, Jacquemin E, Herault F, Oswald E. 1997. Presence of
pap-, sfa-, and afa-related sequences in necrotoxigenic Escherichia
coliisolates from cattle: evidence for new variants of the AFA family.
Can J Vet Res 61:193-199.

Maltby R, Leatham-Jensen MP, Gibson T, Cohen PS, Conway
T. 2013. Nutritional basis for colonization resistance by human
commensal Escherichia coli strains HS and Nissle 1917 against E.
coli O157:H7 in the mouse intestine. PLoS One 8:1-10. https://doi.
org/10.1371/journal.pone.0053957.

Maluta RP, Fairbrother JM, Stella AE, Rigobelo EC, Martinez R,
de Avila FA. 2014. Potentially pathogenic Escherichia coli in healthy,
pasture-raised sheep on farms and at the abattoir in Brazil. Vet
Microbiol 169:89-95. https:/ /doi.org/10.1016 /j.vetmic.2013.12.013.
Maluta RP, Gatti MS, Joazeiro PP, de Paiva JB, Rojas TC, Silveira
F,Houle S, Kobayashi RK, Dozois CM, Dias da Silveira W. 2014.
Avian extraintestinal Escherichia coli exhibits enterotoxigenic-like
activity in the in vivo rabbit ligated ileal loop assay. Foodborne
Pathog Dis 11:484-489. https:/ /doi.org/10.1089/fpd.2013.1719.
Manchester AC, Hill S, Sabatino B, Armentano R, Carroll M,
Kessler B, Miller M, Dogan B, McDonough SP, Simpson KW.
2012. Association between granulomatous colitis in French Bull-
dogs and invasive Escherichia coli and response to fluoroquinolone
antimicrobials. ] Vet Intern Med 27:56-61. https:/ /doi.org/10.1111/
jvim.12020.

Mannion A, McGee W, Feng Y, Shen Z, Buckley-Jordan E, Fox
JG. 2019. Detection and characterization of genotoxin-encoding
Escherichia coli isolated from specific-pathogen free cats with
impaired fertility. AALAS National Meeting. Denver, Colorado,
13-17 October 2019. ] Am Assoc Lab Anim Sci 58:669.

Mannion AJ, Martin HR, Shen Z, Buckley EM, Dzink-Fox JL, Gar-
cia A, Marini RP, Patterson MM, Fox JG. 2018. Plasmid-mediated
quinolone resistance in Shigella flexneri isolated from macaques.
Front Microbiol 9:1-10. https:/ /doi.org /10.3389/fmicb.2018.00311.
Mansan-Almeida R, Pereira AL, Giugliano LG. 2013. Diffusely
adherent Escherichia coli strains isolated from children and adults
constitute two different populations. BMC Microbiol 13:1-14.
https:/ /doi.org/10.1186/1471-2180-13-22.

Mansfield KG, Lin KC, Newman J, Schauer D, MacKey ],
Lackner AA, Carville A. 2001. Identification of enteropathogenic
Escherichia coli in simian immunodeficiency virus-infected infant
and adult rhesus macaques. ] Clin Microbiol 39:971-976. https:/ /
doi.org/10.1128 /JCM.39.3.971-976.2001.

Mansfield KG, Lin KC, Xia D, Newman JV, Schauer DB, MacKey
J, Lackner AA, Carville A. 2001. Enteropathogenic Escherichia coli
and ulcerative colitis in cotton-top tamarins (Saguinus oedipus). |
Infect Dis 184:803-807. https:/ /doi.org/10.1086/322990.

424.

425.

426.

427.

428.

429.

430.

431.

432.

433.

434.

435.

436.

437.

438.

439.

March SB, Ratnam S. 1986. Sorbitol-macconkey medium for de-
tection of Escherichia-coli O157-H7 associated with hemorrhagic
colitis. J Clin Microbiol 23:869-872. https://doi.org/10.1128/
JCM.23.5.869-872.1986.

Mariani-Kurkdjian P, Lemaitre C, Bidet P, Perez D, Boggini L,
Kwon T, Bonacorsi S. 2014. Haemolytic-uraemic syndrome with
bacteraemia caused by a new hybrid Escherichia coli pathotype.
New Microbes New Infect 2:127-131. https:/ /doi.org/10.1002/
nmi2.49.

Marier R, Wells JG, Swanson RC, Callahan W, Mehlman IJ. 1973.
Outbreak of enteropathogenic Escherichia-coli foodborne disease
traced to imported French cheese. Lancet 302:1376-1378. https:/ /
doi.org/10.1016/50140-6736(73)93335-7.

Marietto-Gongalves GA, de Almeida SM, Rodrigues J.2011. Pres-
ence of a human diarrheagenic Escherichia coli clone in captivity
kept psittacidaes. Open Microbiol J 5:72-75. https:/ /doi.org/10.2
174/1874285801105010072.

Marini RP, Taylor NS, Liang AY, Knox KA, Pena JA, Schauer DB,
Fox JG. 2004. Characterization of hemolytic Escherichia coli strains
in ferrets: recognition of candidate virulence factor CNF1. J Clin
Microbiol 42:5904-5908. https:/ /doi.org/10.1128 /JCM.42.12.5904-
5908.2004.

Marisch K, Bayer K, Scharl T, Mairhofer J, Krempl PM, Hummel
K, Razzazi-Fazeli E, Striedner G. 2013. A comparative analysis of
industrial Escherichia coli K-12 and B strains in high-glucose batch
cultivations on process-, transcriptome- and proteome level. PLoS
One 8:1-16. https:/ /doi.org/10.1371 /journal.pone.0070516.
Marks SL, Rankin SC, Byrne BA, Weese JS. 2011. Enteropatho-
genic bacteria in dogs and cats: diagnosis, epidemiology, treat-
ment, and control. ] Vet Intern Med 25:1195-1208. https://doi.
org/10.1111/§.1939-1676.2011.00821.x.

Marques LRM, Peiris JSM, Cryz SJ, Obrien AD. 1987. Escherichia-
coli strains isolated from pigs with edema disease produce a variant
of Shiga-like toxin-II. FEMS Microbiol Lett 44:33-38. https:/ /doi.
org/10.1111/§.1574-6968.1987.tb02237 x.

Marteau P, Pochart P, Doré J, Bera-Maillet C, Bernalier A, Corthier
G. 2001. Comparative study of bacterial groups within the human
cecal and fecal microbiota. Appl Environ Microbiol 67:4939-4942.
https:/ /doi.org/10.1128 / AEM.67.10.4939-4942.2001.
Martikainen O, Kagambega A, Bonkoungou IJ, Barro N, Siitonen
A, Haukka K. 2012. Characterization of Shigatoxigenic Escherichia
coli strains from Burkina Faso. Foodborne Pathog Dis 9:1015-1021.
https://doi.org/10.1089/fpd.2012.1228.

Martin HM, Campbell BJ, Hart CA, Mpofu C, Nayar M, Singh
R, Englyst H, Williams HF, Rhodes JM. 2004. Enhanced Esch-
erichia coli adherence and invasion in Crohn’s disease and colon
cancer. Gastroenterology 127:80-93. https://doi.org/10.1053/j.
gastro.2004.03.054.

Martin HR, Taylor NS, Buckley EM, Marini RP, Patterson MM, Fox
JG. 2009. Characterization of cytotoxic necrotizing factor 1-produc-
ing Escherichia coli strains from faeces of healthy macaques. ] Med
Microbiol 58:1354-1358. https:/ /doi.org/10.1099 /jmm.0.012088-0.
Martin ML, Shipman LD, Potter ME, Wachsmuth IK, Wells JG,
Hedberg K, Tauxe RV, Davis JP, Arnoldi J, Tilleli J. 1986. Isolation
of Escherichia coli O157:H7 from dairy cattle associated with two
cases of haemolytic uraemic syndrome. Lancet 328:1043. https://
doi.org/10.1016/50140-6736(86)92656-5.

Martinez-Medina M, Aldeguer X, Lopez-Siles M, Gonzalez-Huix
F, Lopez-Oliu C, Dahbi G, Blanco JE, Blanco J, Garcia-Gil L],
Darfeuille-Michaud A. 2009. Molecular diversity of Escherichia
coli in the human gut: new ecological evidence supporting the role
of adherent-invasive E. coli (AIEC) in Crohn’s Disease. Inflamm
Bowel Dis 15:872-882. https:/ /doi.org/10.1002/ibd.20860.
Martinez-Medina M, Garcia-Gil J, Barnich N, Wieler LH, Ewers
C. 2011. Adherent-invasive Escherichia coli phenotype displayed
by intestinal pathogenic E. coli strains from cats, dogs, and swine.
Appl Environ Microbiol 77:5813-5817. https:/ /doi.org/10.1128/
AEM.02614-10.

Martinez-Medina M, Garcia-Gil LJ. 2014. Escherichia coli in chronic
inflammatory bowel diseases: An update on adherent invasive
Escherichia coli pathogenicity. World ] Gastrointest Pathophysiol
5:213-227. https:/ /doi.org/10.4291/wjgp.v5.i3.213.



440.

441.

442.

443.

444.

445.

446.

447.

448.

449.

450.

451.

452.

453.

454.

Martinez-Medina M, Mora A, Blanco M, Léopez C, Alonso MP,
Bonacorsi S, Nicolas-Chanoine MH, Darfeuille-Michaud A,
Garcia-Gil J, Blanco J. 2009. Similarity and divergence among ad-
herent-invasive Escherichia coli and extraintestinal pathogenic E. coli
strains. J Clin Microbiol 47:3968-3979. https://doi.org/10.1128/
JCM.01484-09.

Martinez-Medina M, Naves P, Blanco J, Aldeguer X, Blanco JE,
Blanco M, Ponte C, Soriano F, Darfeuille-Michaud A, Garcia-
Gil LJ. 2009. Biofilm formation as a novel phenotypic feature of
adherent-invasive Escherichia coli (AIEC). BMC Microbiol 9:1-16.
https:/ /doi.org/10.1186/1471-2180-9-202.

Massip C, Branchu P, Bossuet-Greif N, Chagneau CV, Gaillard
D, Martin P, Boury M, Secher T, Dubois D, Nougayrede JP,
Oswald E. 2019. Deciphering the interplay between the genotoxic
and probiotic activities of Escherichia coli Nissle 1917. PLoS Pathog
15:1-24. https:/ /doi.org/10.1371/journal.ppat.1008029.

Matheu J, Aidara-Kane A, Andremont A. [Internet]. 2017. The
ESBL Tricycle AMR surveillance project: A simple, one health ap-
proach to global surveillance. AMR control global health dynamics.
[28 May 2020]. Available at: http:/ /resistancecontrol.info/2017/
the-esbl-tricycle-amr-surveillance-project-a-simple-one-health-
approach-to-global-surveillance /

Mathewson JJ, Cravioto A. 1989. HEp-2 cell adherence as an as-
say for virulence among diarrheagenic Escherichia coli. ] Infect Dis
159:1057-1060. https:/ /doi.org/10.1093/infdis/159.6.1057.
Mathewson JJ, Johnson PC, DuPont HL, Morgan DR, Thornton
SA, Wood LV, Ericsson CD. 1985. A newly recognized cause of
travelers” diarrhea: enteroadherent Escherichia coli. ] Infect Dis
151:471-475. https:/ /doi.org/10.1093 /infdis /151.3.471.
Mathewson JJ, Johnson PC, DuPont HL, Satterwhite TK, Winsor
DK. 1986. Pathogenicity of enteroadherent Escherichia coli in adult
volunteers. ] Infect Dis 154:524-527. https://doi.org/10.1093/
infdis/154.3.524.

Matsubayashi M, Takayama H, Kusumoto M, Murata M, Uchi-
yama Y, Kaji M, Sasai K, Yamaguchi R, Shibahara T. 2016. First
report of molecular identification of Cystoisospora suis in piglets
with lethal diarrhea in Japan. Acta Parasitol 61:406—411. https://
doi.org/10.1515/ap-2016-0054.

Matsumura Y, Yamamoto M, Nagao M, Hotta G, Matsushima A,
Ito Y, Takakura S, Ichiyama S, Kyoto-Shiga Clinical Microbiology
Study Group. 2012. Emergence and spread of B2-5T131-O25b, B2-
ST131-016 and D-ST405 clonal groups among extended-spectrum-
B-lactamase-producing Escherichia coli in Japan. ] Antimicrob
Chemother 67:2612-2620. https:/ /doi.org/10.1093 /jac/dks278.
Maturana VG, de Pace F, Carlos C, Mistretta Pires M, Amabile
de Campos T, Nakazato G, Guedes Stheling E, Logue CM, Nolan
LK, Dias da Silveira W. 2011. Subpathotypes of avian pathogenic
Escherichia coli (APEC) exist as defined by their syndromes and
virulence traits. Open Microbiol J 5:55-64. https://doi.org/10.21
74/1874285801105010055.

McCarthy AJ, Martin P, Cloup E, Stabler RA, Oswald E, Taylor
PW. 2015. The genotoxin colibactin is a determinant of virulence in
Escherichia coli K1 experimental neonatal systemic infection. Infect
Immun 83:3704-3711. https://doi.org/10.1128 /IA1.00716-15.
McCoy CS, Feng Y, Madden CM, Mannion A, Artim SC, Fox JG.
2018. Cytotoxic Escherichia coli strains encoding colibactin and cy-
totoxic necrotizing factor colonize laboratory common marmosets
(Callithrix jacchus). AALAS national meeting. Baltimore, Maryland,
28-1 November 2018. ] Am Assoc Lab Anim Sci 57:592.

McIntyre KM, Setzkorn C, Wardeh M, Hepworth PJ, Radford
AD, Baylis M. 2014. Using open-access taxonomic and spatial
information to create a comprehensive database for the study of
mammalian and avian livestock and pet infections. Prev Vet Med
116:325-335. https:/ /doi.org/10.1016/j.prevetmed.2013.07.002.
McNeilly TN, Mitchell MC, Rosser T, McAteer S, Low JC, Smith
DG, Huntley JF, Mahajan A, Gally DL. 2010. Immunization of
cattle with a combination of purified intimin-531, EspA and Tir
significantly reduces shedding of Escherichia coli O157:H7 following
oral challenge. Vaccine 28:1422-1428. https://doi.org/10.1016/j.
vaccine.2009.10.076.

McVeigh A, Fasano A, Scott DA, Jelacic S, Moseley SL, Robertson
DC, Savarino SJ. 2000. 151414, an Escherichia coli insertion sequence

455.

456.

457.

458.

459.

460.

461.

462.

463.

464.

465.

466.

467.

468.

469.

E. coli Infections in a Range of Hosts

with a heat-stable enterotoxin gene embedded in a transposase-
like gene. Infect Immun 68:5710-5715. https://doi.org/10.1128/
IAI.68.10.5710-5715.2000.

Meier TR, Maute CJ, Cadillac JM, Lee JY, Righter D], Hugunin
KM, Deininger RA, Dysko RC. 2008. Quantification, distribu-
tion, and possible source of bacterial biofilm in mouse automated
watering systems. ] Am Assoc Lab Anim Sci 47:63-70.
Melkebeek V, Goddeeris BM, Cox E. 2013. ETEC vaccination
in pigs. Vet Immunol Immunopathol 152:37-42. https://doi.
org/10.1016/j.vetimm.2012.09.024.

Mellata M. 2013. Human and avian extraintestinal patho-
genic Escherichia coli: infections, zoonotic risks, and antibiotic
resistance trends. Foodborne Pathog Dis 10:916-932. https:/ /doi.
org/10.1089/fpd.2013.1533.

Mellmann A, Harmsen D, Cummings CA, Zentz EB, Leopold SR,
Rico A, Prior K, SzczepanowskiR, Ji Y, Zhang W, McLaughlin SF,
Henkhaus JK, Leopold B, Bielaszewska M, Prager R, Brzoska PM,
Moore RL, Guenther S, Rothberg JM, Karch H. 2011. Prospective
genomic characterization of the German enterohemorrhagic Esch-
erichia coli O104:H4 outbreak by rapid next generation sequencing
technology. PLoS One 6:1-9. https://doi.org/10.1371/journal.
pone.0022751.

Melton-Celsa AR. 2014. Shiga toxin (Stx) classification, structure,
and function. Microbiol Spectr 2:1-21. DOI: 10.1128 /microbiolspec.
EHEC-0024-2013.

Meraz IM, Jiang ZD, Ericsson CD, Bourgeois AL, Steffen R,
Taylor DN, Hernandez N, DuPont HL. 2008. Enterotoxigenic
Escherichia coli and diffusely adherent E. coli as likely causes of a
proportion of pathogen-negative travelers’ diarrhea—a PCR-based
study. ] Travel Med 15:412-418. https://doi.org/10.1111/j.1708-
8305.2008.00249.x.

Merkx-Jacques A, Coors A, Brousseau R, Masson L, Mazza A,
Tien YC, Topp E. 2013. Evaluating the pathogenic potential of
environmental Escherichia coli by using the Caenorhabditis elegans
infection model. Appl Environ Microbiol 79:2435-2445. https://
doi.org/10.1128 / AEM.03501-12.

Messerer M, Fischer W, Schubert S. 2017. Investigation of horizon-
tal gene transfer of pathogenicity islands in Escherichia coli using
next-generation sequencing. PLoS One 12:1-17.

Meuth SG, Gobel K, Kanyshkova T, Ehling P, Ritter MA,
Schwindt W, Bielaszewska M, Lebiedz P, Coulon P, Herrmann
AM, Storck W, Kohmann D, Muthing J, Pavenstidt H, Kuhlmann
T, Karch H, Peters G, Budde T, Wiendl H, Pape HC. 2013. Tha-
lamic involvement in patients with neurologic impairment due to
Shiga toxin 2. Ann Neurol 73:419-429. https:/ /doi.org/10.1002/
ana.23814.

Michelacci V, Prosseda G, Maugliani A, Tozzoli R, Sanchez S,
Herrera-Leon S, Dallman T, Jenkins C, Caprioli A, Morabito
S. 2016. Characterization of an emergent clone of enteroinvasive
Escherichia coli circulating in Europe. Clin Microbiol Infect 22:287.
€211-287.€19. https:/ /doi.org/10.1016 /j.cmi.2015.10.025.

Mike LA, Smith SN, Sumner CA, Eaton KA, Mobley HL. 2016.
Siderophore vaccine conjugates protect against uropathogenic
Escherichia coli urinary tract infection. Proc Natl Acad Sci U S A
113:13468-13473. https:/ /doi.org/10.1073/pnas.1606324113.
Miquel S, Peyretaillade E, Claret L, de Vallee A, Dossat C,
Vacherie B, Zineb el H, Segurens B, Barbe V, Sauvanet P, Neut
C, Colombel JF, Medigue C, Mojica FJ, Peyret P, Bonnet R,
Darfeuille-Michaud A. 2010. Complete genome sequence of
Crohn’s disease-associated adherent-invasive E. coli strain LF82.
PLoS One 5:1-16.

Mirsepasi-Lauridsen HC, Vallance BA, Krogfelt KA, Petersen
AM. 2019. Escherichia coli pathobionts associated with inflam-
matory bowel disease. Clin Microbiol Rev 32:1-16. doi: 10.1128/
CMR.00060-18.

Mitchell NM, Johnson JR, Johnston B, Curtiss R 3rd, Mel-
lata M. 2014. Zoonotic potential of Escherichia coli isolates from
retail chicken meat products and eggs. Appl Environ Microbiol
81:1177-1187. https:/ /doi.org/10.1128 / AEM.03524-14.

Mitobe J, Sinha R, Mitra S, Nag D, Saito N, Shimuta K, Koizumi
N, Koley H. 2017. An attenuated Shigella mutant lacking the RNA-
binding protein Hfq provides cross-protection against Shigella

35



Vol 71, No 1
Comparative Medicine
February 2021

470.

471.

472.

473.

474.

475.

476.

477.

478.

479.

480.

481.

482.

483.

484.

485.

486.

487.

36

strains of broad serotype. PLoS Negl Trop Dis 11:1-19. https://
doi.org/10.1371/journal.pntd.0005728.

Mizuguchi M, Sugatani J, Maeda T, Momoi T, Arima K,
Takashima S, Takeda T, Miwa M. 2001. Cerebrovascular dam-
age in young rabbits after intravenous administration of Shiga
toxin 2. Acta Neuropathol 102:306-312. https:/ /doi.org/10.1007 /
s004010100384.

Mobley HL, Alteri CJ. 2015. Development of a vaccine against
Escherichia coli urinary tract infections. Pathogens 5:1-8.

Mobley HL, Green DM, Trifillis AL, Johnson DE, Chippendale
GR, Lockatell CV, Jones BD, Warren JW. 1990. Pyelonephritogenic
Escherichia coli and killing of cultured human renal proximal tubular
epithelial cells: role of hemolysin in some strains. Infect Immun
58:1281-1289. https:/ /doi.org/10.1128 /1A1.58.5.1281-1289.1990.
Monk JM, Koza A, Campodonico MA, Machado D, Seoane JM,
Palsson BO, Herrgard MJ, Feist AM. 2016. Multi-omics quantifica-
tion of species variation of Escherichia coli links molecular features
with strain phenotypes. Cell Syst 3:238-251.e212. https://doi.
org/10.1016/j.cels.2016.08.013

Moon HW, Bunn TO. 1993. Vaccines for preventing enterotoxigenic
Escherichia coli infections in farm animals. Vaccine 11:213-220.
https://doi.org/10.1016/0264-410X(93)90020-X.

Moon HW, Schneider RA, Moseley SL. 1986. Comparative preva-
lence of four enterotoxin genes among Escherichia coli isolated from
swine. Am J Vet Res 47:210-212.

Moon HW, Whipp SC, Argenzio RA, Levine MM, Giannella RA.
1983. Attaching and effacing activities of rabbit and human entero-
pathogenic Escherichia coli in pig and rabbit intestines. Infect Immun
41:1340-1351. https:/ /doi.org/10.1128 /TAL.41.3.1340-1351.1983.
Moore WE, Moore LH. 1995. Intestinal floras of populations
that have a high risk of colon cancer. Appl Environ Microbiol
61:3202-3207. https:/ /doi.org/10.1128/ AEM.61.9.3202-3207.1995.
Mora-Rillo M, Fernandez-Romero N, Navarro-San Francisco C,
Diez-Sebastian J, Romero-Gomez MP, Fernandez FA, Lopez JRA,
Mingorance J. 2015. Impact of virulence genes on sepsis severity
and survival in Escherichia coli bacteremia. Virulence 6:93-100.
https://doi.org/10.4161/21505594.2014.991234.

Morabito S, Dell’Omo G, Agrimi U, Schmidt H, Karch H, Cheasty
T, Caprioli A. 2001. Detection and characterization of Shiga toxin-
producing Escherichia coli in feral pigeons. Vet Microbiol 82:275-283.
https:/ /doi.org/10.1016/50378-1135(01)00393-5.

Morabito S, Karch H, Mariani-Kurkdjian P, Schmidt H, Minelli
F, Bingen E, Caprioli A. 1998. Enteroaggregative, Shiga toxin-
producing Escherichia coli O111:H2 associated with an outbreak of
hemolytic-uremic syndrome. ] Clin Microbiol 36:840-842. https://
doi.org/10.1128 /JCM.36.3.840-842.1998.

Morato EP, Leomil L, Beutin L, Krause G, Moura RA, Pestana de
Castro AF. 2009. Domestic cats constitute a natural reservoir of hu-
man enteropathogenic Escherichia coli types. Zoonoses Public Health
56:229-237. https:/ /doi.org/10.1111/j.1863-2378.2008.01190.x.
moredo fa, pineyro pe, marquez gc, sanz m, colello r, etchever-
ria a, padola nl, quiroga ma, perfumo cj, galli 1, leotta ga. 2015.
Enterotoxigenic Escherichia coli subclinical infection in pigs:
bacteriological and genotypic characterization and antimicrobial
resistance profiles. foodborne pathog dis 12:704-711. https:/ /doi.
org/10.1089/fpd.2015.1959.

Morley AJ, Thomson DK. 1984. Swollen-head syndrome in broiler
chickens. Avian Dis 28:238-243. https:/ /doi.org/10.2307 /1590147.
Morris JA, Stevens AE, Sojka WJ. 1977. Preliminary characteriza-
tion of cell-free K99 antigen isolated from Escherichia coli B41.] Gen
Microbiol 99:353-357. https:/ /doi.org/10.1099/00221287-99-2-353.
Morris JA, Thorns CJ, Sojka WJ. 1980. Evidence for 2 adhesive
antigens on the K99 reference strain Escherichia-coli B41. ] Gen
Microbiol 118:107-113.

Moseley SL, Echeverria P, Seriwatana J, Tirapat C, Chaicumpa W,
Sakuldaipeara T, Falkow S. 1982. Identification of enterotoxigenic
Escherichia coli by colony hybridization using three enterotoxin
gene probes. ] Infect Dis 145:863-869. https:/ /doi.org/10.1093/
infdis/145.6.863.

Mossoro C, Glaziou P, Yassibanda S, Lan NT, Bekondi C, Mins-
sart P, Bernier C, Le Bouguénec C, Germani Y. 2002. Chronic
diarrhea, hemorrhagic colitis, and hemolytic-uremic syndrome

488.

489.

490.

491.

492.

493.

494.

495.

496.

497.

498.

499.

500.

501.

502.

503.

associated with HEp-2 adherent Escherichia coli in adults infected
with human immunodeficiency virus in Bangui, Central African
Republic. ] Clin Microbiol 40:3086-3088. https:/ /doi.org/10.1128/
JCM.40.8.3086-3088.2002.

Moura RA, Sircili MP, Leomil L, Matte MH, Trabulsi LR, Elias
WP, Irino K, Pestana de Castro AF. 2009. Clonal relationship
among atypical enteropathogenic Escherichia coli strains isolated
from different animal species and humans. Appl Environ Microbiol
75:7399-7408. https:/ /doi.org/10.1128 / AEM.00636-09.

Moxon ER, Glode MP, Sutton A, Robbins JB. 1977. Infant rat
as a model of bacterial-meningitis. ] Infect Dis 136 Supplement
1:5186-5190. https://doi.org/10.1093/infdis/136.Supplement.
5186.

Muifioz M, Alvarez M, Lanza I, Cidrmenes P. 1996. Role of enteric
pathogens in the aetiology of neonatal diarrhoea in lambs and
goat kids in Spain. Epidemiol Infect 117:203-211. https://doi.
org/10.1017/50950268800001321.

Mushin R, Dubos R. 1965. Colonization of the mouse intestine with
Escherichia coli. ] Exp Med 122:745-757. https:/ /doi.org/10.1084/
jem.122.4.745.

Myhal ML, Laux DC, Cohen PS. 1982. Relative colonizing abilities
of human fecal and K 12 strains of Escherichia coli in the large intes-
tines of streptomycin-treated mice. Eur J Clin Microbiol 1:186-192.
https://doi.org/10.1007 /BF02019621.

Nadeau E, Fairbrother JM, Zentek ], Bélanger L, Tremblay D,
Tremblay CL, Rohe I, Vahjen W, Brunelle M, Hellmann K, Cvejié
D, Brunner B, Schneider C, Bauer K, Wolf R, Hidalgo A. 2017.
Efficacy of a single oral dose of a live bivalent E. coli vaccine against
post-weaning diarrhea due to F4 and F18-positive enterotoxigenic
E. coli. Vet ] 226:32-39. https:/ /doi.org/10.1016/j.tvjl.2017.07.004.
Nagy B, Fekete PZ. 2005. Enterotoxigenic Escherichia coli in vet-
erinary medicine. Int ] Med Microbiol 295:443-454. https:/ /doi.
org/10.1016/j.ijmm.2005.07.003.

Nakazato G, Gyles C, Ziebell K, Keller R, Trabulsi LR, Gomes TA,
Irino K, Da Silveira WD, Pestana De Castro AF. 2004. Attaching
and effacing Escherichia coli isolated from dogs in Brazil: charac-
teristics and serotypic relationship to human enteropathogenic E.
coli (EPEC). Vet Microbiol 101:269-277. https:/ /doi.org/10.1016/j.
vetmic.2004.04.009.

Nash JH, Villegas A, Kropinski AM, Aguilar-Valenzuela R,
Konczy P, Mascarenhas M, Ziebell K, Torres AG, Karmali MA,
Coombes BK. 2010. Genome sequence of adherent-invasive Esch-
erichia coli and comparative genomic analysis with other E. coli
pathotypes. BMC Genomics 11:667. https:/ /doi.org/10.1186/1471-
2164-11-667.

Nataro JP, Deng Y, Cookson S, Cravioto A, Savarino SJ, Guers LD,
Levine MM, Tacket CO. 1995. Heterogeneity of enteroaggregative
Escherichia coli virulence demonstrated in volunteers. J Infect Dis
171:465-468. https:/ /doi.org/10.1093/infdis /171.2.465.

Nataro JP, Deng Y, Maneval DR, German AL, Martin WC, Levine
MM. 1992. Aggregative adherence fimbriae I of enteroaggregative
Escherichia coli mediate adherence to HEp-2 cells and hemagglutina-
tion of human erythrocytes. Infect Immun 60:2297-2304. https://
doi.org/10.1128 /TAI60.6.2297-2304.1992.

Nataro JP, Hicks S, Phillips AD, Vial PA, Sears CL. 1996. T84 cells
in culture as a model for enteroaggregative Escherichia coli patho-
genesis. Infect Immun 64:4761-4768. https://doi.org/10.1128/
1A1.64.11.4761-4768.1996.

Nataro JP, Kaper JB. 1998. Diarrheagenic Escherichia coli.
Clin Microbiol Rev 11:142-201. https://doi.org/10.1128/
CMR.11.1.142.

Nataro JP, Kaper JB, Robins-Browne R, Prado V, Vial P, Levine
MM. 1987. Patterns of adherence of diarrheagenic Escherichia
coli to HEp-2 cells. Pediatr Infect Dis ] 6:829-831. https://doi.
org/10.1097 /00006454-198709000-00008.

Nataro JP, Scaletsky IC, Kaper JB, Levine MM, Trabulsi LR. 1985.
Plasmid-mediated factors conferring diffuse and localized adher-
ence of enteropathogenic Escherichia coli. Infect Immun 48:378-383.
https:/ /doi.org/10.1128 /TA1.48.2.378-383.1985.

Nataro JP, Steiner T, Guerrant RL. 1998. Enteroaggregative Esch-
erichia coli. Emerg Infect Dis 4:251-261. https:/ /doi.org/10.3201/
€id0402.980212.



504.

505.

506.

507.

508.

509.

510.

511.

512.

513.

514.

515.

516.

517.

518.

519.

520.

National Association of State Public Health Veterinarians, Cen-
ters for Disease Control and Prevention. 2011. Compendium of
measures to prevent disease associated with animals in public
settings, 2011: National Association of State Public Health Veteri-
narians, Inc. MMWR Recomm Rep 60:1-24.

Navarro-Garcia F, Eslava C, Villaseca JM, Lopez-Revilla R,
Czeczulin JR, Srinivas S, Nataro JP, Cravioto A. 1998. In vitro
effects of a high-molecular-weight heat-labile enterotoxin from
enteroaggregative Escherichia coli. Infect Immun 66:3149-3154.
https:/ /doi.org/10.1128 /TAL66.7.3149-3154.1998.
Navarro-Garcia F, Sonnested M, Teter K. 2010. Host-toxin interac-
tions involving EspC and pet, two serine protease autotransporters
of the Enterobacteriaceae. Toxins (Basel) 2:1134-1147. https:/ /doi.
org/10.3390/ toxins2051134.

Naylor SW, Low JC, Besser TE, Mahajan A, Gunn GJ, Pearce
MC, McKendrick IJ, Smith DG, Gally DL. 2003. Lymphoid
follicle-dense mucosa at the terminal rectum is the principal site of
colonization of enterohemorrhagic Escherichia coli O157:H7 in the
bovine host. Infect Immun 71:1505-1512. https:/ /doi.org/10.1128/
TAI.71.3.1505-1512.2003.

Naziri Z, Derakhshandeh A, Firouzi R, Motamedifar M, Shojaee
Tabrizi A. 2016. DNA fingerprinting approaches to trace Esch-
erichia coli sharing between dogs and owners. ] Appl Microbiol
120:460-468. https:/ /doi.org/10.1111/jam.13003.

Neill MA, Agosti J, Rosen H. 1985. Hemorrhagic colitis with Esch-
erichia coli O157:H7 preceding adult hemolytic uremic syndrome.
Arch Intern Med 145:2215-2217. https:/ /doi.org/10.1001/archin
te.1985.00360120087014.

Newitt S, MacGregor V, Robbins V, Bayliss L, Chattaway MA,
Dallman T, Ready D, Aird H, Puleston R, Hawker J. 2016. Two
linked enteroinvasive Escherichia coli outbreaks, Nottingham,
UK, June 2014. Emerg Infect Dis 22:1178-1184. https://doi.
org/10.3201/eid2207.152080.

Ngeleka M, Kwaga JK, White DG, Whittam TS, Riddell C,
Goodhope R, Potter AA, Allan B. 1996. Escherichia coli cellulitis in
broiler chickens: clonal relationships among strains and analysis of
virulence-associated factors of isolates from diseased birds. Infect
Immun 64:3118-3126. https://doi.org/10.1128 /1A1.64.8.3118-
3126.1996.

Ngeleka M, Pritchard J, Appleyard G, Middleton DM, Fairbrother
JM. 2003. Isolation and association of Escherichia coli AIDA-I/STb,
rather than EAST1 pathotype, with diarrhea in piglets and antibi-
otic sensitivity of isolates. ] Vet Diagn Invest 15:242-252. https://
doi.org/10.1177/104063870301500305.

Nguyen RN, Taylor LS, Tauschek M, Robins-Browne RM. 2006.
Atypical enteropathogenic Escherichia coli infection and prolonged
diarrhea in children. Emerg Infect Dis 12:597-603. https://doi.
org/10.3201/eid1204.051112.

Nicklas JL, Moisan P, Stone MR, Gookin JL. 2010. In situ molecu-
lar diagnosis and histopathological characterization of enteroad-
herent Enterococcus hirae infection in pre-weaning-age kittens. J Clin
Microbiol 48:2814-2820. https:/ /doi.org/10.1128 /JCM.00916-09.
Nicolas-Chanoine MH, Bertrand X, Madec JY. 2014. Escherichia coli
ST131, an intriguing clonal group. Clin Microbiol Rev 27:543-574.
https://doi.org/10.1128 /CMR.00125-13.

Nielsen EM, Skov MN, Madsen JJ, Lodal J, Jespersen JB, Bagge-
sen DL. 2004. Verocytotoxin-producing Escherichia coli in wild birds
and rodents in close proximity to farms. Appl Environ Microbiol
70:6944-6947. https:/ /doi.org/10.1128 / AEM.70.11.6944-6947.2004.
Niewerth U, Frey A, Voss T, Le Bouguenec C, Baljer G, Franke S,
Schmidt MA. 2001. The AIDA autotransporter system is associated
with F18 and stx2e in Escherichia coli isolates from pigs diagnosed
with edema disease and postweaning diarrhea. Clin Diagn Lab Im-
munol 8:143-149. https:/ /doi.org/10.1128 /CDLI.8.1.143-149.2001.
Nordmann P, Cuzon G, Naas T. 2009. The real threat of Klebsiella
pneumoniae carbapenemase-producing bacteria. Lancet Infect Dis
9:228-236. https:/ /doi.org/10.1016 /51473-3099(09)70054-4.
Nordmann P, Poirel L, Walsh TR, Livermore DM. 2011. The
emerging NDM carbapenemases. Trends Microbiol 19:588-595.
https://doi.org/10.1016/j.tim.2011.09.005.

Nougayrede JP, Homburg S, Taieb F, Boury M, Brzuszkiewicz
E, Gottschalk G, Buchrieser C, Hacker J, Dobrindt U, Oswald

521.

522.

523.

524.

525.

526.

527.

528.

529.

530.

531.

532.

533.

534.

535.

536.

537.

538.

E. coli Infections in a Range of Hosts

E. 2006. Escherichia coli induces DNA double-strand breaks in
eukaryotic cells. Science 313:848-851. https://doi.org/10.1126/
science.1127059.

Nowicki B, Barrish JP, Korhonen T, Hull RA, Hull SI. 1987. Mo-
lecular cloning of the Escherichia coli O75X adhesin. Infect Immun
55:3168-3173. https:/ /doi.org/10.1128 /1A1.55.12.3168-3173.1987.
Nowicki B, Selvarangan R, Nowicki S. 2001. Family of Escherichia
coli Dr adhesins: decay-accelerating factor receptor recognition
and invasiveness. ] Infect Dis 183 Suppl 1:524-527. https://doi.
org/10.1086/318846.

Nowicki B, Sledzinska A, Samet A, Nowicki S. 2010. Pathogenesis
of gestational urinary tract infection: urinary obstruction versus
immune adaptation and microbial virulence. BJOG 118:109-112.
https:/ /doi.org/10.1111/j.1471-0528.2010.02706.x.

Nyholm O, Halkilahti J, Wiklund G, Okeke U, Paulin L, Auvinen
P, Haukka K, Siitonen A. 2015. Comparative genomics and
characterization of hybrid shigatoxigenic and enterotoxigenic
Escherichia coli (STEC/ETEC) strains. PLoS One 10:1-17. https://
doi.org/10.1371/journal.pone.0135936.

Nyholm O, Heinikainen S, Pelkonen S, Hallanvuo S, Haukka K,
Siitonen A. 2015. Hybrids of shigatoxigenic and enterotoxigenic
Escherichia coli (STEC/ETEC) among human and animal isolates
in Finland. Zoonoses Public Health 62:518-524. https://doi.
org/10.1111/zph.12177.

O’Brien AD, Holmes RK. 1987. Shiga and Shiga-like toxins. Mi-
crobiol Rev 51:206-220. https:/ /doi.org/10.1128 /MMBR.51.2.206-
220.1987.

O’Keefe A, Hutton TA, Schifferli DM, Rankin SC. 2010. First
detection of CTX-M and SHV extended-spectrum B-lactamases
in Escherichia coli urinary tract isolates from dogs and cats in
the United States. Antimicrob Agents Chemother 54:3489-3492.
https://doi.org/10.1128 / AAC.01701-09.

O’Loughlin EV, Robins-Browne RM. 2001. Effect of Shiga toxin
and Shiga-like toxins on eukaryotic cells. Microbes Infect 3:493-507.
https:/ /doi.org/10.1016 /51286-4579(01)01405-8.

Obrig TG, Louise CB, Lingwood CA, Boyd B, Barley-Maloney L,
Daniel TO. 1993. Endothelial heterogeneity in Shiga toxin receptors
and responses. ] Biol Chem 268:15484-15488.

Ochman H, Selander RK. 1984. Standard reference strains of
Escherichia coli from natural populations. ] Bacteriol 157:690-693.
https:/ /doi.org/10.1128 /]B.157.2.690-693.1984.

Ochoa TJ, Barletta F, Contreras C, Mercado E. 2008. New insights
into the epidemiology of enteropathogenic Escherichia coli infection.
Trans R Soc Trop Med Hyg 102:852-856. https:/ /doi.org/10.1016/].
trstmh.2008.03.017.

Okamoto K, Takahara M. 1990. Synthesis of Escherichia coli
heat-stable enterotoxin STp as a pre-pro form and role of the pro
sequence in secretion. J Bacteriol 172:5260-5265. https://doi.
org/10.1128/JB.172.9.5260-5265.1990.

Okeke IN, Nataro JP. 2001. Enteroaggregative Escherichia coli.
Lancet Infect Dis 1:304-313. https://doi.org/10.1016/51473-
3099(01)00144-X.

Olesen B, Kolmos HJ, Orskov F, Orskov 1. 1994. Cluster of multire-
sistant Escherichia coli O78:H10 in Greater Copenhagen. Scand J In-
fect Dis 26:406—410. https:/ /doi.org/10.3109/00365549409008613.
Olesen B, Scheutz F, Andersen RL, Menard M, Boisen N, John-
ston B, Hansen DS, Krogfelt KA, Nataro JP, Johnson JR. 2012.
Enteroaggregative Escherichia coli O78:H10, the cause of an outbreak
of urinary tract infection. J Clin Microbiol 50:3703-3711. https://
doi.org/10.1128 /JCM.01909-12.

Oloomi M, Bouzari S. 2011. Assessment of immune response of
the B subunit of Shiga toxin fused to AAF adhesin of enteroag-
gregative Escherichia coli. Microb Pathog 50:155-158. https:/ /doi.
org/10.1016/j.micpath.2011.01.003.

Olson P, Hedhammar A, Faris A, Krovacek K, Wadstrom T. 1985.
Enterotoxigenic Escherichia coli (ETEC) and Klebsiella pneumoniae iso-
lated from dogs with diarrhoea. Vet Microbiol 10:577-589. https:/ /
doi.org/10.1016/0378-1135(85)90066-5.

Orden JA, Dominguez-Bernal G, Martinez-Pulgarin S, Blanco
M, Blanco JE, Mora A, Blanco J, Blanco J, de 1la Fuente R. 2007.
Necrotoxigenic Escherichia coli from sheep and goats produce a

37



Vol 71, No 1
Comparative Medicine
February 2021

539.

540.

541.

542.

543.

544.

545.

546.

547.

548.

549.

550.

551.

552.

553.

554.

555.

556.

557.

38

new type of cytotoxic necrotizing factor (CNF3) associated with
the eae and ehxA genes. Int Microbiol 10:47-55.

Orden JA, Ruiz-Santa-Quiteria JA, Cid D, Garcia S, de la Fuente
R. 1999. Prevalence and characteristics of necrotoxigenic Escherichia
coli (NTEC) strains isolated from diarrhoeic dairy calves. Vet Micro-
biol 66:265-273. https:/ /doi.org/10.1016 /S0378-1135(99)00012-7.
Orskov I, Orskov F, Jann B, Jann K. 1977. Serology, chemistry,
and genetics of O and K antigens of Escherichia coli. Bacteriol Rev
41:667-710. https:/ /doi.org/10.1128/MMBR.41.3.667-710.1977.
Orskov I, Orskov F, Smith HW, Sojka WJ. 1975. The establishment
of K99, a thermolabile, transmissible Escherichia coli K antigen, pre-
viously called “Kco”, possessed by calf and lamb enteropathogenic
strains. Acta Pathol Microbiol Scand [B] 83:31-36.

Pai CH, Kelly JK, Meyers GL. 1986. Experimental infection of
infant rabbits with verotoxin-producing Escherichia coli. Infect
Immun 51:16-23. https://doi.org/10.1128 /TAL.51.1.16-23.1986.
Palmer AE, Allen AM, Tauraso NM, Shelokov A. 1968. Simian
hemorrhagic fever. I. Clinical and epizootiologic aspects of an
outbreak among quarantined monkeys. Am ] Trop Med Hyg
17:404-412. https:/ /doi.org/10.4269/ajtmh.1968.17.404.

Pana ZD, Zaoutis T. 2018. Treatment of extended-spectrum [3-
lactamase-producing Enterobacteriaceae (ESBLs) infections: what
have we learned until now? F1000Res 7:1-9.

Panda A, Tatarov I, Melton-Celsa AR, Kolappaswamy K, Kriel
EH, Petkov D, Coksaygan T, Livio S, McLeod CG, Nataro JP,
O’Brien AD, DeTolla LJ. 2010. Escherichia coli O157:H7 infection in
Dutch belted and New Zealand white rabbits. Comp Med 60:31-37.
Parreira VR, Arns CW, Yano T. 1998. Virulence factors of avian
Escherichia coli associated with swollen head syndrome. Avian
Pathol 27:148-154. https:/ /doi.org/10.1080/03079459808419316.
Parreira VR, Gyles CL. 2002. Shiga toxin genes in avian Escherichia
coli. Vet Microbiol 87:341-352. https:/ /doi.org/10.1016/S0378-
1135(02)00084-6.

Parreira VR, Yano T. 1998. Cytotoxin produced by Escherichia coli
isolated from chickens with swollen head syndrome (SHS). Vet Mi-
crobiol 62:111-119. https:/ /doi.org/10.1016/50378-1135(98)00197-7.
Parsot C. 2005. Shigella spp. and enteroinvasive Escherichia coli
pathogenicity factors. FEMS Microbiol Lett 252:11-18. https://
doi.org/10.1016/j.femsle.2005.08.046.

Partridge SR, Kwong SM, Firth N, Jensen SO. 2018. Mobile genetic
elements associated with antimicrobial resistance. Clin Microbiol
Rev 31:1-61.

Patzi-Vargas S, Zaidi M, Bernal-Reynaga R, Le6n-Cen M, Michel
A, Estrada-Garcia T. 2013. Persistent bloody diarrhoea without
fever associated with diffusely adherent Escherichia coliin a young
child. ] Med Microbiol 62:1907-1910. https://doi.org/10.1099/
jmm.0.062349-0.

Patzi-Vargas S, Zaidi MB, Perez-Martinez I, Leon-Cen M,
Michel-Ayala A, Chaussabel D, Estrada-Garcia T. 2015. Diar-
rheagenic Escherichia coli carrying supplementary virulence genes
are an important cause of moderate to severe diarrhoeal disease
in Mexico. PLoS Negl Trop Dis 9:1-18. https:/ /doi.org/10.1371/
journal.pntd.0003510.

Peeters JE, Charlier GJ, Halen PH. 1984. Pathogenicity of attaching
effacing enteropathogenic Escherichia coli isolated from diarrheic
suckling and weanling rabbits for newborn rabbits. Infect Immun
46:690-696. https:/ /doi.org/10.1128 /TAI.46.3.690-696.1984.
Peeters JE, Charlier GJ, Raeymaekers R. 1985. Scanning and
transmission electron microscopy of attaching effacing Esch-
erichia coli in weanling rabbits. Vet Pathol 22:54-59. https://doi.
org/10.1177/030098588502200109.

Peeters JE, Pohl P, Charlier G. 1984. Infectious agents associated
with diarrhoea in commercial rabbits: a field study. Ann Rech Vet
15:335-340.

Peeters JE, Pohl P, Okerman L, Devriese LA. 1984. Pathogenic
properties of Escherichia coli strains isolated from diarrheic com-
mercial rabbits. ] Clin Microbiol 20:34-39. https:/ /doi.org/10.1128/
JCM.20.1.34-39.1984.

Peigne C, Bidet P, Mahjoub-Messai F, Plainvert C, Barbe V,
Medigue C, Frapy E, Nassif X, Denamur E, Bingen E, Bonacorsi
S.2009. The plasmid of Escherichia coli strain S88 (O45:K1:H7) that
causes neonatal meningitis is closely related to avian pathogenic

558.

559.

560.

561.

562.

563.

564.

565.

566.

567.

568.

569.

570.

571.

572.

573.

574.

E. coli plasmids and is associated with high-level bacteremia in
a neonatal rat meningitis model. Infect Immun 77:2272-2284.
https:/ /doi.org/10.1128 /TAI.01333-08.

Peirano G, Schreckenberger PC, Pitout JDD. 2011. Characteristics
of NDM-1-producing Escherichia coli isolates that belong to the suc-
cessful and virulent clone ST131. Antimicrob Agents Chemother
55:2986-2988. https:/ /doi.org/10.1128/ AAC.01763-10.

Peng]J, Yang J, Jin Q. 2009. The molecular evolutionary history of
Shigella spp. and enteroinvasive Escherichia coli. Infect Genet Evol
9:147-152. https:/ /doi.org/10.1016/j.meegid.2008.10.003.

Peng X, Griffith JW, Lang CM. 1990. Cystitis, urolithiasis and cystic
calculi in ageing guineapigs. Lab Anim 24:159-163. https:/ /doi.
org/10.1258/002367790780890068.

Péres SY, Marchés O, Daigle F, Nougayréde JP, Herault F, Tasca
C, De Rycke J, Oswald E. 1997. Anew cytolethal distending toxin
(CDT) from Escherichia coli producing CNF2 blocks HeLa cell di-
vision in G2/M phase. Mol Microbiol 24:1095-1107. https:/ /doi.
org/10.1046/j.1365-2958.1997.4181785.x.

Peters JE, Thate TE, Craig NL. 2003. Definition of the Escherichia coli
MC4100 genome by use of a DNA array. ] Bacteriol 185:2017-2021.
https:/ /doi.org/10.1128 /]B.185.6.2017-2021.2003.

Pettengill EA, Pettengill JB, Binet R. 2015. Phylogenetic analyses
of Shigella and enteroinvasive Escherichia coli for the identification
of molecular epidemiological markers: whole-genome compara-
tive analysis does not support distinct genera designation. Front
Microbiol 6:1-11. https://doi.org/10.3389/fmicb.2015.01573. Er-
ratum: 2018. Front Microbiol 8:2598.doi: 10.3389/fmicb.2017.02598
Petty NK, Bulgin R, Crepin VF, Cerdeno-Tarraga AM, Schroeder
GN, Quail MA, Lennard N, Corton C, Barron A, Clark L, Toribio
AL, Parkhill J, Dougan G, Frankel G, Thomson NR. 2010. The
Citrobacter rodentium genome sequence reveals convergent evolu-
tion with human pathogenic Escherichia coli. ] Bacteriol 192:525-538.
https://doi.org/10.1128 /]B.01144-09.

Phalipon A, Mulard LA, Sansonetti PJ. 2008. Vaccination against
shigellosis: is it the path that is difficult or is it the difficult that is
the path? Microbes Infect 10:1057-1062. https:/ /doi.org/10.1016/j.
micinf.2008.07.016.

Picard B, Garcia JS, Gouriou S, Duriez P, Brahimi N, Bingen
E, Elion J, Denamur E. 1999. The link between phylogeny and
virulence in Escherichia coli extraintestinal infection. Infect Immun
67:546-553. https://doi.org/10.1128 /IAL67.2.546-553.1999.
Pickett CL, Twiddy EM, Belisle BW, Holmes RK. 1986. Cloning
of genes that encode a new heat-labile enterotoxin of Escherichia
coli. ] Bacteriol 165:348-352. https:/ /doi.org/10.1128 /]B.165.2.348-
352.1986.

Pilarczyk-Zurek M, Strus M, Adamski P, Heczko PB. 2016. The
dual role of Escherichia coli in the course of ulcerative colitis. BMC
Gastroenterol 16:128. https:/ /doi.org/10.1186/512876-016-0540-2.
Pilip¢inec E, Tkadcikova L, Naas HT, Cabadaj R, Mikula I. 1999.
Isolation of verotoxigenic Escherichia coli O157 from poultry.
Folia Microbiol (Praha) 44:455-456. https://doi.org/10.1007/
BF02903722.

Pires SM, Fischer-Walker CL, Lanata CF, Devleesschauwer B, Hall
AJ, Kirk MD, Duarte AS, Black RE, Angulo FJ. 2015. Aetiology-
specific estimates of the global and regional incidence and mortality
of diarrhoeal diseases commonly transmitted through food. PLoS
One 10:1-17. https:/ /doi.org/10.1371/journal.pone.0142927.
Pohl P, Oswald E, Van Muylem K, Jacquemin E, Lintermans P,
Mainil J. 1993. Escherichia coli producing CNF1 and CNF2 cyto-
toxins in animals with different disorders. Vet Res 24:311-315.
Pohl PH, Peeters JE, Jacquemin ER, Lintermans PF, Mainil JG.
1993. Identification of eae sequences in enteropathogenic Escherichia
coli strains from rabbits. Infect Immun 61:2203-2206. https:/ /doi.
org/10.1128 /TAIL61.5.2203-2206.1993.

Poirel L, Barbosa-Vasconcelos A, Simoes RR, Da Costa PM, Liu W,
Nordmann P. 2011. Environmental KPC-producing Escherichia coli
isolates in Portugal. Antimicrob Agents Chemother 56:1662-1663.
https://doi.org/10.1128 / AAC.05850-11.

Poirel L, Hombrouck-Alet C, Freneaux C, Bernabeu S, Nordmann
P.2010. Global spread of New Delhi metallo-B-lactamase 1. Lancet
Infect Dis 10:832. https:/ /doi.org/10.1016 /S1473-3099(10)70279-6.



575.

576.

577.

578.

579.

580.

581.

582.

583.

584.

585.

586.

587.

588.

589.

590.

Poli-de-Figueiredo LF, Garrido AG, Nakagawa N, Sannomiya
P. 2008. Experimental models of sepsis and their clinical rel-
evance. Shock 30 Suppl 1:53-59. https://doi.org/10.1097/
SHK.0b013e318181a343.

Pospischil A, Mainil JG, Baljer G, Moon HW. 1987. Attaching and
effacing bacteria in the intestines of calves and cats with diarrhea. Vet
Pathol 24:330-334. https:/ /doi.org/10.1177 /030098588702400407 .
Potter AA, Klashinsky S, Li Y, Frey E, Townsend H, Rogan D,
Erickson G, Hinkley S, Klopfenstein T, Moxley RA, Smith DR,
Finlay BB. 2004. Decreased shedding of Escherichia coli O157:H7 by
cattle following vaccination with type III secreted proteins. Vaccine
22:362-369. https:/ /doi.org/10.1016/j.vaccine.2003.08.007.
Prada J, Baljer G, De Rycke ], Steinruck H, Zimmermann S,
Stephan R, Beutin L. 1991. Characteristics of o-hemolytic strains
of Escherichia coli isolated from dogs with gastroenteritis. Vet Mi-
crobiol 29:59-73. https:/ /doi.org/10.1016/0378-1135(91)90110-2.
Prager R, Fruth A, Busch U, Tietze E. 2011. Comparative analysis
of virulence genes, genetic diversity, and phylogeny of Shiga toxin
2g and heat-stable enterotoxin STIa encoding Escherichia coli isolates
from humans, animals, and environmental sources. Int ] Med Mi-
crobiol 301:181-191. https:/ /doi.org/10.1016 /j.ijmm.2010.06.003.
Pritchard GC, Williamson S, Carson T, Bailey JR, Warner L,
Willshaw G, Cheasty T. 2001. Wild rabbits—a novel vector for
verocytotoxigenic Escherichia coli O157. Vet Rec 149:567.
Pritchard J, Ngeleka M, Middleton DM. 2004. In vivo and in vitro
colonization patterns of AIDA-I-positive Escherichia coli isolates
from piglets with diarrhea. J Vet Diagn Invest 16:108-115. https:/ /
doi.org/10.1177/104063870401600203.

Prorok-Hamon M, Friswell MK, Alswied A, Roberts CL, SongF,
Flanagan PK, Knight P, Codling C, Marchesi JR, Winstanley C,
Hall N, Rhodes JM, Campbell BJ. 2014. Colonic mucosa-associated
diffusely adherent afaC plus Escherichia coli expressing IpfA and
pks are increased in inflammatory bowel disease and colon cancer.
Gut 63:761-770. https:/ /doi.org/10.1136 / gutjnl-2013-304739.
Puiio-Sarmiento J, Gazal LE, Medeiros LP, Nishio EK, Kobayashi
RK, Nakazato G. 2014. Identification of diarrheagenic Escherichia
coli strains from avian organic fertilizers. Int ] Environ Res Public
Health 11:8924-8939. https:/ /doi.org/10.3390/ijerph110908924.
Pufio-Sarmiento J, Medeiros L, Chiconi C, Martins F, Pelayo J,
Rocha S, Blanco J, Blanco M, Zanutto M, Kobayashi R, Nakazato
G. 2013. Detection of diarrheagenic Escherichia coli strains isolated
from dogs and cats in Brazil. Vet Microbiol 166:676-680. https://
doi.org/10.1016/j.vetmic.2013.07.007.

Pupo GM, Karaolis DK, Lan R, Reeves PR. 1997. Evolutionary
relationships among pathogenic and nonpathogenic Escherichia
coli strains inferred from multilocus enzyme electrophoresis and
mdh sequence studies. Infect Immun 65:2685-2692. https:/ /doi.
org/10.1128 /1AL65.7.2685-2692.1997.

Qadri F, Svennerholm AM, Faruque ASG, Sack RB. 2005. Entero-
toxigenic Escherichia coli in developing countries: Epidemiology, mi-
crobiology, clinical features, treatment, and prevention. Clin Microbiol
Rev 18:465-483. https:/ /doi.org/10.1128 /CMR.18.3.465-483.2005.
Qi WH, Lacher DW, Bumbaugh AC, Hyma KE, Ouellette LM,
Large TM, Tarr CL, Whittam TS. 2004. ECMLST: an online da-
tabase for multi locus sequence typing of pathogenic Escherichia
coli. 2004 Ieee Computational Systems Bioinformatics Conference,
Proceedings. Stanford, California. 2004. 520-521. doi: 10.1109/
CSB.2004.1332482.

Qu F, Ying Z, Zhang C, Chen Z, Chen S, Cui E, Bao C, Yang H,
Wang J, Liu C, Mao Y, Zhou D. 2014. Plasmid-encoding extended-
spectrum B-lactamase CTX-M-55 in a clinical Shigella sonnei strain,
China. Future Microbiol 9:1143-1150. https://doi.org/10.2217/
fmb.14.53.

Rahdar M, Rashki A, Miri HR, Rashki Ghalehnoo M. 2015. De-
tection of pap, sfa, afa, foc, and fim adhesin-encoding operons in
uropathogenic Escherichia coli isolates collected from patients with
urinary tract infection. Jundishapur ] Microbiol 8:1-6. https:/ /doi.
org/10.5812/jjm.22647.

Rahmouni O, Vignal C, Titecat M, Foligné B, Pariente B, Dubu-
quoy L, Desreumaux P, Neut C. 2018. High carriage of adherent
invasive E. coli in wildlife and healthy individuals. Gut Pathog
10:23. https:/ /doi.org/10.1186/s13099-018-0248-7.

591.

592.

593.

594.

595.

596.

597.

598.

599.

600.

601.

602.

603.

604.

605.

606.

E. coli Infections in a Range of Hosts

Raife T, Friedman KD, Fenwick B. 2004. Lepirudin prevents
lethal effects of Shiga toxin in a canine model. Thromb Haemost
92:387-393. https://doi.org/10.1160/TH03-12-0759.

Raisch J, Buc E, Bonnet M, Sauvanet P, Vazeille E, de Vallee A,
Déchelotte P, Darcha C, Pezet D, Bonnet R, Bringer MA, Dar-
feuille-Michaud A. 2014. Colon cancer-associated B2 Escherichia
coli colonize gut mucosa and promote cell proliferation. World J
Gastroenterol 20:6560-6572. https://doi.org/10.3748 /wjg.v20.
i21.6560.

Rashid H, Rahman M. 2015. Possible transfer of plasmid mediated
third generation cephalosporin resistance between Escherichia coli
and Shigella sonnei in the human gut. Infect Genet Evol 30:15-18.
https://doi.org/10.1016/j.meegid.2014.11.023

Rasko DA, Rosovitz MJ, Myers GS, Mongodin EF, Fricke WF,
Gajer P, Crabtree J, Sebaihia M, Thomson NR, Chaudhuri R,
Henderson IR, Sperandio V, Ravel J. 2008. The pangenome
structure of Escherichia coli: comparative genomic analysis of E.
coli commensal and pathogenic isolates. ] Bacteriol 190:6881-6893.
https://doi.org/10.1128 /JB.00619-08.

Rawat D, Nair D. 2010. Extended-spectrum beta-lactamases in
Gram Negative Bacteria. ] Glob Infect Dis 2:263-274. https:/ /doi.
org/10.4103/0974-777X.68531.

Regua-Mangia AH, Irino K, da Silva Pacheco R, Pimentel Bezerra
RM, Santos Perisse AR, Teixeira LM. 2010. Molecular characteriza-
tion of uropathogenic and diarrheagenic Escherichia coli pathotypes.
J Basic Microbiol 50 Suppl 1:5107-S115. https:/ /doi.org/10.1002/
jobm.200900364.

Reid SD, Herbelin CJ, Bumbaugh AC, Selander RK, Whittam
T8S. 2000. Parallel evolution of virulence in pathogenic Escherichia
coli. Nature 406:64-67. https:/ /doi.org/10.1038/35017546.
Reister M, Hoffmeier K, Krezdorn N, Rotter B, Liang C, Rund S,
Dandekar T, Sonnenborn U, Oelschlaeger TA. 2014. Complete ge-
nome sequence of the gram-negative probiotic Escherichia coli strain
Nissle 1917. J Biotechnol 187:106-107. https://doi.org/10.1016/j.
jbiotec.2014.07.442.

Rhouma M, Fairbrother JM, Beaudry F, Letellier A. 2017. Post
weaning diarrhea in pigs: risk factors and non-colistin-based
control strategies. Acta Vet Scand 59:31. https://doi.org/10.1186/
513028-017-0299-7.

Richardson SE, Karmali MA, Becker LE, Smith CR. 1988. The
histopathology of the hemolytic uremic syndrome associated with
verocytotoxin-producing Escherichia coli infections. Hum Pathol
19:1102-1108. https:/ /doi.org/10.1016 /S0046-8177(88)80093-5.
Richardson SE, Rotman TA, Jay V, Smith CR, Becker LE, Petric
M, Olivieri NF, Karmali MA. 1992. Experimental verocytotoxemia
in rabbits. Infect Immun 60:4154-4167. https:/ /doi.org/10.1128/
IAI.60.10.4154-4167.1992.

Riley LW, Remis RS, Helgerson SD, McGee HB, Wells JG, Da-
vis BR, Hebert R], Olcott ES, Johnson LM, Hargrett NT, Blake
PA, Cohen ML. 1983. Hemorrhagic colitis associated with a rare
Escherichia coli serotype. N Engl ] Med 308:681-685. https:/ /doi.
org/10.1056/NEJM198303243081203.

Rios M, Prado V, Trucksis M, Arellano C, Borie C, Alexandre M,
Fica A, Levine MM. 1999. Clonal diversity of Chilean isolates of
enterohemorrhagic Escherichia coli from patients with hemolytic-
uremic syndrome, asymptomatic subjects, animal reservoirs,
and food products. J Clin Microbiol 37:778-781. https://doi.
org/10.1128 /JCM.37.3.778-781.1999.

Ritchie JM, Thorpe CM, Rogers AB, Waldor MK. 2003. Critical
roles for stx2, eae, and tir in enterohemorrhagic Escherichia coli-in-
duced diarrhea and intestinal inflammation in infant rabbits. Infect
Immun 71:7129-7139. https://doi.org/10.1128 /IA1.71.12.7129-
7139.2003.

Ritchie LE, Steiner JM, Suchodolski JS. 2008. Assessment of mi-
crobial diversity along the feline intestinal tract using 165 rRNA
gene analysis. FEMS Microbiol Ecol 66:590-598. https://doi.
org/10.1111/§.1574-6941.2008.00609.x.

Rivera FP, Medina AM, Aldasoro E, Sangil A, Gascon J, Ochoa TJ,
Vila J, Ruiz J. 2012. Genotypic characterization of enterotoxigenic
Escherichia coli strains causing traveler’s diarrhea. ] Clin Microbiol
51:633-635. https:/ /doi.org/10.1128 /JCM.02572-12.

39



Vol 71, No 1
Comparative Medicine
February 2021

607.

608.

609.

610.

611.

612.

613.

614.

615.

616.

617.

618.

619.

620.

621.

622.

623.

40

Robbins JB, McCracken GH Jr, Gotschlich EC, Orskov F, Orskov
I, Hanson LA. 1974. Escherichia coli K1 capsular polysaccharide
associated with neonatal meningitis. N Engl ] Med 290:1216-1220.
https:/ /doi.org/10.1056 /NEJM197405302902202.

Robitaille P, Gonthier M, Grignon A, Russo P. 1997. Pancre-
atic injury in the hemolytic-uremic syndrome. Pediatr Nephrol
11:631-632. https:/ /doi.org/10.1007 /s004670050353.

Rodrigues J, Thomazini CM, Lopes CA, Dantas LO. 2004.
Concurrent infection in a dog and colonization in a child with a
human enteropathogenic Escherichia coli clone. J Clin Microbiol
42:1388-1389. https:/ /doi.org/10.1128 /JCM.42.3.1388-1389.2004.
Rodriguez-Siek KE, Giddings CW, Doetkott C, Johnson TJ,
Fakhr MK, Nolan LK. 2005. Comparison of Escherichia coli isolates
implicated in human urinary tract infection and avian colibacillosis.
Microbiology 151:2097-2110. https:/ / doi.org,/10.1099 /mic.0.27499-0.
Rogers BA, Sidjabat HE, Paterson DL. 2010. Escherichia coli O25b-
ST131: a pandemic, multiresistant, community-associated strain.
J Antimicrob Chemother 66:1-14. https://doi.org/10.1093 /jac/
dkqg415.

Rojas-Lopez M, Monterio R, Pizza M, Desvaux M, Rosini R.
2018. Intestinal pathogenic Escherichia coli: insights for vaccine
development. Front Microbiol 9:1-17. https:/ /doi.org/10.3389/
fmicb.2018.00440.

Rojas TC, Maluta RP, Parizzi LP, Koenigkan LV, Yang J, Yu J,
Pereira GA, Dias da Silveira W. 2013. Genome sequences of avian
pathogenic Escherichia coli strains isolated from Brazilian commer-
cial poultry. Genome Announc 1:1-2. https://doi.org/10.1128/
genomeA.00110-13.

Rojas TC, Parizzi LP, Tiba MR, Chen L, Pereira GA, Sangal V,
YangJ, YuJ, Dias da Silveira W. 2012. Draft genome of a Brazilian
avian-pathogenic Escherichia coli strain and in silico characteriza-
tion of virulence-related genes. J Bacteriol 194:3023. https://doi.
org/10.1128/JB.00394-12.

Rollenhagen JE, Jones F, Hall E, Maves R, Nunez G, Espinoza
N, O’'Dowd A, Prouty MG, Savarino SJ. 2019. Establishment,
validation, and application of a New World primate model of
enterotoxigenic Escherichia coli disease for vaccine development.
Infect Immun 87:1-13.

Rosario CC, Lopez AC, Tellez IG, Navarro OA, Anderson RC,
Eslava CC. 2004. Serotyping and virulence genes detection in
Escherichia coli isolated from fertile and infertile eggs, dead-in-
shell embryos, and chickens with yolk sac infection. Avian Dis
48:791-802. https:/ /doi.org/10.1637 /7195-041304R.

Rosario CC, Puente JL, Verdugo-Rodriguez A, Anderson RC,
Eslava CC. 2005. Phenotypic characterization of ipaH Escherichia
coli strains associated with yolk sac infection. Avian Dis 49:409-417.
https:/ /doi.org/10.1637 /7323-010705R.1.

Roschanski N, Friese A, von Salviati-Claudius C, Hering J,
Kaesbohrer A, Kreienbrock L, Roesler U. 2017. Prevalence of
carbapenemase producing Enterobacteriaceae isolated from Ger-
man pig-fattening farms during the years 2011-2013. Vet Microbiol
200:124-129. https:/ /doi.org/10.1016/j.vetmic.2015.11.030.
Rossi O, Baker KS, Phalipon A, Weill FX, Citiulo F, Sansonetti
P, Gerke C, Thomson NR. 2015. Draft genomes of Shigella strains
used by the STOPENTERICS consortium. Gut Pathog 7:14. https:/ /
doi.org/10.1186/513099-015-0061-5.

Rothbaum R, McAdams AJ, Giannella R, Partin JC. 1982. A clini-
copathologic study of enterocyte-adherent Escherichia coli: a cause
of protracted diarrhea in infants. Gastroenterology 83:441-454.
https:/ /doi.org/10.1016 /S0016-5085(82)80342-9.

Rowley D. 1954. The virulence of strains of Bacterium coli for mice.
Br J Exp Pathol 35:528-538.

Rudin A, Svennerholm AM. 1994. Colonization factor antigens
(CFAs) of enterotoxigenic Escherichia coli can prime and boost
immune responses against heterologous CFAs. Microb Pathog
16:131-139. https:/ /doi.org/10.1006/mpat.1994.1014.
Runcharoen C, Raven KE, Reuter S, Kallonen T, Paksanont S,
Thammachote J, Anun S, Blane B, Parkhill J, Peacock SJ, Chant-
ratita N. 2017. Whole genome sequencing of ESBL-producing Esch-
erichia coli isolated from patients, farm waste and canals in Thailand.
Genome Med 9:1-11. https:/ /doi.org/10.1186/s13073-017-0471-8.

624.

625.

626.

627.

628.

629.

630.

631.

632.

633.

634.

635.

636.

637.

638.

639.

Russo TA, Johnson JR. 2000. Proposal for a new inclusive designa-
tion for extraintestinal pathogenic isolates of Escherichia coli: EXPEC.
J Infect Dis 181:1753-1754. https:/ /doi.org/10.1086/315418.
Russo TA, Johnson JR. 2003. Medical and economic impact of
extraintestinal infections due to Escherichia coli: focus on an in-
creasingly important endemic problem. Microbes Infect 5:449-456.
https:/ /doi.org/10.1016 /51286-4579(03)00049-2.

Rutter JM, Jones GW. 1973. Protection against enteric dis-
ease caused by Escherichia coli—model for vaccination with
a virulence determinant. Nature 242:531-532. https://doi.
org/10.1038/242531a0.

Sack DA, McLaughlin JC, Sack RB, Orskov F, Orskov 1. 1977.
Enterotoxigenic Escherichia coli isolated from patients at a hospi-
tal in Dacca. ] Infect Dis 135:275-280. https://doi.org/10.1093/
infdis/135.2.275.

Sack RB, Gorbach SL, Banwell JG, Jacobs B, Chatterjee BD, Mitra
RC. 1971. Enterotoxigenic Escherichia coli isolated from patients
with severe cholera-like disease. ] Infect Dis 123:378-385. https:/ /
doi.org/10.1093/infdis/123.4.378.

Sahagun-Ruiz A, Velazquez LV, Bhaskaran S, Jay CM, Morales-
Salinas E, Rathore K, Wagner GG, Waghela SD. 2015. Reduction
of enterotoxin induced fluid accumulation in ileal loops of neonatal
calves with anti-F5 fimbriae recombinant antibody. Vet Res Com-
mun 39:229-236. https:/ /doi.org/10.1007/511259-015-9646-1.
Salvadori MR, Yamada AT, Yano T. 2001. Morphological
and intracellular alterations induced by cytotoxin VI2y pro-
duced by Escherichia coli isolated from chickens with swollen
head syndrome. FEMS Microbiol Lett 197:79-84. https://doi.
org/10.1111/§.1574-6968.2001.tb10586.x.

Sanches LA, Gomes MDS, Teixeira RHF, Cunha MPV, Oliveira
MGX, Vieira MAM, Gomes TAT, Knobl T. 2017. Captive
wild birds as reservoirs of enteropathogenic E. coli (EPEC) and
Shiga-toxin producing E. coli (STEC). Braz ] Microbiol 48:760-763.
https://doi.org/10.1016/j.bjm.2017.03.003.

Sansonetti PJ, d’Hauteville H, Formal SB, Toucas M. 1982.
Plasmid-mediated invasiveness of “Shigella-like” Escherichia coli.
Ann Microbiol (Paris) 133:351-355.

Sasaki M, Klapproth JM. 2012. The role of bacteria in the patho-
genesis of ulcerative colitis. J Signal Transduct 2012:1-6. https://
doi.org/10.1155/2012/704953.

Savarino SJ, Fasano A, Robertson DC, Levine MM. 1991. En-
teroaggregative Escherichia coli elaborate a heat-stable enterotoxin
demonstrable in an in vitro rabbit intestinal model. ] Clin Invest
87:1450-1455. https:/ /doi.org/10.1172/]JCI115151.

Savarino SJ, Fasano A, Watson J, Martin BM, Levine MM,
Guandalini S, Guerry P. 1993. Enteroaggregative Escherichia coli
heat-stable enterotoxin 1 represents another subfamily of E. coli
heat-stable toxin. Proc Natl Acad Sci U S A 90:3093-3097. https:/ /
doi.org/10.1073/pnas.90.7.3093.

Savarino SJ, McKenzie R, Tribble DR, Porter CK, O’'Dowd A,
Cantrell JA, Sincock SA, Poole ST, DeNearing B, Woods CM,
Kim H, Grahek SL, Brinkley C, Crabb JH, Bourgeois AL. 2017.
Prophylactic efficacy of hyperimmune bovine colostral antiadhesin
antibodies against enterotoxigenic Escherichia coli diarrhea: a ran-
domized, double-blind, placebo-controlled, phase 1 trial. J Infect
Dis 216:7-13. https:/ /doi.org/10.1093 /infdis /jix144.

Savarino SJ, McKenzie R, Tribble DR, Porter CK, O’Dowd A,
Sincock SA, Poole ST, DeNearing B, Woods CM, Kim H, Grahek
SL, Brinkley C, Crabb JH, Bourgeois AL. 2019. Hyperimmune
bovine colostral anti-CS17 antibodies protect against enterotoxi-
genic Escherichia coli diarrhea in a randomized, doubled-blind,
placebo-controlled human infection model. J Infect Dis 220:505-513.
https://doi.org/10.1093/infdis /jiz135.

Savarino SJ, McVeigh A, Watson J, Cravioto A, Molina J, Ech-
everria P, Bhan MK, Levine MM, Fasano A. 1996. Enteroaggre-
gative Escherichia coli heat-stable enterotoxin is not restricted to
enteroaggregative E. coli. ] Infect Dis 173:1019-1022. https:/ /doi.
org/10.1093/infdis/173.4.1019.

Scaife HR, Cowan D, Finney J, Kinghorn-Perry SF, Crook B.
2006. Wild rabbits (Oryctolagus cuniculus) as potential carriers
of verocytotoxin-producing Escherichia coli. Vet Rec 159:175-178.
https://doi.org/10.1136 /vr.159.6.175.



640.

641.

642.

643.

644.

645.

646.

647.

648.

649.

650.

651.

652.

653.

654.

655.

656.

Scaletsky IC, Pedroso MZ, Fagundes-Neto U. 1996. Attaching and
effacing enteropathogenic Escherichia coli O18ab invades epithelial
cells and causes persistent diarrhea. Infect Inmun 64:4876-4881.
https:/ /doi.org/10.1128 /TAI.64.11.4876-4881.1996.

Scaletsky IC, Pedroso MZ, Oliva CA, Carvalho RL, Morais MB,
Fagundes-Neto U. 1999. A localized adherence-like pattern as a
second pattern of adherence of classic enteropathogenic Escherichia
coli to HEp-2 cells that is associated with infantile diarrhea. Infect
Immun 67:3410-3415. https://doi.org/10.1128 /1AL.67.7.3410-
3415.1999.

Scaletsky IC, Silva ML, Trabulsi LR. 1984. Distinctive patterns of
adherence of enteropathogenic Escherichia coli to HeLa cells. Infect
Immun 45:534-536. https:/ /doi.org/10.1128 /1A1.45.2.534-536.1984.
Schauer DB, Falkow S. 1993. Attaching and effacing locus of a
Citrobacter freundii biotype that causes transmissible murine colonic
hyperplasia. Infect Immun 61:2486-2492. https:/ /doi.org/10.1128/
TAI.61.6.2486-2492.1993.

Schauer DB, McCathey SN, Daft BM, Jha SS, Tatterson LE, Tay-
lor NS, Fox JG. 1998. Proliferative enterocolitis associated with
dual infection with enteropathogenic Escherichia coli and Lawsonia
intracellularis in rabbits. ] Clin Microbiol 36:1700-1703. https://
doi.org/10.1128 /JCM.36.6.1700-1703.1998.

Scheiring J, Andreoli SP, Zimmerhackl LB. 2008. Treatment and
outcome of Shiga-toxin-associated hemolytic uremic syndrome
(HUS). Pediatr Nephrol 23:1749-1760. https://doi.org/10.1007/
s00467-008-0935-6.

Schmidt H, Beutin L, Karch H. 1995. Molecular analysis of the
plasmid-encoded hemolysin of Escherichia coli O157:H7 strain
EDL 933. Infect Immun 63:1055-1061. https://doi.org/10.1128/
TAI.63.3.1055-1061.1995.

Schmidt H, Bielaszewska M, Karch H. 1999. Transduction of
enteric Escherichia coli isolates with a derivative of Shiga toxin 2-en-
coding bacteriophage ¢3538 isolated from Escherichia coli O157:H7.
Appl Environ Microbiol 65:3855-3861. https://doi.org/10.1128/
AEM.65.9.3855-3861.1999.

Schmidt H, Scheef J, Morabito S, Caprioli A, Wieler LH, Karch
H. 2000. A new Shiga toxin 2 variant (Stx2f) from Escherichia coli
isolated from pigeons. Appl Environ Microbiol 66:1205-1208.
https:/ /doi.org/10.1128 / AEM.66.3.1205-1208.2000.

Schoeni JL, Doyle MP. 1994. Variable colonization of chickens
perorally inoculated with Escherichia coli O157:H7 and subsequent
contamination of eggs. Appl Environ Microbiol 60:2958-2962.
https:/ /doi.org/10.1128 / AEM.60.8.2958-2962.1994.

Schouler C, Schaeffer B, Bree A, Mora A, Dahbi G, Biet F, Os-
wald E, Mainil J, Blanco J, Moulin-Schouleur M. 2012. Diagnostic
strategy for identifying avian pathogenic Escherichia coli based on
four patterns of virulence genes. J Clin Microbiol 50:1673-1678.
https:/ /doi.org/10.1128 /JCM.05057-11.

Schwatz-Albiez R, Dorken B, Moller P, Brodin NT, Monner DA,
Kniep B. 1990. Neutral glycosphingolipids of the globo-series char-
acterize activation stages corresponding to germinal center B cells.
Int Immunol 2:929-936. https:/ /doi.org/10.1093 /intimm /2.10.929.
Sereny B. 1955. Experimental shigella keratoconjunctivitis; a pre-
liminary report. Acta Microbiol Acad Sci Hung 2:293-296.
Seriwatana J, Echeverria P, Taylor DN, Rasrinaul L, Brown JE, Pei-
ris JS, Clayton CL. 1988. Type Il heat-labile enterotoxin-producing
Escherichia coli isolated from animals and humans. Infect Immun
56:1158-1161. https://doi.org/10.1128 /1AI1.56.5.1158-1161.1988.
Servin AL. 2005. Pathogenesis of Afa/Dr diffusely adhering Esche-
richia coli. Clin Microbiol Rev 18:264-292. https:/ /doi.org/10.1128/
CMR.18.2.264-292.2005.

Servin AL. 2014. Pathogenesis of human diffusely adhering Esch-
erichia coli expressing Afa/Dr adhesins (Afa/Dr DAEC): current
insights and future challenges. Clin Microbiol Rev 27:823-869.
https://doi.org/10.1128 /CMR.00036-14.

Sestak K, Merritt CK, Borda J, Saylor E, Schwamberger SR,
Cogswell F, Didier ES, Didier PJ, Plauche G, Bohm RP, Aye PP,
Alexa P, Ward RL, Lackner AA. 2003. Infectious agent and immune
response characteristics of chronic enterocolitis in captive rhesus
macaques. Infect Immun 71:4079-4086. https:/ /doi.org/10.1128/
1A1.71.7.4079-4086.2003.

657.

658.

659.

660.

661.

662.

663.

664.

665.

666.

667.

668.

669.

670.

671.

E. coli Infections in a Range of Hosts

Sethabutr O, Venkatesan M, Murphy GS, Eampokalap B, Hoge
CW, Echeverria P. 1993. Detection of Shigellae and enteroinvasive
Escherichia coli by amplification of the invasion plasmid antigen H
DNA sequence in patients with dysentery. ] Infect Dis 167:458—461.
https://doi.org/10.1093/infdis /167.2.458.

Shaheen BW, Nayak R, Boothe DM. 2013. Emergence of a New
Delhi metallo-beta-lactamase (NDM-1)-encoding gene in clinical
Escherichia coli isolates recovered from companion animals in
the United States. Antimicrob Agents Chemother 57:2902-2903.
https://doi.org/10.1128 / AAC.02028-12.

Shamir ER, Warthan M, Brown SP, Nataro JP, Guerrant RL,
Hoffman PS. 2010. Nitazoxanide inhibits biofilm production and
hemagglutination by enteroaggregative Escherichia coli strains
by blocking assembly of AafA fimbriae. Antimicrob Agents Che-
mother 54:1526-1533. https:/ /doi.org/10.1128/ AAC.01279-09.
Sheikh J, Hicks S, Dall’Agnol M, Phillips AD, Nataro JP.
2001. Roles for Fis and YafK in biofilm formation by enteroag-
gregative Escherichia coli. Mol Microbiol 41:983-997. https:/ /doi.
org/10.1046/j.1365-2958.2001.02512.x.

Sheldon IM, Rycroft AN, Dogan B, Craven M, Bromfield JJ,
Chandler A, Roberts MH, Price SB, Gilbert RO, Simpson KW.
2010. Specific strains of Escherichia coli are pathogenic for the
endometrium of cattle and cause pelvic inflammatory disease in
cattle and mice. PLoS One 5:1-13. https:/ /doi.org/10.1371 /journal.
pone.0009192.

Sherman P, Soni R, Karmali M. 1988. Attaching and effacing
adherence of Vero cytotoxin-producing Escherichia coli to rabbit
intestinal epithelium in vivo. Infect Immun 56:756-761. https://
doi.org/10.1128 /TAL.56.4.756-761.1988.

Shpigel NY, Elazar S, Rosenshine I. 2008. Mammary patho-
genic Escherichia coli. Curr Opin Microbiol 11:60-65. https:/ /doi.
org/10.1016/j.mib.2008.01.004.

Shringi S, Garcia A, Lahmers KK, Potter KA, Muthupalani S,
Swennes AG, Hovde CJ, Call DR, Fox JG, Besser TE. 2011. Dif-
ferential virulence of clinical and bovine-biased enterohemorrhagic
Escherichia coli O157:H7 genotypes in piglet and Dutch belted rab-
bit models. Infect Immun 80:369-380. https://doi.org/10.1128/
TAI.05470-11.

Siegler RL, Obrig TG, Pysher TJ, Tesh VL, Denkers ND, Taylor
FB. 2003. Response to Shiga toxin 1 and 2 in a baboon model of
hemolytic uremic syndrome. Pediatr Nephrol 18:92-96. https://
doi.org/10.1007/s00467-002-1035-7.

Silva RM, Saadi S, Maas WK. 1988. A basic replicon of virulence-
associated plasmids of Shigella spp. and enteroinvasive Escherichia
coli is homologous with a basic replicon in plasmids of IncF groups.
Infect Immun 56:836-842. https:/ /doi.org/10.1128 /1AI1.56.4.836-
842.1988.

Silva VL, Nicoli JR, Nascimento TC, Diniz CG. 2009. Diar-
rheagenic Escherichia coli strains recovered from urban pigeons
(Columba livia) in Brazil and their antimicrobial susceptibility
patterns. Curr Microbiol 59:302-308. https://doi.org/10.1007/
500284-009-9434-7.

Simpson KW, Dogan B, Rishniw M, Goldstein RE, Klaessig S,
McDonough PL, German A]J, Yates RM, Russell DG, Johnson
SE, Berg DE, Harel J, Bruant G, McDonough SP, Schukken YH.
2006. Adherent and invasive Escherichia coli is associated with
granulomatous colitis in boxer dogs. Infect Immun 74:4778-4792.
https:/ /doi.org/10.1128 /TAI.00067-06.

Singh T, Das S, Ramachandran VG, Dar SA, Snehaa K, Saha R,
Shah D. 2017. Spectrum of diarrhoeagenic Escherichia coli in pae-
diatric population suffering from diarrhoea and as commensals in
healthy children. Indian ] Med Microbiol 35:204-210.

Siqueira AK, Ribeiro MG, Leite Dda S, Tiba MR, Moura C,
Lopes MD, Prestes NC, Salerno T, Silva AV. 2009. Virulence fac-
tors in Escherichia coli strains isolated from urinary tract infection
and pyometra cases and from feces of healthy dogs. Res Vet Sci
86:206-210. https:/ /doi.org/10.1016/j.rvsc.2008.07.018.
Sivignon A, Bouckaert J, Bernard J, Gouin SG, Barnich N. 2017.
The potential of FimH as a novel therapeutic target for the treat-
ment of Crohn’s disease. Expert Opin Ther Targets 21:837-847.
https:/ /doi.org/10.1080/14728222.2017.1363184.

41



Vol 71, No 1
Comparative Medicine
February 2021

672.

673.

674.

675.

676.

677.

678.

679.

680.

681.

682.

683.

684.

685.

686.

687.

688.

42

Sixma TK, Kalk KH, van Zanten BA, Dauter Z, Kingma J, Witholt
B, Hol WG. 1993. Refined structure of Escherichia coli heat-labile
enterotoxin, a close relative of cholera toxin. ] Mol Biol 230:890-918.
https://doi.org/10.1006 /jmbi.1993.1209.

Sjogren R, Neill R, Rachmilewitz D, Fritz D, Newland J, Sharp-
nack D, Colleton C, Fondacaro J, Gemski P, Boedeker E. 1994.
Role of Shiga-like toxin I in bacterial enteritis: comparison between
isogenic Escherichia coli strains induced in rabbits. Gastroenterology
106:306-317. https:/ /doi.org/10.1016/0016-5085(94)90587-8.
Smith DR. 2014. Vaccination of cattle against Escherichia coli
0157:H7. Microbiol Spectr 2:1-11.

Smith HW. 1974. A search for transmissible pathogenic characters
in invasive strains of Escherichia coli: the discovery of a plasmid-
controlled toxin and a plasmid-controlled lethal character closely
associated, or identical, with colicine V. ] Gen Microbiol 83:95-111.
https:/ /doi.org/10.1099/00221287-83-1-95.

Smith HW, Linggood MA. 1972. Further observations on Esch-
erichia coli enterotoxins with particular regard to those produced
by atypical piglet strains and by calf and lamb strains: the trans-
missible nature of these enterotoxins and of a K antigen possessed
by calf and lamb strains. ] Med Microbiol 5:243-250. https:/ /doi.
org/10.1099/00222615-5-2-243.

Smith JM, Smith NH. 1998. Detecting recombination from gene
trees. Mol Biol Evol 15:590-599. https:/ /doi.org/10.1093 / oxford-
journals.molbev.a025960.

Smith T, Little RB. 1927. Studies on pathogenic B. coli from bovine
sources: I. The pathogenic action of culture filtrates. ] Exp Med
46:123-131. https:/ /doi.org/10.1084/jem.46.1.123.

Smith WB, Abbanat D, Spiessens B, Go O, Haazen W, de Rosa
T, Fae K, Poolman J, Thoelen S, Ibarra de Palacios P. 2019.Safety
and immunogenicity of two doses of EXPEC4V vaccine against
extraintestinal pathogenic Escherichia coli disease in healthy adult
participants. Open Forum Infect Dis 6 Suppl 2: S954. https:/ /doi.
org/10.1093/ ofid / 0fz360.2389

Snodgrass DR, Smith ML, Krautil FL. 1982. Interaction of rota-
virus and enterotoxigenic Escherichia coli in conventionally-reared
dairy calves. Vet Microbiol 7:51-60. https:/ /doi.org/10.1016 /0378-
1135(82)90005-0.

Sola-Ginés M, Cameron-Veas K, Badiola I, Dolz R, Majo N, Dahbi
G, Viso S, Mora A, Blanco J, Piedra-Carrasco N, Gonzalez-Lopez
JJ, Migura-Garcia L. 2015. Diversity of multi-drug resistant avian
pathogenic Escherichia coli (APEC) causing outbreaks of Colibacil-
losis in Broilers during 2012 in Spain. PLoS One 10:1-14. https://
doi.org/10.1371/journal.pone.0143191.

Sonntag AK, Zenner E, Karch H, Bielaszewska M. 2005. Pigeons as
a possible reservoir of Shiga toxin 2f-producing Escherichia coli patho-
genic to humans. Berl Munch Tierarztl Wochenschr 118:464—470.
Soysal N, Mariani-Kurkdjian P, Smail Y, Liguori S, Gouali M,
Loukiadis E, Fach P, Bruyand M, Blanco J, Bidet P, Bonacorsi S.
2016. Enterohemorrhagic Escherichia coli hybrid pathotype O80:H2
as a New therapeutic challenge. Emerg Infect Dis 22:1604-1612.
https:/ /doi.org/10.3201/eid2209.160304.

Spangler BD. 1992. Structure and function of cholera toxin and
the related Escherichia coli heat-labile enterotoxin. Microbiol Rev
56:622-647. https:/ /doi.org/10.1128 /MMBR.56.4.622-647.1992.
Staats JJ, Chengappa MM, DeBey MC, Fickbohm B, Oberst
RD. 2003. Detection of Escherichia coli Shiga toxin (stx) and en-
terotoxin (estA and elt) genes in fecal samples from non-diarrheic
and diarrheic greyhounds. Vet Microbiol 94:303-312. https:/ /doi.
org/10.1016/50378-1135(03)00134-2.

Staley TE, Jones EW, Corley LD. 1969. Attachment and penetration
of Escherichia coli into intestinal epithelium of the ileum in newborn
pigs. Am ] Pathol 56:371-392.

Star¢i¢ M, Johnson JR, Stell AL, van der Goot J, Hendriks HG,
van Vorstenbosch C, van Dijk L, Gaastra W. 2002. Haemolytic
Escherichia coliisolated from dogs with diarrhea have characteristics
of both uropathogenic and necrotoxigenic strains. Vet Microbiol
85:361-377. https:/ /doi.org/10.1016/S0378-1135(02)00003-2.
Steffen R, Hill DR, DuPont HL. 2015. Traveler’s diarrhea—a
clinical review. JAMA 313:71-80. https://doi.org/10.1001/
jama.2014.17006.

689.

690.

691.

692.

693.

694.

695.

696.

697.

698.

699.

700.

701.

702.

703.

704.

Stenske KA, Bemis DA, Gillespie BE, Oliver SP, Draughon FA,
Matteson KJ, Bartges JW. 2009. Prevalence of urovirulence genes
enf, hlyD, sfa/foc, and papGIIlin fecal Escherichia coli from healthy
dogs and their owners. Am ] Vet Res 70:1401-1406. https://doi.
org/10.2460/ajvr.70.11.1401.

Stevens MP, Frankel GM. 2014. The locus of enterocyte effacement
and associated virulence factors of enterohemorrhagic Escherichia
coli. Microbiol Spectr 2:1-25. https:/ /doi.org/10.1128 /microbiol-
spec. EHEC-0007-2013

Stoesser N, Sheppard AE, Peirano G, Anson LW, Pankhurst L,
Sebra R, Phan HTT, Kasarskis A, Mathers AJ, Peto TEA, Bradford
P, Motyl MR, Walker AS, Crook DW, Pitout JD. 2017. Genomic
epidemiology of global Klebsiella pneumoniae carbapenemase (KPC)-
producing Escherichia coli. Sci Rep 7:1-11. https:/ /doi.org/10.1038/
541598-017-06256-2.

Stolle I, Prenger-Berninghoff E, Stamm I, Scheufen S, Hassden-
teufel E, Guenther S, Bethe A, Pfeifer Y, Ewers C.2013. Emergence
of OXA-48 carbapenemase-producing Escherichia coli and Klebsi-
ella pneumoniae in dogs. ] Antimicrob Chemother 68:2802-2808.
https:/ /doi.org/10.1093 /jac/dkt259.

Stones DH, Fehr AGJ, Thompson L, Rocha J, Perez-Soto N, Mad-
havan VTP, Voelz K, Krachler AM. 2017. Zebrafish (Danio rerio) as
a vertebrate model host to study colonization, pathogenesis, and
transmission of foodborne Escherichia coli O157. mSphere 2:1-15.
Stromberg ZR, Johnson JR, Fairbrother JM, Kilbourne J, Van
Goor A, Curtiss RR, Mellata M. 2017. Evaluation of Escherichia
coli isolates from healthy chickens to determine their potential
risk to poultry and human health. PLoS One 12:1-18. https:/ /doi.
org/10.1371/journal.pone.0180599.

Studier FW, Daegelen P, Lenski RE, Maslov S, Kim JF. 2009.
Understanding the differences between genome sequences of
Escherichia coli B strains REL606 and BL21(DE3) and comparison
of the E. coli B and K-12 genomes. ] Mol Biol 394:653-680. https://
doi.org/10.1016/j.jmb.2009.09.021.

Suerbaum S, Smith JM, Bapumia K, Morelli G, Smith NH,
Kunstmann E, Dyrek I, Achtman M. 1998. Free recombination
within Helicobacter pylori. Proc Natl Acad Sci U S A 95:12619-12624.
https:/ /doi.org/10.1073/pnas.95.21.12619.

Sueyoshi M, Nakazawa M. 1994. Experimental infection of young
chicks with attaching and effacing Escherichia coli. Infect Immun
62:4066—-4071. https:/ /doi.org/10.1128 /TAL.62.9.4066-4071.1994.
Sura R, Van Kruiningen HJ, DebRoy C, Hinckley LS, Green-
berg KJ, Gordon Z, French RA. 2007. Extraintestinal pathogenic
Escherichia coli-induced acute necrotizing pneumonia in cats. Zoo-
noses Public Health 54:307-313. https://doi.org/10.1111/j.1863-
2378.2007.01067 x.

Swennes AG, Alworth LC, Harvey SB, Jones CA, King CS, Crowell-
Davis SL. 2011. Human handling promotes compliant behavior in
adult laboratory rabbits. ] Am Assoc Lab Anim Sci 50:41-45.
Swennes AG, Buckley EM, Parry NM, Madden CM, Garcia A,
Morgan PB, Astrofsky KM, Fox JG. 2012. Enzootic enteropatho-
genic Escherichia coli infection in laboratory rabbits. J Clin Microbiol
50:2353-2358. https:/ /doi.org/10.1128 /JCM.00832-12.
Swidsinski A, Khilkin M, Kerjaschki D, Schreiber S, Ortner
M, Weber J, Lochs H. 1998. Association between intraepithelial
Escherichia coli and colorectal cancer. Gastroenterology 115:281-286.
https:/ /doi.org/10.1016/50016-5085(98)70194-5.

Tacket CO, Moseley SL, Kay B, Losonsky G, Levine MM. 1990.
Challenge studies in volunteers using Escherichia coli strains with
diffuse adherence to HEp-2 cells. ] Infect Dis 162:550-552. https:/ /
doi.org/10.1093/infdis/162.2.550.

Tacket CO, Sztein MB, Losonsky G, Abe A, Finlay BB, McNamara
BP, Fantry GT, James SP, Nataro JP, Levine MM, Donnenberg
MS. 2000. Role of EspB in experimental human enteropathogenic
Escherichia coli infection. Infect Immun 68:3689-3695. https:/ /doi.
org/10.1128 /TAI.68.6.3689-3695.2000.

Taddei CR, Fasano A, Ferreira AJ, Trabulsi LR, Martinez MB. 2005.
Secreted autotransporter toxin produced by a diffusely adhering
Escherichia coli strain causes intestinal damage in animal model as-
says. FEMS Microbiol Lett 250:263-269. https:/ /doi.org/10.1016/j.
femsle.2005.07.013.



705.

706.

707.

708.

709.

710.

711.

712.

713.

714.

715.

716.

717.

718.

719.

720.

721.

Taddei CR, Moreno AC, Fernandes Filho A, Montemor LP,
Martinez MB. 2003. Prevalence of secreted autotransporter
toxin gene among diffusely adhering Escherichia coli isolated from
stools of children. FEMS Microbiol Lett 227:249-253. https:/ /doi.
org/10.1016/50378-1097(03)00688-8.

Taieb F, Petit C, Nougayréde JP, Oswald E. 2016. The enterobacte-
rial genotoxins: cytolethal distending toxin and colibactin. Ecosal
Plus 7:1. doi:10.1128 / ecosalplus.ESP-0008-2016.

Takeuchi A, Inman LR, O’Hanley PD, Cantey JR, Lushbaugh
WB. 1978. Scanning and transmission electron microscopic study of
Escherichia coli O15 (RDEC-1) enteric infection in rabbits. Infect Im-
mun 19:686-694. https:/ /doi.org/10.1128 /TAL19.2.686-694.1978.
Tapader R, Basu S, Pal A. 2019. Secreted proteases: A new insight
in the pathogenesis of extraintestinal pathogenic Escherichia coli.
Int ] Med Microbiol 309:159-168. https://doi.org/10.1016/j.
ijmm.2019.03.002.

Tarr PI, Gordon CA, Chandler WL. 2005. Shiga-toxin-producing
Escherichia coli and haemolytic uraemic syndrome. Lancet 365:1073—-
1086.

Tarr PI, Neill MA, Clausen CR, Watkins SL, Christie DL, Hickman
RO. 1990. Escherichia coli O157-H7 and the hemolytic uremic syn-
drome—importance of early cultures in establishing the etiology. ]
Infect Dis 162:553-556. https:/ /doi.org/10.1093/infdis /162.2.553.
Tauschek M, Strugnell RA, Robins-Browne RM. 2002. Charac-
terization and evidence of mobilization of the LEE pathogenicity
island of rabbit-specific strains of enteropathogenic Escherichia
coli. Mol Microbiol 44:1533-1550. https:/ /doi.org/10.1046/j.1365-
2958.2002.02968.x.

Taylor CJ, Hart A, Batt RM, McDougall C, McLean L. 1986.
Ultrastructural and biochemical changes in human jejunal
mucosa associated with enteropathogenic Escherichia coli (0111)
infection. ] Pediatr Gastroenterol Nutr 5:70-73. https://doi.
org/10.1097/00005176-198601000-00013.

Taylor FB Jr, Tesh VL, DeBault L, Li A, Chang AC, Kosanke
SD, Pysher TJ, Siegler RL. 1999. Characterization of the baboon
responses to Shiga-like toxin: descriptive study of a new primate
model of toxic responses to Stx-1. Am J Pathol 154:1285-1299.
https:/ /doi.org/10.1016/50002-9440(10)65380-1.

Taylor J. 1970. Infectious infantile enteritis, yesterday and today.
Proc R Soc Med 63:1297-1301.

Taylor J, Wilkins MP, Payne JM. 1961. Relation of rabbit gut reac-
tion to enteropathogenic Escherichia coli. Br ] Exp Pathol 42:43-52.
Tenaillon O, Skurnik D, Picard B, Denamur E. 2010. The popu-
lation genetics of commensal Escherichia coli. Nat Rev Microbiol
8:207-217. https:/ /doi.org/10.1038 /nrmicro2298.

Teneberg S, Willemsen PT, de Graaf FK, Karlsson KA. 1993.
Calf small intestine receptors for K99 fimbriated enterotoxigenic
Escherichia coli. FEMS Microbiol Lett 109:107-112. https:/ /doi.
org/10.1111/§.1574-6968.1993.tb06151.x.

Tettelin H, Masignani V, Cieslewicz MJ, Donati C, Medini D,
Ward NL, Angiuoli SV, Crabtree ], Jones AL, Durkin AS, De-
boy RT, Davidsen TM, Mora M, Scarselli M, Margarit y Ros I,
Peterson JD, Hauser CR, Sundaram JP, Nelson WC, Madupu R,
Brinkac LM, Dodson RJ, Rosovitz MJ, Sullivan SA, Daugherty
SC, Haft DH, Selengut J, Gwinn ML, Zhou L, Zafar N, Khouri H,
Radune D, Dimitrov G, Watkins K, O’Connor KJ, Smith S, Utter-
back TR, White O, Rubens CE, Grandi G, Madoff LC, Kasper DL,
Telford JL, Wessels MR, Rappuoli R, Fraser CM. 2005. Genome
analysis of multiple pathogenic isolates of Streptococcus agalactiae:
implications for the microbial “pan-genome”. Proc Natl Acad Sci
U S A102:13950-13955. https:/ /doi.org/10.1073/ pnas.0506758102.
Erratum: Proc Natl Acad Sci U S A 2005. 102:16530.

Thayu M, Chandler WL, Jelacic S, Gordon CA, Rosenthal GL,
Tarr PI. 2003. Cardiac ischemia during hemolytic uremic syndrome.
Pediatr Nephrol 18:286-289. https:/ /doi.org/10.1007 /s00467-002-
1039-3.

The Nobel Prize Organization. [Internet]. 2020. The nobel prize
in physiology or medicine 1969. [Cited 2 July 2020]. Available at:
www.nobelprize.org/prizes/medicine/1969/summary/.

The University of Warwick. [Internet]. 2020. EnteroBase. [Cited 2
July 2020]. Available at: https://enterobase.warwick.ac.uk.

722.

723.

724.

725.

726.

727.

728.

729.

730.

731.

732.

733.

734.

735.

736.

737.

E. coli Infections in a Range of Hosts

Thomas LV, Cravioto A, Scotland SM, Rowe B. 1982. New
fimbrial antigenic type (E8775) that may represent a colonization
factor in entero-toxigenic Escherichia coli in humans. Infect Immun
35:1119-1124. https://doi.org/10.1128 /1AI.35.3.1119-1124.1982.
Thomson JA, Scheffler JJ. 1996. Hemorrhagic typhlocolitis as-
sociated with attaching and effacing Escherichia coli in common
marmosets. Lab Anim Sci 46:275-279.

Tietze E, Dabrowski PW, Prager R, Radonic A, Fruth A, Aurass
P, Nitsche A, Mielke M, Flieger A. 2015. Comparative genomic
analysis of two novel sporadic Shiga toxin-producing Escherichia
coli O104:H4 strains isolated 2011 in Germany. PLoS One 10:1-17.
https://doi.org/10.1371/journal.pone.0122074.

Timofte D, Maciuca IE, Kemmett K, Wattret A, Williams NJ. 2014.
Detection of the human-pandemic Escherichia coli B2-O25b-ST131
in UK dogs. Vet Rec 174:352.1 https:/ /doi.org/10.1136 /vr.101893.
Timofte D, Maciuca IE, Williams NJ, Wattret A, Schmidt V.
2016. Veterinary hospital dissemination of CTX-M-15 extended-
spectrum beta-lactamase-producing Escherichia coli ST410 in the
United Kingdom. Microb Drug Resist 22:609-615. https://doi.
org/10.1089/mdr.2016.0036.

Torres AG. 2017. Escherichia coli diseases in Latin America-a ‘One
Health’ multidisciplinary approach. Pathog Dis 75:ftx012. https:/ /
doi.org/10.1093 /femspd /ftx012

Torres ME, Pirez MC, Schelotto F, Varela G, Parodi V, Allende
F, Falconi E, Dell’Acqua L, Gaione P, Mendez MV, Ferrari AM,
Montano A, Zanetta E, Acuna AM, Chiparelli H, Ingold E. 2001.
Etiology of children’s diarrhea in Montevideo, Uruguay: associated
pathogens and unusual isolates. J Clin Microbiol 39:2134-2139.
https:/ /doi.org/10.1128 /JCM.39.6.2134-2139.2001.

Téth I, Oswald E, Mainil JG, Awad-Masalmeh M, Nagy B. 2000.
Characterization of intestinal cnfl* Escherichia coli from weaned
pigs. Int ] Med Microbiol 290:539-542. https:/ /doi.org/10.1016/
51438-4221(00)80019-3.

Touchon M, Hoede C, Tenaillon O, Barbe V, Baeriswyl S, Bidet
P, Bingen E, Bonacorsi S, Bouchier C, Bouvet O, Calteau A, Chia-
pello H, Clermont O, Cruveiller S, Danchin A, Diard M, Dossat
C, Karoui ME, Frapy E, Garry L, Ghigo JM, Gilles AM, Johnson
J, Le Bouguenec C, Lescat M, Mangenot S, Martinez-Jehanne V,
Matic I, Nassif X, Oztas S, Petit MA, Pichon C, Rouy Z, Ruf CS,
Schneider D, Tourret J, Vacherie B, Vallenet D, Medigue C, Rocha
EP, Denamur E. 2009. Organised genome dynamics in the Esch-
erichia coli species results in highly diverse adaptive paths. PLoS
Genet 5:¢1000344. https:/ /doi.org/10.1371/journal.pgen.1000344.
Toval F, Schiller R, Meisen I, Putze J, Kouzel IU, Zhang W, Karch
H, Bielaszewska M, Mormann M, Muthing J, Dobrindt U. 2014.
Characterization of urinary tract infection-associated Shiga toxin-
producing Escherichia coli. Infect Immun 82:4631-4642. https:/ /doi.
org/10.1128 /TAL.01701-14.

Trabulsi LR, Keller R, Tardelli Gomes TA. 2002. Typical and atypi-
cal enteropathogenic Escherichia coli. Emerg Infect Dis 8:508-513.
https:/ /doi.org/10.3201/eid0805.010385.

Trevena WB, Hooper RS, Wray C, Willshaw GA, Cheasty T,
Domingue G. 1996. Vero cytotoxin-producing Escherichia coli O157
associated with companion animals. Vet Rec 138:400.

Trudel L, St-Amand L, Bareil M, Cardinal P, Lavoie MC. 1986.
Bacteriology of the oral cavity of BALB/c mice. Can ] Microbiol
32:673-678. https:/ /doi.org/10.1139/m86-124.

Tulloch EF Jr, Ryan K]J, Formal SB, Franklin FA. 1973. Invasive
enteropathic Escherichia coli dysentery. An outbreak in 28 adults.
Ann Intern Med 79:13-17. https:/ /doi.org /10.7326 /0003-4819-79-
1-13.

Turner SM, Chaudhuri RR, Jiang ZD, DuPont H, Gyles C, Penn
CW, Pallen MJ, Henderson IR. 2006. Phylogenetic comparisons
reveal multiple acquisitions of the toxin genes by enterotoxigenic
Escherichia coli strains of different evolutionary lineages. J Clin
Microbiol 44:4528-4536. https:/ /doi.org/10.1128 /JCM.01474-06.
Tzipori S, Gunzer F, Donnenberg MS, de Montigny L, Kaper B,
Donohue-Rolfe A. 1995. The role of the eaeA gene in diarrhea and
neurological complications in a gnotobiotic piglet model of entero-
hemorrhagic Escherichia coli infection. Infect Immun 63:3621-3627.
https://doi.org/10.1128 /TAL63.9.3621-3627.1995.

43



Vol 71, No 1
Comparative Medicine
February 2021

738.

739.

740.

741.

742.

743.

744.

745.

746.

747.

748.

749.

750.

751.

752.

753.

44

Tzipori S, Montanaro J, Robins-Browne RM, Vial P, Gibson
R, Levine MM. 1992. Studies with enteroaggregative Escherichia
coli in the gnotobiotic piglet gastroenteritis model. Infect Im-
mun 60:5302-5306. https://doi.org/10.1128 /TAI.60.12.5302-
5306.1992.

Tzipori S, Smith M, Halpin C, Makin T, Krautil F. 1983. In-
testinal changes associated with rotavirus and enterotoxigenic
Escherichia coli infection in calves. Vet Microbiol 8:35-43. https://
doi.org/10.1016/0378-1135(83)90017-2.

Ud-Din A, Wahid S. 2014. Relationship among Shigella spp. and
enteroinvasive Escherichia coli (EIEC) and their differentiation.
Braz ] Microbiol 45:1131-1138. https://doi.org/10.1590/51517-
83822014000400002.

Uhlich GA, Keen JE, Elder RO. 2002. Variations in the csgD pro-
moter of Escherichia coli O157:H7 associated with increased viru-
lence in mice and increased invasion of HEp-2 cells. Infect Immun
70:395-399. https:/ /doi.org/10.1128 /TA1.70.1.395-399.2002.
Ulshen MH, Rollo JL. 1980. Pathogenesis of Escherichia coli gas-
troenteritis in man—another mechanism. N Engl ] Med 302:99-101.
https:/ /doi.org/10.1056/NEJM198001103020207.
Viisanen-Rhen V, Elo ], Vaisanen E, Siitonen A, Orskov I, Orskov
F, Svenson SB, Mikeld PH, Korhonen TK. 1984. P-fimbriated
clones among uropathogenic Escherichia coli strains. Infect Immun
43:149-155. https:/ /doi.org/10.1128 /TA1.43.1.149-155.1984.

van den Dobbelsteen GPJM, Faé KC, Serroyen J, van den
Nieuwenhof IM, Braun M, Haeuptle MA, Sirena D, Schneider
J, Alaimo C, Lipowsky G, Gambillara-Fonck V, Wacker M,
Poolman JT. 2016. Immunogenicity and safety of a tetravalent
E. coli O-antigen bioconjugate vaccine in animal models. Vaccine
34:4152-4160. https:/ /doi.org/10.1016/j.vaccine.2016.06.067.
Van Goor A, Stromberg ZR, Mellata M. 2017. A recombinant
multi-antigen vaccine with broad protection potential against
avian pathogenic Escherichia coli. PLoS One 12:1-18. https:/ /doi.
org/10.1371/journal.pone.0183929.

Vargas M, Gascon J, Gallardo F, Jimenez De Anta MT, Vila J.
1998. Prevalence of diarrheagenic Escherichia coli strains detected
by PCR in patients with travelers’ diarrhea. Clin Microbiol Infect
4:682-688. https:/ /doi.org/10.1111/j.1469-0691.1998.tb00652.x.
Veilleux S, Dubreuil JD. 2006. Presence of Escherichia coli carrying
the EAST1 toxin gene in farm animals. Vet Res 37:3-13. https://
doi.org/10.1051/vetres:2005045.

Vejborg RM, Hancock V, Petersen AM, Krogfelt KA, Klemm
P. 2011. Comparative genomics of Escherichia coli isolated from
patients with inflammatory bowel disease. BMC Genomics 12:316.
https://doi.org/10.1186/1471-2164-12-316.

Vial PA, Mathewson JJ, DuPont HL, Guers L, Levine MM. 1990.
Comparison of two assay methods for patterns of adherence to HEp-
2 cells of Escherichia coli from patients with diarrhea. ] Clin Microbiol
28:882-885. https:/ /doi.org/10.1128 /JCM.28.5.882-885.1990.

Vial PA, Robins-Browne R, Lior H, Prado V, Kaper JB, Nataro
JP, Maneval D, Elsayed A, Levine MM. 1988. Characterization
of enteroadherent-aggregative Escherichia coli, a putative agent of
diarrheal disease. ] Infect Dis 158:70-79. https:/ /doi.org/10.1093 /
infdis/158.1.70.

Vijay D, Dhaka P, Vergis J, Negi M, Mohan V, Kumar M, Doijad
S, Poharkar K, Kumar A, Malik SS, Barbuddhe SB, Rawool DB.
2015. Characterization and biofilm forming ability of diarrhoea-
genic enteroaggregative Escherichia coli isolates recovered from
human infants and young animals. Comp Immunol Microbiol
Infect Dis 38:21-31. https://doi.org/10.1016/j.cimid.2014.11.004.
Erratum: Comp Immunol Microbiol Infect Dis 2016.45:9.

Vu Khac H, Holoda E, Pilipcinec E, Blanco M, Blanco JE, Mora
A, Dahbi G, Lopez C, Gonzalez EA, Blanco J. 2006. Serotypes,
virulence genes, and PFGE profiles of Escherichia coli isolated from
pigs with postweaning diarrhoea in Slovakia. BMC Vet Res 2:10.
https:/ /doi.org/10.1186/1746-6148-2-10.

Wada Y, Kondo H, Nakaoka Y, Kubo M. 1996. Gastric at-
taching and effacing Escherichia coli lesions in a puppy with
naturally occurring enteric colibacillosis and concurrent canine
distemper virus infection. Vet Pathol 33:717-720. https:/ /doi.
org/10.1177/030098589603300615.

754.

755.

756.

757.

758.

759.

760.

761.

762.

763.

764.

765.

766.

767.

768.

769.

Wadolkowski EA, Burris JA, O’Brien AD. 1990. Mouse model
for colonization and disease caused by enterohemorrhagic Esch-
erichia coli O157:H7. Infect Immun 58:2438-2445. https:/ /doi.
org/10.1128 /TA1.58.8.2438-2445.1990.

Wai SN, Takade A, Amako K. 1996. The hydrophobic surface
protein layer of enteroaggregative Escherichia coli strains. FEMS Mi-
crobiol Lett 135:17-22. https:/ /doi.org/10.1111/j.1574-6968.1996.
tb07960.x.

Walsh TR. 2010. Emerging carbapenemases: a global perspec-
tive. Int ] Antimicrob Agents 36 Suppl 3:58-S14. https:/ /doi.
org/10.1016/50924-8579(10)70004-2.

Wang L, Zhang S, Zheng D, Fujihara S, Wakabayashi A, Okahata
K, Suzuki M, Saeki A, Nakamura H, Hara-Kudo Y, Kage-Nakadai
E, Nishikawa Y. 2017. Prevalence of Diarrheagenic Escherichia coli
in foods and fecal specimens obtained from cattle, pigs, chickens,
asymptomatic carriers, and patients in Osaka and Hyogo, Japan.
Jpn J Infect Dis 70:464-469. https:/ /doi.org/10.7883/yoken.
JJID.2016.486.

Wang MC, Tseng CC, Chen CY, Wu JJ, Huang JJ. 2002. The role of
bacterial virulence and host factors in patients with Escherichia coli
bacteremia who have acute cholangitis or upper urinary tract infec-
tion. Clin Infect Dis 35:1161-1166. https:/ / doi.org/10.1086/343828.
Wanke CA, Mayer H, Weber R, Zbinden R, Watson DA, Acheson
D. 1998. Enteroaggregative Escherichia coli as a potential cause of
diarrheal disease in adults infected with human immunodeficiency
virus. J Infect Dis 178:185-190. https:/ /doi.org/10.1086/515595.
Wassenaar TM. 2016. Insights from 100 years of research with
probiotic E. Coli. Eur ] Microbiol Immunol (Bp) 6:147-161. https:/ /
doi.org/10.1556/1886.2016.00029.

Wastlhuber UH, Baljer G, Daimon H, Hubert PH, Mayr A. 1988.
[Comparative studies of plasmid distribution in Escherichia coli (E.
coli) strains from healthy and diarrheic dogs and their owners.]
Zentralbl Veterindrmed B 35:218-229. [Article in German].
Watson VE, Jacob ME, Flowers JR, Strong SJ, DebRoy C, Gookin
JL. 2017. Association of atypical enteropathogenic Escherichia coli
with diarrhea and related mortality in kittens. ] Clin Microbiol
55:2719-2735. https:/ /doi.org/10.1128 /JCM.00403-17.
Weiglmeier PR, Rosch P, Berkner H. 2010. Cure and curse: E. coli
heat-stable enterotoxin and its receptor guanylyl cyclase C. Toxins
(Basel) 2:2213-2229. https:/ /doi.org/10.3390/ toxins2092213.
Weiser JN, Gotschlich EC. 1991. Outer membrane protein A
(OmpA) contributes to serum resistance and pathogenicity of
Escherichia coli K-1. Infect Immun 59:2252-2258. https://doi.
org/10.1128 /TAL59.7.2252-2258.1991.

Welch RA, Burland V, Plunkett G 3rd, Redford P, Roesch P,
Rasko D, Buckles EL, Liou SR, Boutin A, Hackett J, Stroud D,
Mayhew GF, Rose DJ, Zhou S, Schwartz DC, Perna NT, Mobley
HL, Donnenberg MS, Blattner FR. 2002. Extensive mosaic struc-
ture revealed by the complete genome sequence of uropathogenic
Escherichia coli. Proc Natl Acad Sci U S A 99:17020-17024. https:/ /
doi.org/10.1073 /pnas.252529799.

Wellington EM, Boxall AB, Cross P, Feil EJ, Gaze WH, Hawkey PM,
Johnson-Rollings AS, Jones DL, Lee NM, Otten W, Thomas CM,
Williams AP. 2013. The role of the natural environment in the emer-
gence of antibiotic resistance in gram-negative bacteria. Lancet Infect
Dis 13:155-165. https:/ /doi.org/10.1016/51473-3099(12)70317-1.
Wells JG, Davis BR, Wachsmuth IK, Riley LW, Remis RS,
Sokolow R, Morris GK. 1983. Laboratory investigation of hem-
orrhagic colitis outbreaks associated with a rare Escherichia coli
serotype. ] Clin Microbiol 18:512-520. https://doi.org/10.1128/
JCM.18.3.512-520.1983.

Wells JG, Shipman LD, Greene KD, Sowers EG, Green JH,
Cameron DN, Downes FP, Martin ML, Griffin PM, Ostroff
SM. 1991. Isolation of Escherichia coli serotype O157:H7 and other
Shiga-like-toxin-producing E. coli from dairy cattle. ] Clin Microbiol
29:985-989. https:/ /doi.org/10.1128 /JCM.29.5.985-989.1991.
Wengenroth M, Hoeltje J, Repenthin J, Meyer TN, Bonk F, Becker
H, Faiss S, Stammel O, Urban PP, Bruening R. 2013. Central
nervous system involvement in adults with epidemic hemolytic
uremic syndrome. AJNR Am ] Neuroradiol 34:1016-1021. https:/ /
doi.org/10.3174/ajnr.A3336



770.

771.

772.

773.

774.

775.

776.

777.

778.

779.

780.

781.

782.

783.

784.

785.

White AP, Sibley KA, Sibley CD, Wasmuth JD, Schaefer R,
Surette MG, Edge TA, Neumann NF. 2011. Intergenic sequence
comparison of Escherichia coli isolates reveals lifestyle adaptations
but not host specificity. Appl Environ Microbiol 77:7620-7632.
https://doi.org/10.1128 / AEM.05909-11.

Whittam TS, Wolfe ML, Wachsmuth IK, Orskov F, Orskov I,
Wilson RA. 1993. Clonal relationships among Escherichia coli strains
that cause hemorrhagic colitis and infantile diarrhea. Infect Immun
61:1619-1629. https:/ /doi.org/10.1128 /1AI.61.5.1619-1629.1993.
Whittam TS, Wolfe ML, Wilson RA. 1989. Genetic relationships
among Escherichia coli isolates causing urinary tract infections in
humans and animals. Epidemiol Infect 102:37-46. https://doi.
org/10.1017/50950268800029666.

Wieler LH, Sobjinski G, Schlapp T, Failing K, Weiss R, Menge
C, Baljer G. 2007. Longitudinal prevalence study of diarrheagenic
Escherichia coli in dairy calves. Berl Munch Tierarztl Wochenschr
120:296-306.

Wijetunge DS, Katani R, Kapur V, Kariyawasam S. 2015. Com-
plete genome sequence of Escherichia coli strain RS218 (O18:H7:K1),
associated with neonatal meningitis. Genome Announc 3:1-2.
Wilson RA, Francis DH. 1986. Fimbriae and enterotoxins as-
sociated with Escherichia coli serogroups isolated from pigs with
colibacillosis. Am J Vet Res 47:213-217.

Wirth T, Falush D, Lan R, Colles F, Mensa P, Wieler LH, Karch
H, Reeves PR, Maiden MC, Ochman H, Achtman M. 2006. Sex
and virulence in Escherichia coli: an evolutionary perspective.
Mol Microbiol 60:1136-1151. https://doi.org/10.1111/j.1365-
2958.2006.05172.x.

Wohlgemuth S, Haller D, Blaut M, Loh G. 2009. Reduced microbial
diversity and high numbers of one single Escherichia coli strain in the
intestine of colitic mice. Environ Microbiol 11:1562-1571. https:/ /
doi.org/10.1111/.1462-2920.2009.01883.x.

Wolf MK. 1997. Occurrence, distribution, and associations of O
and H serogroups, colonization factor antigens, and toxins of
enterotoxigenic Escherichia coli. Clin Microbiol Rev 10:569-584.
https://doi.org/10.1128 /CMR.10.4.569.

Woods ]JB, Schmitt CK, Darnell SC, Meysick KC, O’Brien AD.
2002. Ferrets as a model system for renal disease secondary
to intestinal infection with Escherichia coli O157: H7 and other
Shiga toxin-producing E coli. ] Infect Dis 185:550-554. https:/ /doi.
org/10.1086/338633.

Wright J, Villanueva R. 1953. Differentiation of sero-fermentative
types in Bacterium coli O group 55. ] Hyg (Lond) 51:39-48. https:/ /
doi.org/10.1017/50022172400015473.

Wu G, Mafura M, Carter B, Lynch K, Anjum MF, Woodward
M], Pritchard GC. 2010. Genes associated with Escherichia coli
isolates from calves with diarrhoea and/or septicaemia. Vet Rec
166:691-692. https:/ /doi.org/10.1136/vr.b4791.

Wyns H, Plessers E, De Backer P, Meyer E, Croubels S. 2015. In
vivo porcine lipopolysaccharide inflammation models to study im-
munomodulation of drugs. Vet Immunol Immunopathol 166:58—69.
https://doi.org/10.1016/j.vetimm.2015.06.001.

Xenoulis PG, Palculict B, Allenspach K, Steiner JM, Van House
AM, Suchodolski JS. 2008. Molecular-phylogenetic characteriza-
tion of microbial communities imbalances in the small intestine
of dogs with inflammatory bowel disease. FEMS Microbiol Ecol
66:579-589. https://doi.org/10.1111/§.1574-6941.2008.00556.x.
Yamada Y, Fujii J, Murasato Y, Nakamura T, Hayashida Y,
Kinoshita Y, Yutsudo T, Matsumoto T, Yoshida S. 1999. Brainstem
mechanisms of autonomic dysfunction in encephalopathy-associat-
ed Shiga toxin 2 intoxication. Ann Neurol 45:716-723. https:/ /doi.
org/10.1002/1531-8249(199906)45:6<716:: AID-ANA5>3.0.CO;2-N.
Yamamoto T, Echeverria P. 1996. Detection of the enteroaggrega-
tive Escherichia coli heat-stable enterotoxin 1 gene sequences in
enterotoxigenic E. coli strains pathogenic for humans. Infect Immun
64:1441-1445. https:/ /doi.org/10.1128 /TAI.64.4.1441-1445.1996.

786.

787.

788.

789.

790.

791.

792.

793.

794.

795.

796.

797.

798.

799.

800.

E. coli Infections in a Range of Hosts

Yamamoto T, Endo S, Yokota T, Echeverria P. 1991. Character-
istics of adherence of enteroaggregative Escherichia coli to human
and animal mucosa. Infect Immun 59:3722-3739. https://doi.
org/10.1128 /1A1.59.10.3722-3739.1991.

Yang X, Bai X, Zhang J, Sun H, Fu S, Fan R, He X, Scheutz F,
Matussek A, Xiong Y. 2019. Escherichia coli strains producing a
novel Shiga toxin 2 subtype circulate in China. Int ] Med Microbiol
310:151377.

Yatsuyanagi J, Saito S, Kinouchi Y, Sato H, Morita M, Itoh K.
1996. Characteristics of Enterotoxigenic Escherichia coli and E. coli
Harboring Enteroaggregative E. coli Heat-Stable Enterotoxin-1
(EAST-1) Gene Isolated from a Water-Borne Outbreak. Kansen-
shogaku Zasshi 70:215-223. https://doi.org/10.11150/kansen-
shogakuzasshil970.70.215. [Article in Japanese].

Yong D, Toleman MA, Giske CG, Cho HS, Sundman K, Lee K,
Walsh TR. 2009. Characterization of a new metallo-B-lactamase
gene, ""NDM-1, and a novel erythromycin esterase gene carried
on a unique genetic structure in Klebsiella pneumoniae sequence
type 14 from India. Antimicrob Agents Chemother 53:5046-5054.
https://doi.org/10.1128 / AAC.00774-09.

Yuill TM, Hanson RP. 1965. Coliform enteritis of cottontail rabbits.
J Bacteriol 89:1-8. https:/ /doi.org/10.1128 /]B.89.1.1-8.1965.

Yuri K, Nakata K, Katae H, Yamamoto S, Hasegawa A. 1998.
Distribution of uropathogenic virulence factors among Escherichia
coli strains isolated from dogs and cats. ] Vet Med Sci 60:287-290.
https:/ /doi.org/10.1292 /jvms.60.287.

Zangari T, Melton-Celsa AR, Panda A, Boisen N, Smith MA,
Tatarov I, De Tolla L], Nataro JP, O’Brien AD. 2013. Virulence of
the Shiga toxin type 2-expressing Escherichia coli O104:H4 German
outbreak isolate in two animal models. Infect Immun 81:1562-1574.
https:/ /doi.org/10.1128 /TAI.01310-12.

Zangari T, Melton-Celsa AR, Panda A, Smith MA, Tatarov I, De
Tolla L, O’Brien AD. 2014. Enhanced virulence of the Escherichia
coli O157:H7 spinach-associated outbreak strain in two animal
models is associated with higher levels of Stx2 production after
induction with ciprofloxacin. Infect Immun 82:4968-4977. https:/ /
doi.org/10.1128 /TAL.02361-14.

Zhang X, McDaniel AD, Wolf LE, Keusch GT, Waldor MK, Ache-
son DW. 2000. Quinolone antibiotics induce Shiga toxin-encoding
bacteriophages, toxin production, and death in mice. J Infect Dis
181:664-670. https:/ /doi.org/10.1086/315239.

Zhou M, Duan Q, Zhu X, Guo Z, Li Y, Hardwidge PR, Zhu G.
2013. Both flagella and F4 fimbriae from F4ac* enterotoxigenic
Escherichia coli contribute to attachment to IPEC-J2 cells in vitro.
Vet Res 44:1-6.

Zhou M, Guo Z, Yang Y, Duan Q, Zhang Q, Yao F, Zhu J, Zhang
X, Hardwidge PR, Zhu G. 2014. Flagellin and F4 fimbriae have
opposite effects on biofilm formation and quorum sensing in
F4ac*enterotoxigenic Escherichia coli. Vet Microbiol 168:148-153.
https://doi.org/10.1016/j.vetmic.2013.10.014.

Zhu Y, Dong W, Ma J, Yuan L, Hejair HM, Pan Z, Liu G, Yao H.
2017. Characterization and virulence clustering analysis of extrain-
testinal pathogenic Escherichia coli isolated from swine in China.
BMC Vet Res 13:94. https:/ /doi.org/10.1186/s12917-017-0975-x.
Zotta E, Lago N, Ochoa F, Repetto HA, Ibarra C. 2008. Devel-
opment of an experimental hemolytic uremic syndrome in rats.
Pediatr Nephrol 23:559-567. https:/ /doi.org/10.1007 /s00467-007-
0727-4.

Zschéck M, Hamann HP, Kloppert B, Wolter W. 2000. Shiga-toxin-
producing Escherichia coli in faeces of healthy dairy cows, sheep
and goats: prevalence and virulence properties. Lett Appl Microbiol
31:203-208. https:/ /doi.org/10.1046/j.1365-2672.2000.00789.x.
Zuo G, Xu Z, Hao B. 2013. Shigella strains are not clones of Esch-
erichia coli but sister species in the genus Escherichia. Genomics
Proteomics Bioinformatics 11:61-65. https://doi.org/10.1016/j.
gpb.2012.11.002.

45



